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1. Introduction

The field of point-of-care (POC) diagnostics offers the tantalizing possibility of providing
rapid diagnostic results in non-laboratory settings. Here, we review progress in this research
field, with a focus on developments since 2014. First, we provide an overview of significant
technological and social trends — notably those concerning data connectivity — which have
shifted the underlying landscape for how POC diagnostic devices will be designed, built, and
delivered across different healthcare settings. We review important technical advances in
fundamental diagnostic components, and increasingly, advances in fully integrated devices
designed for specific clinical use cases. While few new classes of POC diagnostic devices
have been introduced into the market, continued progress in microfluidics — combined with
dramatic advances in connected devices — are bringing the prospects of fulfilling the lofty
promises of POC diagnostics closer than ever to reality.
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With the rise of connected consumer devices, entire sectors of the economy (including retail,
transportation, housing, and freelancing services) have been unmistakably transformed. The
potential reach of POC diagnostics into all sectors of healthcare — and increasingly into daily
routines of individual patients and consumers — demand that technical advances take into
context this broader transformation.

For healthcare providers, the landscape for medicine is poised for a dramatic shift. In any
decentralized setting, a connected POC diagnostic device could be available to aid the
diagnosis of disease and selection of treatments. Clay Christiansen, a business theorist,
predicts a disruption to the healthcare system, “[Disruption will happen]....in practices
where the doctor uses these trends — point-of-care imaging and diagnostics, expert systems,
telemedicine and personal health records.”? With therapeutics becoming increasingly
tailored to individuals’ precise genetics and biomarkers, the value chain of healthcare
delivery could move up to accurate and accessible POC diagnostics as opposed to
therapeutics.

For consumers and patients, the impact could be even more dramatic. With the rise of
connected consumer electronic devices, patients and consumers are adjusting in how they
interact with POC medical technologies alongside mobile devices, and more broadly, in how
they manage and seize control of their own health. In due course, POC diagnostic and
monitoring devices are expected to become ubiquitous, whether in an at-home setting, in a
doctor’s office or hospital, or in low- and middle-income countries.

In this article, we will review recent new developments and trends in POC diagnostics,
including work in assay chemistry or microfluidics, and how these developments have been
evolving to align with broader trends. In Section 2, we will provide an overview of the
components of the evolving POC ecosystem, including how technological components fit
into a broader landscape. In Section 3, we will cover recent developments in POC
technologies. Because of the increased view on integrated devices in the research
community on POC devices, we will review the developments in the context of four
common clinical use-case scenarios, as well as discuss fundamental advances. In Section 4,
we will provide in-depth reviews for selective technologies which have taken a fundamental
technological advance all the way to demonstrations with clinical samples. Finally, in
Section 5, we conclude with future trends and directions. We will cover developments in the
period between 2012 and 2016, with a focus on 2014 to 2016.

2. The New POC Ecosystem

Although few new classes of POC devices have been introduced into the market?:3, there has
been significant progress in POC technologies in recent years. In today’s connected age, this
progress is being made within the context of a broader and more diverse POC ecosystem
than before.

In this Section, we map out the key components of today’s POC ecosystem (Fig. 1). Some of
these components, such as assay chemistry and microfluidics, cover traditional ground for
researchers in POC diagnostics, and are the focus of this Review. Other components, ranging
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from data analytics to regulation, reflect broader forces which are influencing how POC
technologies are being designed and developed. Because these broader trends, both
technological and non-technological, are progressing relentlessly, there is now more
potential than any time in the past for analytical chemists and microfluidics researchers to
make a systemic impact, if their technical work can be integrated seamlessly into the broader
POC ecosystem.

Technology Component 1. Assay chemistry: affinity reagents, amplification chemistry,

materials

Affinity reagents are essential tools in /n vitro diagnostics to isolate, detect and quantify
target molecules. While antibodies remain the most widely used affinity reagents, their
manufacturing is slow and costly (which is especially concerning for rapidly emerging
pathogens?), and there continues to be an opportunity to improve thermal stability for
diagnostics deployed in the field. Aptamers, short, single-stranded oligonucleotides with
high specificity and affinity target binding, have been identified against various targets
(including small molecules, nucleotides, amino acids, proteins, phospholipids, nucleic acids,
viruses, bacteria, cell fragments, and whole cells)®. Chemical modifications to aptamers can
improve their bioavailability®. Advances have also been made on modifications of
aptamers with nanoparticles® and magnetic beads®. Modifications of aptamers with enzymes
could be integrated into simple strip tests read by commercial glucose meters10,
Developments have also been made in engineering antibodies high affinity and specificity?,
antibody-mimetic proteins such as designed ankyrin repeat proteins (DARPins) which are
thermally stablel2, non-immunoglobulin (non-1g) scaffolds!3, and antigen-specific, single-
domain antibodies4-17.

Advances in chemistry and materials are pushing the limits of performance for POC
diagnostics. Recent reviews have covered nanoparticles, including fluorescent
nanoparticles18 as well as other types of nanoparticles (such as carbon, polymer, silica, and
viral)19. Strategies involving upconverting phosphor particles could result in signal
enhancement without additional signal amplification steps2C. Other directions include
polymers and nanoparticles?l. This work in amplification and detection chemistries is
increasingly being considered in the context of the underlying substrate materials and
detector instrument. One platform integrated an aptamer-crosslinked hydrogel for molecular
recognition with an enzymatic reaction for signal amplification on a paper-based substrate
for fluidic processing and readout?2. Use of europium (Eu) (111) chelated nanoparticles were
integrated in lateral flow test formats23 (as demonstrated in detection of chlamydia from
urethral and endocervical swabs?3), and multicolored silver nanoparticles were used for
multiplexed detection in a lateral flow format, offering tunable and narrow absorbance
spectra compared to gold or latex particles??.

There have also been work to improve the capabilities of materials for integrating
sophisticated functions. Advances in paper-based systems have incorporated multiple sample
processing steps2, such as sample preconcentration, signal amplification, and
electrochemical detection?®, in an effort to improve the sensitivity and overall utility.
Another class of substrates that has gained attention is flexible polymers, which offer
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different mechanical and chemical properties compared to hard plastic, paper, or cellulose
substrates while being affordable and easily manufactured. When integrated with other
components?2’, flexible substrates could serve as the basis for minimal or non-invasive
diagnostic tests?8. These materials could be integrated into a wide variety of wearable
devices (such as bandage, mouthguard, contact lens, clothes, and temporary tattoo)2° as
wearable sensors, as well as tactile, temperature and biochemical sensors®0,

Technology Component 2. Microfluidics: assay integration

Recent advances microfluidics have emphasized the need for practicality3l. For POC
diagnostic devices to be accessible to end users, the disparate steps of a multi-step diagnostic
assay — including fluid handling, sample processing, signal amplification, washings, and
detection — must be seamlessly integrated. In this regard, microfluidics serves as an
integrating force. In Section 3, we will review the latest advances from researchers in
microfluidics, with trends in producing integrated devices which are self-contained,
automated, easy-to-use, and rapid32-35, Applications of focus include molecular
diagnostics36:37, infectious diseases®®, chronic diseases39, and resource-limited settingsC.

To demonstrate the promise of an integrated POC diagnostics device, which contains a
coherent and mutually compatible set of POC technologies3, it is critical to determine the
sensitivity and specificity using clinical specimens. Successful evaluations require formation
of partnerships, development of early versions of manufacturing processes, and proper
design of field studyL. Increasing attention is also being paid to the source of clinical
specimens; for example, fingerstick measurements hold great promise, but care must be
taken to ensure proper performance?2.

As a technique to build integrated devices, microfluidic is also becoming more accessible to
non-specialists. In recent years, opportunities for collaboration and outsourcing have
increased for researchers®3. This trend extends to microfluidic foundries and contract
research organizations, which make off-the-shelf or customized microfluidic chips. There is
now a robust set of offerings (Table 1), such that other researchers in POC diagnostics
(including chemists, biochemists, biologists, and clinicians), can design, build, and test
custom integrated devices.

Technology Component 3. Connected instrumentation

The uptake of smart consumer electronic devices has moved forward with breathtaking
speed. Their omnipresence has transformed how services are delivered for entire sectors of
the economy, with at least five consequences for POC diagnostics:

1 Adaptation of existing devices. Consumers are increasingly using smartphones as
platform devices. Towards health and monitoring, smartphones are increasingly
adapted for imaging, sensing, and diagnostics**. Interestingly, while glucose
meters are widely used in home settings by diabetic patients, they could
potentially be re-purposed into a general measurement device via novel
chemistries, to perform many common clinical (such as immunoassays,
molecular diagnostics, and enzymatic assays)*°.
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Hardware components. Miniaturized components used in consumer electronic
devices can be adapted for use in POC diagnostic devices. The camera lens in
smartphones can be used for microscopy, cytometry, and optical readouts for
different detection methods32, low-energy bluetooth modules for data
connectivity are becoming standardized and prevalent, and batteries are
becoming longer lasting. The use of these components for POC devices can be
extended from prototyping to large-scale manufacturing by leveraging the
established supply chains for smartphones and smart devices.

Collection of multimodal data. A range of different health-monitoring devices
are now actively being used, streaming different types of health data. Fitness
trackers are used by consumers for tracking movement and heart rate, pulse
oximeters are used by patients to measure blood oxygen as an indicator for heart
and lung disease, and portable ultrasound by health professionals*® for different
uses, including to guide injections and line placements. In the near future,
devices equipped with “Internet of Things” technologies will stream other types
of health data from diverse sources. For POC diagnostic devices, the value of
health biomarkers could be augmented by interpreting the information alongside
these ever expanding data sets.

Transmission of health information. With a rising number of cellphone users
across the world#’, mobile health (“mHealth”) demonstrations in pilot projects
have proliferated. Unlike the rapidly evolving modes of real-time communication
in consumer technology, many of the underlying technologies in mHealth still
rely on primitive systems. Methods for transmitting health information include
web browsers on computers, and short message service and interactive voice
recording849 on cell phones. Efforts have been made to automate the
transmission of data garnered from POC diagnostics on cell-phone** and satellite
networks®0,

Self-running diagnostic machines. The rise of consumer electronics, alongside
advances in robotics and artificial intelligence, is leading the ambitious
development of self-operating devices in a variety of highly independent field
settings. Microfluidics continues to be explored for these frontier settings,
including military®?, postal service anthrax®2, drones®3, deep-sea exploration®4,
and space travel and colonization®®%6, In these increasingly isolated and
autonomous settings, the need for POC sensors and medical diagnostics will
persist. As POC technologies mature into integrated devices, we should expect to
see increasing deployment of POC diagnostics in these settings.

Technology Component 4. Data analytics

Consumer-led health data platforms—Health information collected from consumers
(from Internet, mobile phones and social media platforms) are increasingly being entered
into a central database for analysis. For a patient’s health, information being collected into
the ResearchKit (a database from Apple)°’ could link users to studies on Parkinson’s
disease, diabetes, asthma, breast cancer and heart disease>8. Towards public health and
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epidemiology®®, search engine queries and page views to websites could be used to infer
behaviors associated with medical conditions (such as cardiovascular disease, sexually
transmitted infectious, pregnancy and mental health conditions®?, or outbreaks of
communicable diseases®1). However, care must be taken to avoid over interpretation, by
using multiple data sources and analysis methods and cross-validation with public health
datab1, and by addressing vulnerabilities in algorithms for overfitting®2. Future analysis of
large sets of health and medical data will be augmented by artificial intelligence (for
example by leveraging IBM Watson Health’s cloud-based healthcare analytic platform®3).
Already, interesting concepts are being proposed for how POC systems can be integrated
with machine learning, such as the generation of a predictive model capable of assessing
risks for heart attack and heart failure patients®. An intriguing (but less tested) approach for
analyzing large sets of data is crowdsourcing®®.

Genomics—~Personalized genomic information will be increasingly available as the price
of next-generation sequencing has lowered dramatically. To assist cancer researchers in
analyzing this information, several private companies (such as Flatiron Health and
Foundation Medicine) have launched databases where tumor sequencing data are
continuously updated with clinical and outcomes data from electronic health records, to
allow researchers to have an integrated, longitudinal view of a patient’s clinical, diagnostic
and therapeutic outcomes®8,

Technology Component 5. Systems integration: chemistry, fluidics, hardware, software

Even if a microfluidics diagnostics device displays high sensitivity and specificity with
clinical specimens, it is still not ready for the market. Rather, it must be additionally
integrated with hardware and software to ensure an appropriate user experience. We have
previously discussed the importance of systems design for specific use-case scenarios®’. The
application of design for health devices has heightened in recent years, as shown in fitness
and activity trackers for consumers, and portable ultrasound and optical imaging devices for
medical professionals*6:68, For systems integration for POC diagnostic devices, it will be
critical to recognize that different POC settings (which include emergency room, ambulance,
physician’s office, pharmacy, home, or in the field) hold vastly different constraints and
requirements. (We will discuss these constraints in the next Section.)

Non-technology Component 1. Clinical workflow

As healthcare delivery becomes increasingly decentralized, healthcare professionals and
patients are adapting their workflows to fit in the use of POC diagnostic devices. For
pathologists and clinicians, adoption of POC testing continues to grow5°. Effective
implementation of POC testing eliminates transport, processing, and aliquoting processes
that take place in core laboratories, thereby creating a more streamlined and faster
workflow’? and enabling more face-to-face interactions between providers and patients to
understand test results and plan treatment options’C. Nevertheless, because more CLIA-
waived tests means expansion of POC tests in diverse settings’?, it is often difficult to ensure
proper oversight and quality assurance’2 over minimally trained or untrained users. Some
hospitals and clinics appoint point-of-care coordinators or management teams to ensure
consistent procedures, regulatory compliance, correct documentation of results, and end-user
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assistance’273. It is important for developers of POC devices to take advantage of advances
in wireless connectivity and electronic health records to achieve ease of use and quality
assurance.

Patients and consumers are increasingly adapting POC tests. Examples include genetic
testing services (such as 23 and me)’L. They are also expanding their use of on-demand
home visits by doctors’4, which are being offered by a number of startup companies
(including Heal, Pager, Doctors Making Housecalls). Many of these visits entail the use of a
large range of connected smart devices for POC or remote diagnosis’4, in the context of
primary and urgent care as well as wellness assessments and annual physical exams.
Examples include POC assessments of sexually transmitted infections, and measurement of
diabetes and cholesterol levels’. The use of such POC tests will only increase, spurred by
the growth of more CLIA-waived POC diagnostic tests (including approval of the first
direct-to-consumer HIV test in the U.S. in 2012), increased self-monitoring via fitness
trackers and smartphone apps, and the growth of on-demand clinical services and
telemedicine.

Non-technology Component 2. Regulatory guidance

Regulatory procedures for consumer-targeted health devices and apps are evolving’®. How
the Food and Drug Administration regulates the products depends on the intended
functionality and claims. In recent years, some products have claimed that their information
is for entertainment purposes only, but simultaneously promise medical benefits’6. POC
diagnostic devices which measure biomarker levels are often classified as Class 11 devices
posing “moderate risk” (requiring 510(k) approval), with some devices classified as Class I11
devices posing “high risk” (requiring the more burdensome premarket approval). As POC
diagnostic devices are increasingly used outside of a centralized laboratory, their benefits
will continue to be weighed against ensuring privacy and security of protected health-related
information (including compliance with Health Insurance Portability and Accountability
Act) and legal liability in case of inaccuracies or misuse. Researchers in POC diagnostic
devices should be cognizant of the evolving regulations which strive to protect patient health
without discouraging technological innovation.

Non-technology Component 3. Reimbursement

While the future of the Affordable Care Act is uncertain, reimbursement for healthcare
services in the U.S. and around the world are experiencing a structural shift towards a value-
based model rather than fee-for-service’’. In the traditional fee-for-service model, providers
are paid for the number of tests and procedures performed. By contrast, in a value-based
model, providers are offered incentives (and penalties) depending on how they perform
based on quality metrics. This model encourages providers to measure the health of patients
on a continuous basis, shifting the emphasis to prevention and early detection of disease’8,
and effective continuous management of chronic diseases. With additional motivation for
screening and monitoring (Christiansen hypothesizes that “diagnostics is where the most
attractive profits will be made in the future”?), the effectiveness of POC diagnostic devices
in cost reduction is being evaluated. For example, one study showed the use of POC
diagnostic devices in ambulatory practices resulted in improvements in clinical operations
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and reductions in cost’®. On the other hand, another study examined consumer usage of
POC devices (such as blood pressure monitor, glucose meter, and heart monitor), and
observed no short-term reductions in visits to emergency rooms or office visits80. While
such cost-benefit studies will be important in determining whether POC products will be
reimbursed by public and private insurers, consumers and patients are also exhibiting an
increasing willingness to pay out of pocket for POC health products and services.

Non-technology Component 4. Legislation

In response to consumers’ increasing interest in self-management and self-monitoring, laws
are being passed in the U.S. and around the world to define the boundaries of direct-to-
consumer diagnostic services. Traditionally, POC tests can only be ordered by a physician,
and the results passed directly to the physician. More recently, diagnostic test results have
been more accessible to patients; for example, Quest Diagnostics and LabCorp have both
launched their own patient portals (MyQuest and Beacon, respectively), but the proprietary
nature of the portals have limited the impact. Going further, legislation in the U.S. and
around the world8? are defining the possibilities of which genetic tests can be ordered
directly by consumers and under which constraints (e.g. with the availability of genetic
counselling). An early study on consumers selecting to undergo genome-wide profiling did
not show short-term changes in psychological health, behavior (diet or exercise), or use of
follow-on screening tests82.

Beyond genomics, direct-to-consumer access for blood tests and services is also increasing.
For example, corporate wellness programs are signing up for enhanced diagnostic services
(such as WellnessFx) as a benefit for employees to promote wellness. In 2015, the state
legislature in Arizona passed a law to allow consumers to directly order tests from a licensed
clinical laboratory without physician orders. While laboratory test results from the company
Theranos have shown disparity against traditional laboratories®3 (and whose services have
since shut down), other companies (such as Sonora Quest Laboratories) are expanding their
diagnostic services to consumers. There continues to be a vigorous discussion over the right
balance8485 between consumer access and protection, with federal and state laws continuing
to evolve.

3. Recent Developments in POC Diagnostics

In this Section, we will review recent advances in POC diagnostics. While it is widely
acknowledged that POC testing is completed at or near the patient, this definition spans a
large range of possible POC settings, each of which imposes a different set of specific
design constraints on POC devices. Previously, different levels of healthcare delivery have
been described. For example, one popular public-health model describes different “levels”
(Level 1 being community outreach, Level 2 being primary health, and Level 3 being district
level lab)8®. Another model describing POC diagnostics for infectious diseases in low- and
middle-income countries presents five different scenarios, from home to hospital®’.
Although these distinctions are useful in certain areas of POC diagnostics (i.e. global
health), in our view, another description is needed to distinguish the key features across all
POC settings. Specifically, a distinction should be made to uncouple infrastructure and
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budget. For example, a “clinic” which is a non-profit entity in developing countries could be
as geographically remote as a “clinic” in a military setting, but their cost constraints for the
POC device are very different. In another example, a device in the “field” for global health is
as similarly removed from lab testing facilities as a monitoring device used at home in the
U.S., but their cost constraints are again very different. For developers of POC diagnostic
devices, infrastructure and cost are two important and independent sets of constraints.

Hence, we propose a general description of POC uses cases in a 2 x 2 matrix, which
separates budget (low and moderate) from infrastructure (clinic and home) (Fig. 2). Design
of POC devices can be targeted towards four distinct use cases. Use Case 1 is the least-
constrained category, allowing for higher material costs, accessory equipment, moderately
trained personnel to assist in running the test, ground electricity, refrigeration, controlled
ambient temperature, and wireless connectivity. Examples include hospitals, emergency
rooms, operating rooms, intensive care units, private pharmacies, and military base clinics.
At the other end of the spectrum, Use Case 4 is the most constrained for a developer of POC
device, operating at a low budget and minimal to no infrastructure, with design constraints
on material, power, storage, personnel, detection and data. Examples include global health,
remote clinics, and self-testing at low cost and with minimal accessory resources. Use Cases
2 and 3 are intermediate scenarios. Use Case 2 is constrained by its portability in the field
but maintains a moderate budget, encompassing military personnel, consumer devices for
self-testing and healthcare monitoring, space travel, ambulance, and industrial and
agricultural field testing. Use Case 3 has the amenities of a basic clinical setting, but is
constrained by its budget. Examples include non-profit health centers and some primary care
clinics.

With increased recognition that POC diagnostic devices must be designed differently across
different use cases, we will review recent advances in POC diagnostics primarily in the
context of these four use cases. We will also review fundamental advances in a separate
section.

Clinic level with moderate budget

Use Case 1 encompasses settings with access to a moderate budget and some level of
clinical infrastructure such as hospital emergency rooms, operating rooms, or intensive care
units. Here, there are personnel and resources such as electricity and refrigeration which
support operation of POC devices, as well as a moderate budget which can accommodate
accessory equipment necessary to help run the test. (At Columbia University Medical
Center, the number of different platforms used for POC testing grew from 7 in 1995 to 29 in
2015, and the number of patient tests grew from about 500,000 in 1995 to more than
2,000,000 tests as performed by 4000 users in 201488.) In these settings, a POC diagnostic
device can be used at the patient’s bedside and return rapid results to help direct treatment.
Moderate throughput in testing of samples is sometimes desirable as a feature of the POC
device.

As an example, a lab-on-a-disc was developed for automated molecular diagnosis of
bacterial sepsis infection89. The intended application of this device is in an intensive care
unit, where rapid diagnosis of and response to sepsis infection is crucial. Further, the cost,
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size, and requirement for a centrifuge make this POC device appropriate for this use case. In
another example for sepsis in intensive care units, a POC device for rapid quantification of
cell free DNA for early diagnosis of sepsis using 10 uL of plasma or whole blood®. This
rapid test requires DC voltage to run gel electrophoresis to detect cell-free DNA which is
traditionally difficult to capture and characterize®C. Another POC microfluidic chip was
designed using iso-dielectric separation of immune cells based on varying electrical
properties, also with an intended future application for sepsis monitoring®L. Proof-of-
concept functionality was demonstrated on primary immune cells®?, and the device holds
potential to replace traditional laboratory-based flow cytometry assays with a fast, label-free
solution for monitoring sepsis progression at the POC.

Additional examples of POC devices useful in this use case include a microfluidic device to
quantify B-type natriuretic peptide (BNP) in plasma samples from heart failure patients®2, a
device that uses Dean flow and nucleic acid amplification to rapidly identify antibiotic-
responsive bacteria for guiding treatment decisions in patients with bacterial infections®3,
and a microfluidic blood cell counting device for PET and SPECT preclinical
pharmacokinetic studies®4,

Sample type can act as a design constraint. In this use case, there are adequate resources and
trained personnel to help obtain difficult samples such as amniotic fluid or cerebral spinal
fluid. For instance, a paper lateral flow test was developed to detect interleukin-6 (IL-6) and
interferon-vy inducible protein 10 (IP-10) in amniotic fluid in less than 20 minutes, for
diagnosis of acute intra-amniotic inflammation/infection®. This device used a paper-based
immunoassay to replace a traditional laboratory-based ELISA, the gold standard in I1L-6
measurements®. Other interesting examples include analysis of brain tissue from dialysate
for traumatic brain injury®®, a lateral flow test for invasive pulmonary aspergillosis (IPA)
using bronchoalveolar lavage samples®’, continuous glucose monitoring for ICU patients
using POC intravascular sensing®8, and a disposable, POC diagnostic device for measuring
the electric, thermal, and mechanical properties of breast tissue from a tissue biopsy
sample®°.

Plasma and serum samples which are difficult to obtain or process could also be best
analyzed in this use case, if their preparation requires large equipment and significant
laboratory resources and personnel. A microfluidic device for on-chip isolation,
quantification, and characterization of cancer exosomes from serum samples was built, in a
manner that simplified traditional methods for extracting exosomes by combining these
modalities into one PDMS chip%0, The preparation of serum samples to use on the chip
required centrifugation steps as well as laboratory mixing and incubation with
Thromboplastin D reagent (a clotting reagent)190, and the chip was read by a plate reader,
Another device, using laboratory separation of whole blood to obtain serum, could detect
gastric cancer at the POC0L, These devices, as they stand, require a degree of sample
preparation which is best performed in a setting with infrastructure and moderate budget, but
could make an important impact in POC monitoring and diagnostics of patients.

Devices that require some hands-on operation from trained personnel would also fall into
this use case. A POC immunoassay was developed for detection of thyroid stimulating
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hormone (TSH) using digital microfluidics and electrochemical sensingl%2. The device was
fabricated on indium tin oxide-coated glass substrates, with a patterned coating of Teflon-AF
and gold or silver electrodeposited electrodes?2. In another example, a low-cost device that
uses localized surface plasmon resonance was built for detection of various biomolecules103,
While these devices greatly simplify traditionally difficult laboratory processes, they do
require a few steps of pipetting which are best performed by trained personnel.

Further, many POC devices require accessory equipment that can be moderately expensive
or moderately complex to use, constraining the use of these devices to Use Case 1 settings.
For instance, a centrifugal microfluidic device was built for detection of bacteria in urine
samples1®, The detection method was Raman spectroscopy, performed on a fluorescent
microscope for imaging and subsequent Raman spectroscopic fingerprinting1%4. In another
advance, a microfluidic chip was developed for thrombosis detection from whole blood%5.
This device used endothelial cells to support formation of platelet-rich thrombi, a design
choice made to increase longevity and storage of the devicel9. Detection was based on
fluorescence microscopy and computer algorithms195. Other POC examples performed with
accessory equipment by moderately trained personnel include a platform for real-time
detection of airborne microorganisms using optofluidics1%, and a device for quantification
of platelet adhesion for monitoring cardiovascular diseasel07.

An attractive capability for many instances of this use case, compared to devices in the field,
would be to increase throughput for diagnostic testing. For instance, a POC device for rapid
immunoassays was developed that can multiplex up to 8 samples in 45 minutes with a limit
of detection down to 10 pg/mL1%8. Similarly, an integrated, high-resolution microfluidic
TagMan chip was developed, capable of multiplexing numerous mutations across 10 genes
for tuberculosis diagnostics!%. Finally, a paper-based microfluidic device with
electrochemical sensing was developed for multiplexed detection of cancer biomarkers?19.
These examples demonstrate steps toward attaining a higher throughput of analysis while
decentralizing testing.

With the advent of genomic technologies like next-generation sequencing, combined with an
increased interest in precision medicine, there have been significant developments in POC
tests involving genomic methods. In particular, analysis of circulating tumor cells (CTCs)
and cell-free DNA (cfDNA) is becoming increasingly popular for POC devices because of
their potential role in a future “liquid biopsy” POC test. A microfluidic chip designed to
capture CTC clusters from unprocessed whole blood was developed for use at the POC111,
The device captured unlabeled CTC clusters using bifurcating traps with minimal shear
stress, and was tested in a variety of patients with metastatic breast cancer, prostate cancer,
and melanomalll, The intent was for downstream RNA sequencing!l, best performed
under this use case. In another development, a microfluidic chip for mutation analysis of
circulating cfDNA in serum!!2, The device used an electrochemical clamp assay that
detected single nucleotide changes in cfDNA fragments in serum, without any enzymatic
amplification and minimal sample preparation12. This device presented a POC alternative
for traditionally labor-intensive genotyping procedures conducted in a laboratory. Finally,
precision medicine also involves trends in grouping patients into different subtypes in order
to more accurately monitor their individual responses to drugs. A vertical-flow paper-based
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POC assay was developed to be used with a low-cost, bench-top fluorometer for monitoring
therapeutic response via surface enhanced Raman detectionl13. The device operated on
undiluted serum and provided a result in under 15 minutes13. Such near-patient devices
hold potential in implementing precision medicine across a broad range of clinical settings.

In summary, numerous advances in this use case have been made, across many different
types of applications, sample types, and equipment. With a moderately sized budget and
availability of personnel and resources (to help run slightly more difficult assays), this use
case is the least restrictive in terms of design constraints, with a result of many commercially
available POC devices on the market. For example, Alere’s epoc® POC blood analysis
system has been validated on samples obtained from cardiopulmonary bypass patients in
hospitals!14. The epoc® system is a handheld, wireless in-vitro diagnostic system that uses
disposable cards containing sensing electrodes to provide blood gas, electrolyte, and
metabolite information at the patient’s bedside. The cards are coupled with a small card
reader and computer host system, which can wirelessly transmit information back and forth
via Bluetooth. The system is currently being used in clinical settings to enable POC blood
analysis in about 30 seconds. Other POC systems are in use for near-patient care settings
such as hospitals, intensive care units, and operating rooms. Examples include Alere’s
Triage meter, Abbott’s i-STAT, Philips” Minicare 1-20, Cepheid’s Gene Xpert, BD’s Max
System, Sony’s Micronics ABORhCard, Luminex devices and others26-30.115 Many of
these companies have other POC devices on the market or in the pipeline for hospitals,
ambulatory care, urgent care, and government facilities.

In the field with moderate budget

Use Case 2, as in the previous use case, allows for a relatively flexible and moderate budget
for the POC device, but it is set apart by differences in infrastructure available to run the test.
In this use case, there are often no trained users and no accessory laboratory equipment, such
that a self-contained, portable device is vital, with the ability to withstand rough handling
and provide rapid analysis. POC devices in this use case are intended for the field, and can
contain sophisticated POC technologies to accomplish their analytical functions. For
example, POC devices used at home, what we commonly refer to as consumer electronics or
consumer devices, may cost a significantly greater amount to the insurer or patient
(compared to other field settings such as global health), but need to be operable by untrained
users and are self-contained in terms of reagents and disposal. This use case also
encompasses many devices currently on the market and sold in pharmacies in the U.S.,
Europe, and other developed settings.

One class of consumer POC diagnostics devices that has stood out in adoption is self-
glucose monitoring. Self-testing via paper test strips and associated handheld readers has
long been a standard of care for patients with pre-diabetes, type-1 diabetes, and type-2
diabetes. In 2014, the global market for self-monitoring blood glucose devices was about
$11.2 billion, with a projected 5.7% compound annual growth rate through 2022116
(Johnson and Johnson, Roche, and BD Bioscience are all market leaders in this field, with
many other companies offering similar products). The past two years have shown sizeable
advances in POC glucose self-testing devices. A large trend in glucose self-monitoring over
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the past few years has been minimally invasive, continuous glucose monitoring (CGM)
devices. One method to achieve this is through microneedles, transdermal devices that
sample interstitial fluid for continuous glucose sensing. A CGM device comprised of a 200
silicon microneedle array was developed, which samples interstitial fluid that can passively
diffuse to an amperometric glucose sensor outside the body17. The device was tested in
clinical studies at two different site locations in the United States, and showed continuous
sampling up to 72 hours!17. Similarly, an additional microneedle device for CGM was
developed, using bulk micromachining to fabricate needles from stainless steel, which were
subsequently electroplated with Pt black for sensing!18. Finally, microneedles made from
arrays of nitrogen-incorporated ultrananocrystalline diamond were developed for dopamine
detection in uric acid1°,

Other approaches to POC CGMs aim to avoid skin penetration, in an effort towards
developing minimally invasive or non-invasive sensing. For instance, a wearable
electrochemical biosensor was developed able to detect glucose from sweat20, The device
used metal/metal-oxide thin films contained within porous polyamide substrates to detect
glucose via impedance changes'20. The device was also able to simultaneously measure
cortisol levels, which have been known to correlate physiologically to changes in glucose
levels!20. Beyond glucose, a device exploiting personal glucose meters was developed in a
manner that measured non-glucose targets (such as nicotinamide coenzymes such as
NADH21, or analytes in a complex matrix such as milk122) by triggering redox reactions
found on most glucose test strips. This set of interesting work holds potential to diversify the
use of personal glucose meters to detect additional targets.

Advances in materials and flexible printed electronics are pushing the frontiers of wearable
sensors beyond applications involving personal health tracking and fitness monitoring, and
towards molecular-level analysis. A wearable sensor for multiplexed analysis of metabolites
and electrolytes such as sodium, potassium, glucose and lactate from sweat was
developed!23. The device used multiple individual sensors consolidated via printing on
commercially-available flexible printed circuit board'23. Similarly, a temporary tattoo sensor
was designed for real-time monitoring of trace metals such as zinc in sweat for physiological
monitoring!24. Also, a wearable mouth guard to continuously monitor salivary metabolites,
such as lactate or uric acid, was developed for physical health monitoring by using printable
amperometric enzymatic biosensors12%:126_Sych devices could be useful for diverse
applications in gathering increasing amounts of personal health data.

Other prototypes of sophisticated wearable POC devices have been developed. A “smart
bandage” to track wound healing was developed, based on changes in uric acid levels!?”.
Here, an amperometric biosensor was printed directly onto a wound dressing, which
interfaces with a wearable potentiostat to enable wireless connectivityl2?. This device holds
potential for patients (such as elderly patients) who have difficulty traveling to the doctor for
wound assessment. Additionally, a wearable device was developed to monitor macro and
microvasculature blood flow28, This device offered a near-patient solution to current blood
flow mapping technologies, mainly imaging techniques, which typically require
immobilization of the patient in a hospital setting.
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This use case encompasses other sophisticated forms of POC tests for disease monitoring.
For example, a paper-based device was developed for at-home testing of urinary tract
infections and gonorrheal?®. Requiring some manual steps in the current setup, the device
could replace traditional bacterial cultures on agar plates with a consumer device that
operates in about 30 seconds'2%, Additionally, a device for label-free blood analysis (white
and red blood cell detection and quantification) was designed, using smartphone imaging
and magnetic levitation!30. The potential for this device, which provides clinical information
traditionally captured via a hemocytometer or other labor-intensive techniques, could
provide important pre-clinical information in an at home or ambulatory setting?30. Similar
examples include a microfluidic chip capable of a partial CBC from microliter volumes of
whole blood was developed!3L, as well as a chip for detecting coagulopathy?32. Both of
these devices have implications in pre-hospital emergency care settings, providing the doctor
with information upon arrival in order to more quickly execute treatments.

This use case is also interesting for use settings beyond healthcare, such as food testing and
safety, law enforcement, environmental testing, military and defense agencies. While these
devices can be designed with fewer budgetary constraints than some of the lowest-cost POC
devices, it is paramount that they are portable for field use and operated by minimally-
trained users. For instance, a multiplexed meter chip for quantitative detection of bovine
catalase in dairy products was developed for food safety monitoring®32. Such a device could
potentially be deployed in production facilities without accessory laboratory equipment.
Further, a POC device for food safety was built for diagnosis of subclinical ketosis in dairy
cows34, Such a use would have important implications in decreasing economic loss for
farmers and ensuring safety of products. An advance in POC device that was made for law
enforcement groups included a paper-based device for ketamine detection using zeolites and
graphene oxide for electrochemical sensing; such a device could enable drug testing at the
scene without having to send samples to a laboratory and wait for results'3%. Another
example involves using magnetic biosensors to detect tetrahydrocannabinol (THC - i.e.
marijuana) from salival36, Other law enforcement applications include POC detection of
explosives in the field37, and POC detection of bioweapons such as anthrax on the scenel38,

A final example of a POC device that would be useful for deployment in a government or
military setting is the “lab-on-a-drone” device®3. The ability to send a laboratory test to
many different locations via a drone holds intriguing applications in both military and
defense testing, where the setting may be remote with few traditional resources. Finally, we
should note for this use case that improvements in the integration and manufacturing of POC
technologies could reduce the costs of the devices highlighted in this Section, such that they
become appropriate for the lower-cost settings of Use Case 4.

Clinic level with constrained budget

Use Case 3 presents settings with access to laboratory facilities and trained personnel, but
where the resources and budget are more constrained than Use Case 1. Examples include
primary care clinics in developing countries, and nonprofit and non-governmental
organization health centers. For researchers intending to develop POC devices for this use
case, significant design considerations must be given to cost; in return, full integration (e.g.
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sample preparation steps), portability, and sample throughout may not be as critical. In
addition, while the goal remains to still provide diagnostic within a single clinical visit to
prompt a treatment decision, the turnaround time for results could be extended from minutes
to hours.

Microtiter plate based assays, such as ELISAs, are a workhorse of clinical diagnostic
laboratories. These assays typically require spectrophotometers, fluorometers, or plate
readers which are expensive and bulky. To bridge the gaps between high-resource central
laboratories and smaller, lower-resource clinics where the ability to expand diagnostic
testing capabilities is desirable, many groups have worked on developing miniaturized
smartphone spectrometers which use detection modalities of absorption, fluorescence or
photonic crystal based detection!39-142 Most of these methods report single channel
detection, or one sample monitoring per measurement. To increase sample throughput, an 8-
channel smartphone spectrometer suitable for 96 well plates was developed, which included
a cradle to hold the smartphone, and a custom app to control optical sensing parameters and
to align each sample to the corresponding channel42. Another device introduced a
smartphone-based colorimetric reader platform for 96-well plate based colorimetric ELISA
immunoassays43. Unlike previous approaches to use the camera of a smartphone to capture
images of the well plate with no optical modification, this device limited optical aberrations
(from differential ambient light and field-of-view incongruences) by using an optical fiber
array to capture the transmitted light from each well of the microtiter plate. The battery
powered device was paired with an app that returned quantitative clinical results in about 1
minute for every 96-well plate143. Also, work has been done to redesign the microtiter plate
itself, such as a miniaturized 56-well paper/PMMA hybrid microplate which facilitates rapid
antibody/antigen immobilization and efficient washing, and provides colorimetric ELISA
results in an hourl44. Integration of new materials such as nanoporous glasses as ELISA
substrates on microfluidic chips have increased sensitivity and reduced assay time, such as
an NPG V-Chip platform for NSCLC biomarker detection which can take place in 30 min
using serum samples45,

Much effort has been made to make POC versions of high-resource, clinical lab
technologies. Examples included a microfluidic surface plasmon resonance (SPR) platform
for bacterial pathogen detectionl46, a miniaturized nuclear magnetic resonance device
(VNMR) for detecting biomarkers in urinel4?, a lateral electrophoretic flow platform paired
with a CellScope mobile reader for antibody detection48, and an optofluidic flow analyzer
to measure optical absorbance of RBCs4%. Work has also been done to expand the types of
analytes which can be detected in a clinic setting, such as the use of smartphone-coupled
imaging for DNA strand imaging and length quantificationl0, and sensitive detection of
prostate specific antigen (PSA) from whole-blood samples!®L. A portable, centrifugal
sedimentation based immunoassay platform was developed for multiplexed detection of
pathogenic bacteria (£. coli, Listeria, Salmonella, and Shigella) from a variety of sample
matrices such as urine, blood and stool'52, While the device itself may be portable and
battery-powered, sample preparation and manual handling steps, along with the need for a
connected computer for fluorescence quantification and interpretation keeps it most
appropriate for this use case. An automated, integrated platform for multiplexed protein
profiling from saliva samples yielded results in 70 minutes, and could be used by more
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minimally trained personnel®3. Centrifugation of saliva samples before introduction to the
disposable microfluidic chip, along with device powering requirements through AC
adapterl3 make the device as it stands, appropriate for this use case.

Infectious diseases represent a large category of diagnostic need in this use case, with a
single local clinic serving a large number of patients per day. For HIV, testing is required for
initial diagnosis, staging and ongoing monitoring throughout treatment. In low-resource
settings, it can be challenging to achieve timely early infant diagnosis (EID) of infants under
18 months, viral load (VL) monitoring and CD4 staging>4. For example, CD4 staging is
important in implementing and monitoring antiretroviral therapy, but gold-standard methods
such as flow cytometry are costly and technologically complex for decentralized settings.
Several POC diagnostics for CD4 testing are on the market including the Pima™ Analyser
(Alere), Partec CyFlow® CD4 miniPOC (Sysmex Partec) and the BD FACSPresto™ (BD
Biosciences)®4. Others in development include the Millipore Muse® (Merck KGaA) and
Visitect CD4 (Burnet Institute & Omega Diagnostics Ltd). Most of these diagnostic systems
are benchtop-sized with the analyzer costing several thousand U.S. dollars (~$3000-$10,000
USD)154, The Daktari CD4 Counter, had notably eliminated sample preparation steps with
no pipetting, labels or reagents and reported CD4 counts in <15 min, but the company has
discontinued the CD4 Counter cartridges as a result of shifting global landscape around CD4
testing?®. Academic groups have worked on making POC CD4 tests more amenable for
global health, such as a microfluidic chip capable of generating CD4+ and CD8+ T-cell
counts from 10 pL of unprocessed whole blood>®. Sample preparation was integrated into
the chip, which used differences in impedance to count cells, a design based off of the
Coulter counting principle!6. A miniaturized platform for CD4 cell count was also
introduced, which is achieved by eliminating operational fluid flow and “moving the
substrate” vs flowing liquid1®?. Fingerprick whole blood is loaded onto the chip along with
antibody functionalized magnetic beads, after which the chip is placed on magnet actuated
motorized stage, and colorimetric image analysis can be performed on a smartphonel®7.

Continuing with HIV analysis, early-infant diagnosis and virological testing for HIV DNA
or RNA hold clinical value, with laboratory-based nucleic acid tests serving as the standard.
Some commercially available POC platforms include the SAMBA Platforms (Diagnostics
for the Real World Ltd), Alere g HIV-1/2 Detect (Alere), and Xpert HIV-1 Qual assay and
HIV-1 Viral Load kits (Cepheid)1®4. The SAMBA HIV tests use 100 pL whole blood and
require 2 hours assay time, lab technicians and electricity®*. The Alere g HIV-1/2 Detect
uses 25 pL of whole blood with a portable device that has battery capabilities and requires
no manual sample preparation!®*. Cepheid has recently developed a portable version (1kg)
of the GeneXpert instrument called the GeneXpert Omni, which can operate without direct
power supply or Internet connectivity, at a list cost of ~$3000 USD%4. Xpert HIV-1 Qual
assay and HIV-1 Viral Load kits use 100uL sample and provide results in 90 min1%4,

Translating nucleic acid tests into POC platforms for this use case remains a challenge. A
compact polarization anisotropy diagnostic device for bacterial nucleic-acid detection was
developed consisting of a disposable sample processing cartridge and compact reader for
fluorescence anisotropy detection (overall system 8 x 8 x 8 cm3, ~400g)1%8. Although not
yet a fully contained system in which sample preparation, thermocycling, and detection
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functions are housed in one device, the device accuracy was comparable to bacterial culture
with a faster assay time (~2hr), multiplexing capabilities, and lower cost (< $2/assay)1%8.
Magnetic beads have been used in a centrifugal microfluidic disk-based platform, showing
total nucleic acid extraction from whole blood, Gram-positive Bacillus subtilis, Gram-
negative Escherichia coli, and Rift Valley fever RNA virus®®. This system combined lysis
and nucleic acid purification on one cartridgel®. Integration of sample preparation through
immunomagnetic separation has been shown through development of a series of
electrochemical DNA sensors (E-DNA) into microfluidic chip formats including both PCR
and LAMP designs, which allowed for detection of influenza virus directly from throat
swabs160,

Previous examples of paper-based POC devices mainly focused on protein tests, due to the
higher analyte concentration, which required minimal off-chip sample preparation and
rendered the targets easier to detect. For nucleic acids, the growth of isothermal
amplification techniques as well as paper printing have spurred an increase in the use of
paper for nucleic acid-based tests. One advance featured a test which amplified the ma/B
gene found in Escherichia col8. In another example, a paper device was developed that
carries out rolling-circle amplification (RCA) to detect DNA or microRNA62, In this
interesting study, the authors were able to actually print a DNA molecule complementary to
a template sequence for hybridization162, Another notable paper based device integrated
nucleic-acid extraction and purification on various paper layers prior to an isothermal
amplification step (loop-mediated amplification, LAMP, in this case)163. Overall, advances
in techniques for manufacturing paper-based tests have enabled increasingly widespread
development of nucleic-acid testing.

For this use case, other microfluidic systems for nucleic-acid testing are also being
developed, often with LAMP as an amplification technique. For example, the Loopamp
MALARIA Pan Detection Kit (Eiken Chemical Company) has shown good performance
compared to PCR in fingerprick samples from 1000 subjects in Zanzibar, Tanzanial®4. In
this system, two heat blocks, a UV lamp and one centrifuge were required for LAMP
testing, with the result that two lab technicians with limited experience in these assays were
able to complete testing after 3 days training®4. A proof of concept RT-LAMP system on a
microfluidic and silicon microchip platform showed detection of minimally processed HIV-
spiked whole blood samples using fluorescence measurements taken with a smartphonel6®,
Valve-assisted sample metering and microfluidic mixing for on chip lysis were integrated
into the chip, although additional steps to reduce manual handling steps and integration of
fluidic control elements are needed for full automation6, Other proof of concept POC
LAMP designs included a flexible ribbon polyethylene substrate in a reel-to-reel cassette
with colorimetric readout for simplified result interpretation, and a chip (paired with a
separate plasma separator) that housed an array of amplification reactors, all of which can be
monitored concurrently with a single cameral66.167,

Recent epidemics of infectious diseases such as Ebola and Zika have highlighted the
importance of large-scale, rapid testing for public health needs and patient outcomes as well
as gaps in current diagnostic testing methods. In the 2014-2015 outbreak of Ebola virus
disease in West Africa, diagnosis relied primarily on venipuncture blood samples from
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symptomatic individuals but expanded to field diagnostics'68. The current standard for
diagnosing acute Ebola in an outbreak setting is real-time RT-PCR from blood samples (or
oral fluid samples for postmortem testing)1%8. Due to the unprecedented scope of the West
African Ebola epidemic, about 40 field laboratories were deployed to West Africa from
agencies across the globe, and were all equipped to run RT-PCR with trained personnel168.
The need for more rapid turnaround time for outbreak control and clinical management as
well as significant challenges of collecting and transporting samples, led to the development
of novel Ebola virus diagnostic tests, such as automated nucleic-acid tests and rapid antigen
detection tests for the field.

A number of commercial cartridge-based, sample-to-answer real-time RT-PCR systems have
been developed for detection of the EBOVL gene of Ebola. The Xpert Ebola system (from
the company Cepheid) adapted the company’s previous work on tuberculosis to integrate
sample preparation, virus inactivation, nucleic acid amplification, and detection8®, In Sierra
Leone, the Xpert Ebola assay showed high sensitivity and specificity for both venipuncture
whole blood and oral swab clinical samples compared to laboratory RT-PCR6°. In another
system, the FilmArray Ebola system (from the company Biofire Defense) used a pouch with
lyophilized reagents that were rehydrated, followed by sample dilution and injection into the
reconstituted reagent pouch70; the pouch was inserted into the FilmArray instrument with
results available after 1 hour70-171 Comparison of FilmArray with RT-PCR were also
performed for whole blood and urine samplest?0. Finally, the Idylla Ebola Virus Triage Test
(from the company Biocartis NV) used a RT-PCR instrument and console, and provided
results in 100 min from EDTA venipuncture whole blood samples!’2. The reagent cartridges
did not require cold chain storagel”2, and clinical results from the field are pending. All
three systems were given Emergency Use Authorization status by the regulatory authorities,
and use was still confined to facilities with moderate to high complexity168. There exist
challenges to implementation in more decentralized field settings, where even greater public
health impact could be achieved. Field use requires uninterrupted electricity, temperature
control, and moderately trained personnel to conduct sample preparation68, In addition,
without subsidies, cost of instruments and cartridges are also prohibitive for lower-resource
settings (for example, the manufacturer list price for Filmarray reader is $39,500, with $129
per test kit)173.

In the field with constrained budget

Use Case 4 settings represent the greatest set of constraints for POC diagnostics. These have
tight budget constraints, as exemplified by field settings such as lower-level clinics and
health posts, mobile health and community health outreach, and self-testing settings. A
number of design choices, in cost, portability, and automation, must be made to ensure the
POC device is usable in such settings (Table 2). It should be noted that, with modifications
and further iterations, devices listed in other use cases could also be appropriate for this use
case.

Following on the discussion in the previous use case on POC devices for Ebola, we note that
a handheld RT-PCR device for Ebola RNA virus detection has been developed, weighing 80
g, powered by a car battery, and capable of producing results in fewer than 40 minutes!’4.
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An approach to carrying out both sample preparation and amplification-free detection of
Ebola virus was developed on a hybrid optofluidic chipl’®. While full integration and
evaluation with clinical samples are still needed, these devices show movement towards
field-deployable RT-PCR detection of Ebola virus during epidemics. In addition, there are
three rapid antigen detection tests for Ebola using lateral flow tests which have also received
Emergency Use Authorization1%® (from the companies Corgenix1’6, OraSurel’’, and SD
Biosensorl78). Nevertheless, developing POC diagnostics for epidemics is challenging, as
illustrated by the determination by the World Health Organization in 2016 that the “Ebola
situation in West Africa no longer constituted a Public Health Emergency of International
Concern”, thereby halting recommendations adopted during the peak of the outbreak7®.

Another recent outbreak of infectious disease which calls for a low-cost, field-ready POC
test was the Zika virus, which has been linked to microcephaly in as well as Guillain-Barré
syndrome in adults189, The CDC recommends RT-PCR to detect viral RNA from serum and
urine collected during the first 2 weeks of symptoms?81. Currently, there are no rapid POC
Zika diagnostic tests that have received Emergency Use Authorization, although efforts are
under way to diagnose Zika infection within 4 hours!82, and to use an IgM/1gG lateral flow
assay with a handheld, battery-powered reader!83, Other efforts include a paper-based sensor
for the detection of the Zika virus RNA genome was developed using nucleic acid sequence-
based amplification, paired with a battery-powered electronic reader (manufacturing cost of
$250)184, While sample preparation steps have yet to be integrated and the overall assay
time is several hours, the incorporation of freeze-dried reagents brings it closer towards
application in low-resource field settings. In another effort, the use of an inexpensive, POC
RT-LAMP assay for Zika virus detection was also demonstrated in spiked saliva samples
using disposable microfluidic chips, and a power-free, chemically heated cup for
amplification182, This system could potentially be integrated with an intercalating
fluorescent dye and a smartphone for signal detection and quantification, as shown by other
applications!®.

Paper has long been held as an inexpensive and resourceful material choice for this resource-
limited, field use case. Previously, paper based diagnostics consisted of single-step reactions,
as shown by lateral flow tests for infectious diseases, and exhibited long-term stability,
interpretation by minimally trained users, usability with a wide range of specimens, and
minimal cold chain requirements for shipping/storage86. The World Health Organization
lists 28 lateral flow rapid tests as “prequalified” in vitro diagnostic products for HIV and
malaria (from companies such as SD Bioline, Chembio, Alere, Trinity Biotech, bioMerieux,
OraSure, ABON Biopharm, ARKRAY Healthcare, Access Bio, Premier Medical etc87).
Multiplexing is also becoming increasingly prevalent for lateral flow tests. Recently, dual
HIV-syphilis lateral flow tests have been developed to extend antenatal screening and
treatment coveragel88-190, One study used a portable, battery-powered electronic reader
which displayed a numerical value based on the test line intensity89, Test performance of
lateral flow tests have also been validated with clinical specimens beyond plasma and sera,
as shown by testing with whole blood and oral fluids in realistic field conditions for hepatitis
B191 and malarial®2.
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The ability to easily pattern paper into hydrophobic and hydrophilic regions sparked an
increase in the use of paper due to improved fluid control193:194 and multiplexing. Paper-
based POC designs show increasing structural complexity such as a three-dimensional
enzymatic fuel which powered a glucose monitor requiring a low-cost multimeter9, This
design builds on previous paper-based colorimetric sensors, but lowered fabrication costs
and eliminated additional instrumentation and power requirements19°,

To improve user interpretation of band intensities, researchers have expanded detection
methods and integrated the test with electronic readers!96:197, Researchers have used the
flash of the smartphone as a light source and integrated image processing for simultaneous
determination of pH and nitrite concentrations in water samples!®8. Additional
developments have corrected for variability in ambient light19°. To this end, many hardware
additions have been developed for improved smartphone imaging platforms. One design for
a compact smartphone-based fluorescence detector paired with a lateral flow test strip for
avian influenza detection, and data communication via SMS to a central database with
human throat swab samples2%C. This design used a lightweight attachment module for
fluorescence excitation and collection designed to be compatible with the smartphone’s
camera, and powered through connection with the smartphone’s micro-USB port2%0, A
series of advances have been made on smartphone readers for POC tests by the Ozcan
group201-203 ' which has led to the creation of a startup company294. Portable temperature
and humidity control devices have been developed to optimize the nucleic acid and antigen-
antibody binding conditions for lateral flow tests295. Efforts have also been made to build a
mobile phone microscope. In one study, quantification of blood-borne filarial parasites could
be performed under 2 min, which required only a glass capillary and lancet?%6. A custom
algorithm tracked the motion of the microfilaria by quantifying the displacement of red
blood cells, and the results tested in Cameroon compared to thick smear microscopy?2%6.

There has also been increasing interest in applying lateral flow tests and paper-based
diagnostic tests for non-communicable diseases. One device identified sickle-cell
disorders?07, with an alternate lateral flow test using monoclonal antibodies2%8. Another
inexpensive paper-based test enabled controlled transport of red blood cells and
measurement of hematocrit299, Paper sensors have also been used for enzyme quantification,
such as a proof of concept quantitative estimation of a-amylase, an enzyme indicator of
potential diseased states if abnormally high or low?10, Micronutrient detection is another
area of interest, a competitive lateral flow test, paired with a smartphone accessory, that
quantified vitamin B12 levels?1l, An alternate design used a standalone device that provided
quantitative results and wireless communication capabilities to transmit information to a
near-field communication enabled phone212. A particularly innovative design for detection
of non-communicable diseases paired synthetic biomarkers with paper based sensing?13.
The synthetic biomarkers accumulated at targeted sites where they were cleaved by local
proteases and released reporters that accumulated in urine?13, which could be tested on a
lateral flow test and visualized by a smartphone213.

Hard plastics are a class of materials which are increasingly explored for resource-limited
field use. They are transparent and can be used with a wide variety of optical detection
methods, and can be manufactured in large quantities at low cost (via CNC micromilling214,
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injection molding, extrusion, blow molding and other methods). One plastic microfluidic
chip used capillary-driven mixing to eliminate the need for external power or pumps to
perform a colorimetric anemia test!1°. Field demonstration of hard plastic chips for HIV has
been performed®%-215 including with a smartphone accessory?16, Simultaneous hemoglobin
measurement and HIV antibody detection was also demonstrated using a disposable,
injection molded, plastic microfluidic chip2’. Both the colorimetric anemia test and HIV/
hemoglobin detection systems leveraged smartphone integration for quantitative
measurement. A low-cost, lower-power electronic device showed hematocrit measurement
from whole blood via changes in impedance using disposable low-cost, electrode sensors
and 50uL samples?18, A fingerstick capillary tube could also be adapted to perform an
anemia measurement via visual interpretation of color change?19, including a demonstration
of the assay with prefilled reagents stored for 8 months in local conditions in Angola21®,

Thermoplastics are also attractive for applications requiring sustained periods of swings in
temperature. A disposable PCR chip was developed using cyclo olefin polymer for detection
of Chlamydia trachomatis and Escherichia coli O157:H7220. A syringe pump was used to
cycle fluid back and forth between two regions of 95°C and 62°C for forty cycles?20,
Another group developed a POC device made of PMMA for detection of Zika virus8®, this
time via an isothermal amplification method!83. The ability to couple more advanced
mechanics and electronics to plastics could also augment the capabilities of the chip. A POC
multiplexed RT-PCR test for hepatotoxicity was developed via integration of a
microhomogenizer and paramagnetic beads into a plastic chip for automated tissue
processing and RNA extraction?21,

Fundamental Advances

Fluid handling methods—Researchers fabricated miniaturized 3-layer PDMS valves
that could be multiplexed and of particular interest to optofluidic device?22. Optically-driven
photodeformable polymers could be manipulated to exert control over a variety of fluids?23,
which could represent a new tool in microfluidic design?23, although feasibility of actuating
one component without affecting others in a high density chip would still need to be
demonstrated. Valves based on magnetic adhesives have been developed for mixing
reagents, requiring no power224, A wax-based valve that was thermally actuated and could
be used repeatedly was demonstrated on lateral flow assays to increase flexibility and
complexity?2%, Diaphragm valves in a plastic lab-on-a-disk platform could be automated
with relatively simple components?28. A chip where reagent droplets were mixed
electrostatically was demonstrated?2?. A microfluidic device allowing for control of shear
rates and gradients in a fluid stream allowed for monitoring of whole blood hemostasis and
platelet function228, An electrochemical sensor system that monitored liquid flow in porous
materials without affecting real flow in paper samples was built, showing the ability to
characterize wettability signatures for paper samples of different geometry or
composition229, Finally, novel designs for capillary pumps were introduced to minimize
bubble entrapment and variability in metered volumes?30,

Towards sample processing for clinical specimens, a plasma separation device (SIMBAS)231
was developed to increase the volume of plasma that can be obtained and to allow for
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flexible handling of the plasma aliquots?32. A self-contained sample preparation technique
integrated with LAMP has been demonstrated?33. A nested PCR device for detection of
bacterial pathogen, with integrated sample preparation from serum samples, has been
shown?34, although the serum must first be isolated. A one-step method for purification and
concentration of DNA ono a lateral flow device using chitosan polysaccharide in porous
membranes was developed?3>, as well as an alternate to one-step purification method of
nucleic acids from tissue lysate236. Finally, a platform for extraction of nucleic acids from
clinical specimens using paramagnetic particles, an oil-water interface, and a small magnet
in a microfluidic channel was demonstrated, showing the ability to isolate influenza RNA
from clinical nasopharyngeal swab samples237. Further, ultrasensitive detection of nucleic
acids was demonstrated based on concentration of the target in chitosan-functionalized nylon
membranes as a charge-switch matrix238, Further development of sample-processing
techniques and integration with other microfluidic modules will be crucial to realize the
vision of a sample-to-answer POC device which performs sophisticated diagnostic tests.

Detection platforms—There has been continued work in label-free sensing platforms for
detecting multiple targets from clinical specimens. A novel HIV-viral load detection system
used a CMOS chip platform integrated with a USB stick (for mobile or desktop devices) that
detects small changes in pH generated by on chip reactions?3°. Bendable microposts have
been used to monitor stiffness of blood clots over time240. An electrochemical steric-
hindrance hybridization assay (eSHHA) for multiplexed detection of proteins was
demonstrated, with demonstration on whole blood?41, Advances in microcantilever-based
detection have continued, based on their potential for label-free and sensitive detection242.
For instance, a polymeric microfluidic cantilever was developed for detection of waterborne
pathogens and DNA243, and achieved fast transport of the analyte to the detection region.
Another example used a functionalized cantilever to detect and analyze L/steria, a food-
borne pathogen244. Furthermore, drug resistance could be detected by introducing antibiotics
into the chip and observing for changes in resonance frequency?44.

There have also been efforts to integrate microfluidics with plasmonic sensors, which are a
label-free detection method by monitoring interactions among electromagnetic waves and
free electrons in metals (including surface plasmon resonance and surface-enhanced Raman
scattering?4%)142, They are small, low-cost, can be integrated into a microarray, and are
potentially very sensitive in detecting biomolecular interactions and binding events?46, A
nanoplasmonic electrical field-enhanced resonating device was demonstrated in a portable
reader format with a disposable fluidic chip, using spectral measurements to monitor capture
events?4’. A commercial effort was also made to build a plasmonics-based sensor48. Other
demonstrations included detection of microbial pathogens, detection of bacteria in urine
samples, and monitoring of therapeutic response103.104.113,146,147

There have also been developments in surface acoustic waves (SAW) for POC diagnostics.
Advantages include simple fabrication, biocompatibility, fast fluid actuation, contact and
label-free manipulation, and compatibility?49. SAW could be used to isolate circulating
tumor cells from blood without large disturbances to the cells2°0. A SAW sensor detected
cardiac troponin | from plasma and whole blood2%1. A SAW sensor was also developed to
quantify the effects of anticoagulants in POC settings2°2. Commercial efforts (such as OJ-
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Bio) are developing SAW-based POC tests for C-Reactive Protein, a biomarker for
inflammatory disease, as well as targets for HIV, periodontal disease, and flu253.

Wearable POC devices—Concepts are being tested for integrating POC sensors into new
form factors. An electrochemical sensor to monitor zinc levels in sweat was built in the form
of a temporary tattoo, based on voltammetry from a bismuth/Nafion working electrodel24,
While electrochemical measurements still required benchtop instruments, additional
miniaturization and integration of electronics could be developed into a consumer wearable
devicel?4,

Integration of soft microfluidics, structured adhesive surfaces, and mechanical buckling has
also been proposed to form flexible and conformal electronic devices to collect
electrophysiological data?>*. Carbon nanotube networks that are stretchable have been
developed as wearable strain sensors2>°,

Highly sophisticated analytical methods—Highly sophisticated techniques, such as
mass spectrometry and DNA sequencing, are currently too technically complex to be
developed into field-use systems. Nevertheless, some of these systems can be used in certain
POC settings (such as Use Case 1), and with an eye towards the future, important
developments are being made. For mass spectrometry, developments in ambient ionization
and instrument miniaturization present new opportunities for rapid and unbiased analysis of
targets256. Paper spray ionization is a potentially simple and robust method for analyzing
clinical analytes from biological fluids?>6:257 with a demonstration of detecting 8 illicit
drugs from whole blood?°6:258, Solid-phase extraction coupled to blade spray ionization
were shown to detect cocaine and diazepam in urine2>°, For DNA sequencing, rapid
progress in recent years has led to progressively smaller devices which make sequencing at
POC settings steps closer to reality. Currently, the MiniSeq system from Illumina is the
smallest of the company’s fleet of sequencers; with dimensions of 18 in x 18.9 in x 20.4 in
and weight of 99Ibs, it is small enough to fit on top of a laboratory bench4. This system
features onboard analysis to make it easy-to-use. In another example, the MinlON device
from the company Oxford Nanopore Technologies is a pocket-sized sequencer, with an array
of nanopores to conduct sequencing®3°. There have also been announcements to introduce
other platforms (such as the SmidgION and PromethlON)139 which could be appropriate for
some of the use cases described in this Review.

4. Case Studies: From Basic Technology to Use-Case Demonstration

Use Case 1: Blood gas analyzers in a relatively high-budget and well-equipped POC

setting

Blood-gas testing, which is useful for diagnosis of respiratory disturbances and acid-base
imbalances in the blood involved in life-threatening conditions, is traditionally performed by
skilled technicians in a centralized laboratory. As such, these tests provide historical values,
rather than real-time measurements, of a patient’s blood gas levels. By contrast, POC testing
for blood gases at the point of need, including intensive care units, emergency departments,
operating rooms, and during labor and delivery, would help direct immediate care and could
potentially improve health outcomes.
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Building on the technologies of blood gas testing machines in centralized labs, a number of
companies are now offering arterial blood gas analysis systems for POC testing as benchtop
portable form factors?60. As one example, Siemens Healthineers offers different blood gas
systems to choose from depending on sample size, specimen type (whole blood, pleural
fluid, or dialysate fluid), and throughput with additional assays (co-oximetry, electrolytes,
and metabolites). The systems can be operated in well-equipped POC settings in U.S. and
Europe, and provide test results in approximately 60 seconds, such that tests can be carried
out by nurses and doctors for rapid measurements of blood gases, electrolytes, and
metabolites. The systems can be integrated with a bar-code scanner and support wireless
connectivity, to further enhance clinical utility and improve the workflow of blood gas
testing at the hospitals. One of the systems, RAPIDPoint® 500 Blood Gas System, has
received CE Mark approvall®® and in 2013, clearance from the Food and Drug
Administration?62 to offer pleural fluid pH testing (Fig. 3). Opportunities to improve the
device include lowering of cost of operation, expansion of test menu, reduction of sample
size, reduction in maintenance, and expansion of data connectivity to include wireless and
open systems262,

Sophisticated wearable sensors for the consumer

In an effort to expanding wearable technologies to health applications, the Rogers group has
developed ultrathin, flexible electronics. The first prototypes of skin-mounted devices were
shown in 2011263, The ultrathin electronics are as thin as a temporary tattoo, as stretchy as
skin, and permeable to air and moisture264. The patch is embedded with sensors that can
continuously monitor a person’s movements, heartbeat, and temperature. With a smartphone
or tablet connectivity via Bluetooth to the cloud, a doctor can continuously monitor a
detailed record of that person’s physical activity and vital signs.

Various materials, mechanical designs, and manufacturing techniques have been further
developed since then by the Rogers group and others to integrate with the bending and
stretching surfaces of human body?265. Potential applications of the flexible sensors include
monitoring health and wellness, studying disease states, improving surgical procedures, and
establishing human-machine interfaces266. One of the concerns of flexible sensors is battery
life. In response, developments were made on stretchable lithium ion batteries with
integrated wireless recharging system287. Other materials and assembly approaches have
been explored to engineer the electronic devices which can be integrated with the human
body based on the area coverage, mechanical properties and geometry. For continuous
monitoring of blood flow?258, this device provided heat to the skin surface and then measures
the direction and amount of the heat as it moves, unlike the conventional non-invasive
technique for monitoring blood flow. The quantitative blood flow rates are determined by
combining information from thermal sensors with models that account for the fluid
dynamics of blood flow.

These skin-wearable sensors are commercialized by a company cofounded by Rogers called
MC10. The stretchable sensor platform was beta-tested by the U.S. Air Force in September
2015, The company has partnered with a cosmetics company to develop a skin sensor that
monitors UV exposure over time, and a biopharmaceutical company to develop a sensor for
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patients with neurological disorders. The company has also involved clinical partners from
universities and pharmaceutical companies to test the platform, starting with a product called
Biostamp Research Connect™ (BioStampRC®, Fig. 3). This product is commercially
available in the U.S. and Canada, and can help academic researchers achieve more accurate
and streamlined results in their physiological studies. Future iterations of the product will
likely move into medical applications and applications for the general consumer.

Diagnostics for drug-resistant tuberculosis in a clinic

Tuberculosis (TB) remained one of the top 10 causes of death worldwide in 2015259, The
GeneXpert system from the company Cepheid is a cartridge-based, automated real-time
PCR instrument. The system was originally developed for anthrax detection for a self-
contained, fully integrated and automated platform?70. The disposable cartridge, pre-loaded
with reagents for the assay, can automatically perform the entire process of nucleic acid
analysis from unprocessed clinical specimens. The nucleic acids were extracted from
samples by ultrasonic lysis, followed by real-time PCR and fluorescent readout of multiple
targets and control271. Once the cartridge is inserted in the GeneXpert system, the
instrument identifies the pathogen-specific barcode on the cartridge and start the assay on
that particular protocol.

The platform developed for TB in the Xpert MTB/RIF assay was validated?’2 and
implemented in the field2”1. The goal of this assay development is to overcome the
sensitivity of TB diagnosis in sputum smear-negative and extrapulmonary TB as well as
identify drug resistant TB. Five different hybridization probes are used in the same reaction
to span the entire region of rpoB gene?’3. The work on TB motivated Cepheid to expand
their multiplexing capabilities to detect a range of different pathogens at a time, as the
system is now available in a one, two, four, 16, 48, or 80-module configuration, with each
module independently runs one cartridge at a time24 (Fig. 3). First validated with spiked
sputum with known numbers of M.tuberculosis and archived frozen specimens2’4, an
evaluation was performed in four countries?’® and in district and sub-district health facilities
in countries with high TB burden276. In 2010, the World Health Organization recommended
the use of Xpert MTB/RIF271.277 to support a global roll-out of the platform in 145
countries?’2, While the test was significantly more expensive than conventional screening
tests for TB, outside parties subsidized the purchases to achieve substantial cost reductions
(up to 84%, relative to prices in high-income countries) for use in 116 high-burden
developing countries?’L. In terms of usability, a large-scale evaluation found that GeneXpert
MTB/RIF was successfully implemented at the district and sub-district health facilities in
countries with high TB burden2’5. In terms of health outcomes, one study found the Xpert
assay reduced the time to start treatment from 56 days to 5 days for patients with smear-
negative TB, and decreased the rates of untreated smear-negative culture-positive TB from
39% to 15%.

Diagnostics for global health in the field

Our group has developed a low-cost, disposable, plastic microfluidic cartridge (“mChip”) to
run immunoassays in global health settings. Initially, the technology integrated fluid
handling, signal amplification, and plastic manufacturing, and was commercialized into a
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startup company which is now part of OPKO Diagnostics?’8. We collaborated with OPKO
Diagnostics and industrial design partners®®, including in-country interviews of end users
early on in the design process, to build an automated device for multiplexed HIV and
syphilis detection, showing laboratory-quality results in sub-Saharan African on clinical
blood samples in 15 to 20 minutes®%:215.216 A recent form factor was a smartphone
accessory216 that operated on disposable low-cost microfluidic cassettes (about $1.50 in
material cost per chip) which consisted only of plastic and chemical reagents. Recently, we
have also demonstrated integration of two different classes of diagnostic tests into this single
platform, showing simultaneous measurement of hemoglobin concentration and HIV
antibody detection??, and detection of Lyme disease?°.

POC molecular diagnostics tests, for detecting DNA and RNA from pathogens, are difficult
to miniaturize, and especially so for resource-limited settings where they must be low-cost
and simple-to-use. Multiple research groups are developing paper-based diagnostic tests to
perform molecular diagnostic tests280-283, Diagnostics For All is a non-profit company
developing paper-based diagnostic technologies from the Whitesides labZ0L. The paper-
based technology from this company has been evaluated in the field with clinical specimens
for a variety of applications*L. For their first prototype of a complex molecular diagnostics
test, they demonstrated integrated sample preparation, isothermal DNA amplification and
detection steps into a single paper-based devicel6l, The device combined various materials
(magnetic sheet, thin-film lubricant, and commercial filter paper) in a manner that allowed
for serial operations of cell lysis, DNA isolation and purification, LAMP amplification, and
detection, as carried out on a single sliding-strip devicel®? (Fig. 3). During the amplification
step at 65° C, a seal prevented evaporation. Using a hand-held UV source and smartphone
camera as detector, this prototype measured as few as five cells of £. coli. As shown by the
success of traditional POC tests for pregnancy, glucose, and HIV, the low cost and simplicity
of paper-based systems will continue to be appealing for POC settings with constrained
infrastructure and budget, especially with advances in enhancing sensitivity and precision.

5. Conclusion and Future Directions

Since the early 1990’s, developments in POC diagnostics have been buoyed by several
trends, including miniaturization of techniques in analytical chemistry and genomics284,
large-scale integration of fluid handling capabilities with an analogy to microelectronics?,
and global health applications®7:286_ In recent years, the most influential force for POC
diagnostics has been the rise of consumer electronics and connected devices. In today’s
connected age, the POC ecosystem is more diverse than ever before (Fig. 1), an unsurprising
development for a field which could some day fundamentally revolutionize how health care
is delivered throughout the world.

As POC diagnostic devices are becoming increasingly integrated, and tested with clinical
specimens, we have analyzed recent developments in the field through the lens of different
use-case scenarios, which impose different design constraints on all aspects of the POC
diagnostics device, from material choice to signal detection (Table 2). Unlike previous
classifications of use-case scenarios, we propose a framework which decouples the
infrastructure available to run the test, from the budget allocated to purchase the POC
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device. This decoupling presents use cases which pose distinct constraints for researchers
(Fig. 2), including different design constraints for use in a clinic or in the field which would
depend on the budget available. This framework presents the constraints across a more
diverse set of POC settings than just global health. In addition, it brings the relevant criteria
up to date to contemporary settings. For example, the acronym “ASSURED” has been
widely used?8” for development of POC diagnostic devices, especially for global health
applications. While initially useful for researchers, its introduction in the early 2000’s came
before the age of smartphones and widespread data connectivity. The letter “E”, standing for
“Equipment-free”, did not take into account the recent explosive rise of consumer
electronics, and availability of hardware components with increasing capabilities at falling
prices.

What is the future of POC diagnostic technologies? In the short term, numerous challenges —
technological and non-technological — will persist before a large set of new POC devices
will be introduced to the market. In the long term, the field is on track to deliver POC
diagnostic devices across all appropriate decentralized settings — the remaining technological
hurdles are addressable, and the social benefits too rich for governments, clinicians, insurers,
and consumers to ignore. In fact, with some of the most important social trends of today
(autonomous drones, space colonization), the end-use scenarios, which are already vast,
have become only more intriguing and relevant to tomorrow’s world. The rapid progress of
non-traditional components in the new POC ecosystem — such as consumer electronics,
connectivity, and data analytics — has infused POC diagnostics with new energy,
perspectives, and risk capital. The path between where the field stands today and the long-
vision — perhaps an inevitable one — of widespread use of POC diagnostic devices will likely
involve the marriage of this new energy with the traditional scientific advances in analytical
chemistry and microfluidics.
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Figure 1. The POC ecosystem in a connected age
POC devices require an integration of chemistry, fluidics, hardware and software.

Traditional focus areas on POC development have been assay chemistry and microfluidics,
but rapid progress is taking place in other technological and non-technological components
which need to be considered by researchers in POC diagnostic devices.
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Figure 2. POC use cases, uncoupling cost from infrastructure
Differences in budget and infrastructure level play a role in categorizing four distinct use

cases for POC devices. Each setting imposes specific constraints on the design of POC

devices.
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Figure 3. Representative POC diagnostic devices
Examples of POC technology from industry and academia that feature integrated device

designs that align with Use Cases 1 to 4: (1) RAPIDPoint® 500 Blood Gas System from the
company Siemens, Photo courtesy of Siemens Healthineers. ©2016 Siemens Healthcare
Diagnostics Inc. Used with permission. (2) BioStampRC® system from the company MC10,
Copyright 2016 MC10, Inc. Used with permission; (3) GeneXpert system (four-module
configuration) from the company Cepheid, Photo courtesy of Cepheid Inc.; (4) VPAD
technology (electronics-enabled paper-based diagnostic test & sliding strip nucleic-acid
testing device) from the company Diagnostics For All and the mChip smartphone dongle
system from our lab. Reprinted from Biosensors and Bioelectronics, Vol. 78, Lee, S.;
Aranyosi, A.; Wong, M. D.; Hong, J. H.; Lowe, J.; Chan, C.; Garlock, D.; Shaw, S.; Beattie,
P. D.; Kratochvil, Z., Flexible opto-electronics enabled microfluidics systems with cloud
connectivity for point-of-care micronutrient analysis, pp. 290-299 (ref212), Copyright 2016,
with permission from Elsevier. Reproduced from Connelly, J. T.; Rolland, J. P.; Whitesides,
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Table 2

Design considerations for different POC use cases
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Range of POC device design considerations for different settings covering material choice, reagent stability,
sample pre-treatment, fluidic actuation, fluidic control, signal detection, disposal and sample type/acquisition.

UseCase3 UseCase4
Ll\jlssd%ratelBudget Clinic kjnsgdceratezsudget Figg ~ Constraned - Constrained Budget,
! ! Budget, Clinic Field
Glass
Glass e
. . e Silicon Paper Paper
Material Choice i:.!;sct?g Plastic Plastic Plastic

Flexible electronics

Reagent Stability

Short term or long-term storage

Long-term storage needed

Short term or
long-term
storage

Long-term storage needed

Sample pre-treatment

Off-chip by trained technician

None

Off-chip by
minimally
trained
technician

None

Fluidic Actuation

Electrokinetic Pneumatic, Magnetic

Pneumatic
Capillary

Electrokinetic
Pneumatic
Magnetic

Pneumatic
Capillary

Fluidic Control

Machine/power Pipetting by
technician Valves

Passive
On-chip valves

Machine/power
(minimal)
Pipetting
(minimal)
Valves

Passive
On-chip valves

Signal Detection

Fluorescent (larger machines)
Colorimetric Electrochemical

Colorimetric (by eye,
smart-phone, or hand-held
device)

Fluorescent
(small, cheap
machines only)
Colorimetric
Electrochemical

Colorimetric (by eye,
smartphone, or hand-held
device — must be cheap)

Disposal Not needed Self-contained Not needed Self-contained

. . Whole blood,
Sampletype/ SrsmFe asrglr}:/(;tlc Ifalllsjrlga \Aslre}?a:es?/\llgggy Whole blood, urine, plasma, serum, Whole blood, urine,
acquisition ! P ! ! ! saliva, swabs, tears urine, saliva, saliva, swabs, tears

tears

swabs, tears
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