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ABSTRACT: Point-of-care devices were originally designed
to allow medical testing at or near the point of care by health-
care professionals. Some point-of-care devices allow medical
self-testing at home but cannot fully cover the growing
diagnostic needs of eHealth systems that are under develop-
ment in many countries. A number of easy-to-use, network-
connected diagnostic devices for self-testing are needed to
allow remote monitoring of patients’ health. This Outlook
highlights the essential characteristics of diagnostic devices for
eHealth settings and indicates point-of-care technologies that
may lead to the development of new devices. It also describes

the most representative examples of simple-to-use, point-of-care devices that have been used for analysis of untreated biological

samples.

1. INTRODUCTION

Health-care systems today may be better than ever, but are still
far from ideal because of the following: (i) They consume
extensive nancial resources (approximately 10% of each
country’s GDP is spent toward health expenditures, over 7.2
trillion USD in total in 2015).* (ii) They are inconvenient or
even inaccessible to large portions of the population, especially
those in rural communities and developing countries. (iii)
They struggle to detect diseases at early stages due to limited
health status screening. To address these challenges, the World
Health Organization (WHQO) proposed the establishment of
eHealth systems, and set eHealth as a top priority in 2005.
eHealth is de ned as “the cost-e ective and secure use of
information communication technologies (ICT) in support of
health and health related elds, including health-care services,
health surveillance, health literature, and health education,
knowledge and research”.? The latest Global Observatory for
eHealth survey of WHO (published in 2016) has shown that
73 countries already have an eHealth strategy in place,® but
most probably several years will be needed for eHealth systems
to be fully operational. The three main components of eHealth
systems will most likely be (2) electronic health and medical
records that will enable easy and instant access to patient’s
medical history as well as e-prescribing, and e-booking; (b)
telehealth or telemedicine (the two terms are used
interchangeably) that will allow virtual appointments between
physicians and their patients, and remote monitoring of the
health of the patients (even when they are at their homes); and
(c) mHealth (i.e.,, mobileHealth) that will ease the
communication between health-care providers and patients
regarding patient care, emergency situations, health practices,
and treatment adherence (Figure 1). Due to the fact that there
is no o cial de nition of the terms “eHealth”, “teleHealth”,
“telemedicine”, and “mHealth” and very little consistency on
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their use in the scienti ¢ literature,® these terms are described
here based on the content that WHO has given them on its
o cial policy documents. When eHealth systems will be fully
operational, some patients will save money and time by not
having to travel to health-care centers and clinics to visit a
physician and perform laboratory tests; they would be able to
telemeet physicians using telemedicine platforms and self-test
themselves (Figure 1). Physicians will be more productive as
they will be able to meet more patients; the nonattendance or
no-shows rate when eHealth applications are implemented are
signi cantly lower.* The health-care systems might, therefore,
be more patient-friendly, would operate at higher e ciency
that would probably lower their cost>® and result in better
health outcomes.”

The necessary technology for most modules of eHealth
applications is already available: for example, high-quality
teleconferencing for teleHealth, mobile connectivity for
mHealth, and advanced databases storage and analysis for
electronic medical records. The technology for home-based
medical testing, however, is not fully developed,® and further
research is needed to produce a range of eHealth diagnostic
devices (i.e., low-cost, easy-to-use, network-connected diag-
nostic devices for home use) to support eHealth systems.

Unlike conventional medical testing devices, eHealth
diagnostic devices (eDiagnostics) should operate with minimal
user involvement, be able to analyze untreated biological
samples, and have low-to-moderate cost to be a ordable to
general population (see below for the complete list of essential
device characteristics). Laboratory-based medical testing
devices (even after modi cations) would be incompatible
with the constrains of eHealth systems, as they are expensive
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Figure 1. Left side: overview of main components of a future eHealth system for remote examination of a patient at home using telemedicine for
teleappointments between physicians and patients and eHealth diagnostic devices for remote testing. Right side: simple-to-use devices that can
analyze untreated biological samples at eHealth settings. (A) Paper strip for urinalysis; (B) paper-based device for accessing liver function; (C)
cellphone attachment that reads disposable lateral ow tests; (D) sample in result out device for analyzing nasal swab to detect nucleic acids; (E)
micro uidic cassette connected to a smartphone dongle for infectious diseases detection; (F) SAW (surface acoustic waves) biochip for the HIV
detection in blood; (G) chip-based micro uidic device for the detection of lithium in blood; (H) wristband for real-time detection of glucose,
sodium, and chloride ions in sweat; (I) sweat-monitoring patch for measuring sweat rate, temperature, and chloride ions concentration; and (J)
mouthguard that integrates a biosensor and a wireless circuit board for uric acid detection in saliva. The gures were reproduced with permission
from refs 93 (A), 201 (B), 112 (C), 137 (D), 199 (E), 192 (F), 195 (G), 45 (H), 59 (1), and 72 (J).

and bulky, and need trained personnel to operate them. Point-
of-care (POC) testing devices have been designed to be
portable and to require fewer resources than clinical analyzers
and, therefore, should t more on the speci ¢ constraints of
eHealth systems.

Unlike conventional medical
testing devices, eHealth diagnos-
tic devices (eDiagnostics) should

operate with minimal user in-
volvement, be able to analyze
untreated biological samples,
and have low-to-moderate cost
to be a ordable for general
population

This Outlook aims (a) to highlight the essential character-
istics of eDiagnostics; (b) to discuss POC diagnostic
technologies, which allow biochemical testing in portable
devices without user involvement, and after further develop-
ment may lead to new eDiagnostics for self-testing; and (c) to
point toward areas of future research in each POC technology
that could enhance its applicability at eHealth settings. Herein,
we explicitly describe examples of four POC diagnostic

technologies (wearables, paper diagnostics, microcell-based
sensing, and chip-based micro uidics) that have been
successfully used for the analysis of untreated biological
samples. Technologies of POC diagnostics whose require-
ments in terms of cost or infrastructure imply that they are
suitable for use only in clinics, clinical laboratories, or research
laboratories will not be discussed herein; we refer the reader to
the scienti ¢ literature for comprehensive reviews of POC
devices.®

2. ESSENTIAL CHARACTERISTICS OF eDIAGNOSTICS

Any diagnostic device must be accurate and precise, and
provide robust results. Diagnostic devices whose intended use
is medical testing outside of clinical laboratories (e.g., at home
by untrained individuals) have to receive additional clearance
by local regulatory authorities. Even though each country
imposes di erent requirements, in general, regulatory author-
ities require diagnostic devices for home use to be accurate, be
simple-to-use by untrained individuals, and have little chance
of providing2 misinformation or causing harm if performed
incorrectly.® To be used in eHealth systems, eDiagnostics
should be capable of transmitting the test results to cloud-
based systems in an automated and secure way. eDiagnostics
should also have low-to-moderate cost to purchase and use;
therefore, they should be fabricated by readily available
materials and be easy to manufacture using conventional
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Figure 2. Examples of modi ed smartphones and dedicated devices for signal acquisition and data transmission to the cloud: (A) smartphone for
reading lateral ow tests; (B) smartphone for bio-chemiluminescent detection on paper devices; (C) multifunctional electrochemical detector for
performing various types of electrochemical techniques (e.g., chronoamperometry, pulsed voltammetry, potentiometry) using readily available
electrodes; (D) updated version of device C that facilitates temperature control and electrochemical detection on paper-based devices; (E)
smartphone for liquid-based colorimetric assays; and (F) surface plasma resonance biosensor installed on a smartphone. The gures were
reproduced with permission from refs 111 (A), 108 (B), 180 (C), 174 (D), 179 (E), and 191 (F).

automated processes (e.g., roll-to-roll manufacture, 3D
printing,“>** etc.). To keep the cost per test low, eDiagnostics
may consist of three elements: (i) a disposable single-use part
(e.g., paper device, chip), where the chemical analysis would be
performed (Figure 1); (i) a dedicated reader or a smartphone
attachment (Figure 2) that would be used for signal
acquisition; and (iii) a smartphone application for signal
interpretation and test results transmission to cloud databases
of eHealth systems.™

eDiagnostics should be able to perform tests in whole,
untreated biological uids, and be fully integrated (i.e., contain
all the necessary reagents prestored inside them). Ideally, the
devices should require absolutely minimum involvement from
the user: the user only adding the sample (i.e., nger-prick
blood, urine, saliva, etc.) on the device, or wearing the device.
A simple extra step such as adding a drop of a solution (using a
dropper) at the device may also be acceptable, if it is absolutely
necessary. Additional uid handling steps, such as mixing and
pipetting solutions, may increase the complexity status of the
device signi cantly (based on the strict criteria of regulatory

authorities) and, therefore, may render the device improper for
home use.

To achieve the desired level of simplicity of use, and at the
same time detect a pathological condition, developers of
eDiagnostics should carefully select (i) a biological uid that
could be easily obtained minimally invasively at home and
contains a disease biomarker and (ii) the point-of-care
diagnostic technology that could facilitate low-cost, easy-to-
perform analysis of untreated biological uids.

3. CONSTRAINS FROM BIOLOGICAL FLUID

The biological uids that can be obtained minimally invasively
at home by the patients themselves are blood, urine, interstitial

uids, saliva, tears, sweat, and breath. The delivery and
availability of a biological uid are parameters that would set
speci ¢ constraints to an eDiagnostic device. For example,
blood samples could be obtained using a nger-prick
procedure or a dedicated blood collection device (e.g., TAP,
Seventh Sense Biosystems Inc.)*® *® and delivered to a device
quantitatively using a capillary tube, but the device should be
able to detect the target analyte in less than 100 L of blood
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(volume that can be routinely collected from a nger prick or a
blood collection device)'® and perform microscale blood
plasma separation inside the device. Interstitial uids could be
obtained by using a uid collection device that incorporates
microneedles®® ** or uses iontophoresis.”> Sweat and tears
could be obtained noninvasively, but they could cause some
distress to the patients (make them perspire or make their eyes
weep). Saliva can be easily obtained using swabs, but the
results may be subject to contamination from food.”®
Especially sweat, a uid that has recently attracted the
attention of researchers, is available in very low volume (in
the nL range for a 10 mm? sweat area)’’ and might require
either sophisticated samg)ling devices to deliver the necessary
volume quantitatively’” or wearable sensors that could
stimulate, sample quantitatively, and then analyze sweat.?®?°
The type of biological uid (e.g., blood, urine, saliva, etc.)
would determine the necessary pretreatment steps that an
eDiagnostic device should perform; all pretreatment steps,
even the simplest ones, such as dilutions and pH adjustments,
should be performed inside the device to avoid user
involvement. pH and ionic strength of a sample could be
adjusted by salts that would be stored at or close to the entry
port of a device. Urine, tear, and saliva samples do not require
any other pretreatment steps. Devices for blood analysis,
typically, need to remove red and white blood cells to obtain
blood plasma; blood plasma is then analyzed inside the device.

The type of biological uid (e.g.,
blood, urine, saliva, etc.) would
determine the necessary pre-
treatment steps that an eDiag-
nostic device should perform; all
pretreatment steps, even the
simplest ones, such as dilutions
and pH adjustments, should be
performed inside the device to
avoid user involvement

Microscale blood plasma separation inside a portable device
is quite challenging, and many scientists in academic settings
develop POC devices without performing blood plasma
separation;®° they test their devices with serum or plasma.
Numerous passive and active blood plasma separation
techniques have been developed,® *? but a majority of them
either are incompatible or could not be easily integrated within
a portable device. Passive plasma separation performed by glass

bers,*® asymmetric polysulfone membranes* superhydro-
phobic plasma separators,® or agglutinating antibodies®® are
few approaches that may be suitable for POC devices. Blood
plasma separation could induce in vitrohemolysis which could
interfere with the analysis.®” Special care should be taken to
keep in vitro hemolysis at the lowest possible levels. Blood
plasma separation would be crucial for the quality of the results
of devices for blood analysis; therefore, there is a great need of
new materials and approaches for the reproducible and almost
hemolysis-free blood plasma separation inside a low-cost
portable device.

4. WEARABLES FOR eHEALTH APPLICATIONS

Wearable devices require almost no involvement from the user
and would be particularly useful for real-time monitoring of
patients over speci ¢ periods of time (from minutes up to
several days). The bright examples of this technology are the
wearable sensors for continuous glucose monitoring (CGM)
that have been recently introduced into the market and rapidly
changed the landscape of glucose monitoring for patients with
diabetes. Guardian Connect CGM (Medtronic Inc.),?%%*
Dexcom G6 (Dexcom Inc.),** and FreeStyle Libre (Abbott
Diabetes Care Inc.)**?* are commercially available CGM
systems that detect glucose in interstitial uids and consist of a
microneedle that is partially inserted into the subcutaneous
tissue and a wearable component that contains the electronic
parts (e.g., potentiostat, wireless transmitter, etc.) for signal
acquisition and wireless transmission. The devices measure
interstitial glucose (using electrochemical detection and
proprietary assays) and send them for storage at dedicated
readers or smartphones. Eversence CGM System (Senseonics
Inc.)®*° is a small implantable CGM system that use a
uorescent assay to measure interstitial glucose for up to 90
days; the device sends the results wirelessly to an external
reader. Other wearable biosensors can be shaped as patches,
tattoos, or bandages or attached into mouthguards, bands, and
belts to analyze sweat, saliva, or tears, etc.”

For sweat analysis, wearable patches, bands, and tattoos can
facilitate electrochemical detection of biomarkers such as
glucose’ and electrolytes,** “® etc. (Figure 3). Printed
electrodes can perform the electrochemical assays, and exible
electronics can perform signal acquisition and wireless results
transmission to smartphones. For example, Rose et al.
converted a commercial RFID chip to a wireless potentio-
metric sensor for the detection of sodium in sweat.*® Other
research groups attached miniaturized screen-printed electro-
des and exible electronics to skin to measure (a) glucose,
lactate, and alcohol using chronoamperometry;*>#6:°0 4 (bz
pH, K*, Na*, Ca?*, Cl , and NH*" using potentiometry;** *
and (c) heavy metal ions (zinc, cadmium, lead, copper,
mercury) using anodic stripping voltammetry (Figure 3A).”*°
One such example is reported by Martin et al., who developed
a soft epidermal micro uidic microchip device using hybrid-
ization of lithographic and screen-printed technology for
continuous real-time electrochemical monitoring of glucose
and lactate levels in sweat (Figure 3B).*° A single device can
host several electrodes for the multiplex detection of analytes.
For example, Gao et al. developed a fully integrated wearable
device for sweat analysis with potentiometric sensors to detect
Na* and K* and amperometric sensors to detect glucose and
lactate (Figure 3C).>

The inherent inaccessibility of sweat in sedentary individuals
is an important limitation of sweat sensors. A miniaturized
iontophoresis interface could be used to overcome this barrier.
The iontophoresis process involves delivery of stimulating
agonists to the sweat glands with the help of an electrical
current for the sweat extraction. Emaminejad et al. devised a
fully integrated electrochemically enhanced iontophoresis
interface (using pilocarpine- and methacholine-based hydro-
gels as stimulating agonists) to induce sweat and integrated in
a wearable sweat analysis platform for amperometric
monitoring of glucose levels and potentiometric measurement
of Na* and Cl ions (Figure 1H).** Following a similar
approach, other reports described the real-time detection of

DOI: 10.1021/acscentsci.8b00625
ACS Cent. Sci. XXXX, XXX, XXX XXX


http://dx.doi.org/10.1021/acscentsci.8b00625

ACS Central Science

Figure 3. Examples of wearable biosensors: (A) temporary tattoo for electrochemical sweat sensing of zinc ions; (B) sweat patch for detecting
glucose and lactate using amperometry; (C) electrochemical wristband sensor for real-time monitoring of metabolites (glucose, lactate) and
electrolytes (Na*, K*) in sweat; (D) diabetes patch showing real-time monitoring of sweat glucose level; (E) sweat patch for sensing temperature,
glucose, lactate, chloride ions, and pH; and (F) graphene-based nanosensor attached on tooth enamel for remote monitoring of respiration and
detecting bacteria in saliva. The gures were reproduced with permission from refs 55 (A), 50 (B), 53 (C), 58 (D), 60 (E), and 74 (F).

glucose, alcohol, Na*, and Cl .******° Lipani et al. used an array
of miniature pixels that contained Pt decorated graphene
working electrodes to achieve transdermal amperometric
glucose detection.>” The fact that interstitial uid was collected
at the small known volume of a pixel allowed a calibration-free
monitoring of glucose. Lee et al. developed a wearable sweat
patch for diabetes monitoring and therapy by integrating a set
of electrochemical miniaturized electrochemical sensors (i.e.,
PEDOT-based humidity sensor, a PANI-based pH sensor, a
graphene-oxide-based glucose sensor, a graphene-based tem-
perature sensor), a (Au mesh/graphene-based) heater, and
polymeric microneedles loaded with drug (Figure 3D).>® The
patch was able to measure glucose and then deliver drug
transcutaneously. They tested the performance of the device in
diabetic mice.

Apart from electrochemical wearable biosensors, colorimet-
ric sweat sensors have been also reported. Roger's group
devised a number of thin and soft sweat-monitoring patches for
calculating sweat rates and temperature (Figure 11)°° and
detecting lactate, pH, chloride, and glucose levels (Figure
3E).>° ® The patches include micro uidic channels and
passive valves to route the sweat from skin pores to reservoirs

lled with color responsive materials for analyte quantitative
analysis. A smartphone can capture and analyze an image of
the patch to calculate sweat rates and concentration of analytes
in sweat. The same group developed a textile-based skin patch
that incorporates a passive wireless capacitive sensor for
sensing the amount of sweat released from the surface of the
skin.®® Mu et al. developed skin patches that contained pH test
paper and anion exchangers to measure total concentration of
anions in sweat.®*

Smart bandages for monitoring wound healing, and mouth
and eyes wearable sensors with connectivity capabilities might
be also a useful technology for eHealth systems. Previous
research e orts have developed smart bandages to monitor (a)
uric acid in wounds using printed electrodes that perform

chronoamperometric measurements;*>®® (b) pH by using
PANI-based thread electrodes and potentiometric detec-
tion°"°® or a uorescence probe and measuring uorescence
signals;®® and (c) irregular bleeding and external pressure using
a capacitive sensor.”” A mouthguard support that has sensing
capabilities and can send the results remotely could be used as
a wearable sensor for saliva analysis (Figure 1J). For example,
previous e orts incorporated printed electrodes, a miniaturized
potentiostat, and a Bluetooth low-energy (BLE) transceiver on
a mouthguard for monitoring glucose,”* uric acid,”” and
lactate.”® Another way of analyzing saliva is by attaching a
sensor onto a tooth. Mannoor et al. achieved the remote
detection of pathogenic bacteria in respiration and saliva by
attaching a graphene-based nanosensor on tooth enamel and
wirelessly monitoring resistance changes of the nanosensor
(Figure 3F).”* Borini et al. developed a thin Im graphene
oxide conductivity sensor for measuring humidity in breath.”
Guder et al. prepared a thin, paper-based conductivity sensor
that responds to the breath’s moisture, and they managed to
indirectly calculate respiration rate as the humidity of the
breath changes during inhalation and exhalation cycles.”® A
handful of wearable sensors have been reported for detection
of glucose and lactate levels in tears by using smartly
engineered contact lens amperometric biosensors.”” %
Research e orts have also been devoted to develop shirts
and body suits empowered with sensing capabilities. For
example, Pandian et al. have developed a SmartVest to record
electrocardiogram, photoplethysmogram, body temperature,
blood pressure, galvanic skin response, and heart rate by
incorporating EKG electrodes, photoplethysmogram sensor,
thermistor, and galvanic skin sensors into a T-shirt.®* The
development of smart fabrics where sensing elements would be
incorporated into the fabric (and not attached on it) is still in
early stages but is expected to provide fabrics with interesting
sensing capabilities. For example textile electrodes do not
require careful placement of sensors, and allow skin movement
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without restrictions.®” Guay et al. integrated a spiral antenna,
composed of a multimaterial ber, into a cotton shirt and
recorded contactless measurements of respiratory rate; the
antenna geometry was changing during respiration causing
changes of the antenna frequency.®® Coppede et al. devised an
electrochemical transistor inside a single cotton yam for real-
time detection of adrenaline and NaCl in sweat.”

Despite the signi cant advances in wearable biosensors,
there are still reliability, stability, reproducibility, and
biocompatibility issues that should be addressed.”>* For
example, changes in pH or temperature of sweat may in uence
the results of analysis (due to the in uence of these factors on
several enzymatic reactions); therefore, advanced calibration
methods may be needed to provide accurate results. The eld
is also currently focused mainly on sports and military
applications. Several biomarkers related to diseases (e.g.,
cancer, HIV, intestinal infections, cystic brosis, and
schizophrenia, etc.) could be detected in sweat, tears, and
saliva. It should be noted, however, that the concentration of
several biomarkers in sweat, saliva, tears, and breath might be
correlated with pathological conditions, but normal and
pathological levels have not been established yet.”® After
establishing these levels, eDiagnostic wearable devices could
cover many diagnostic needs at eHealth systems.

5. PAPER DIAGNOSTICS FOR eHEALTH
APPLICATIONS

Paper is a low-cost, lightweight, and exible material that has
the following four unique properties: (a) Paper has a three-
dimensional, brous structure that acts as a microcuvette (the
height of which is around 100 200 m) where chemical
reagents can be stored e ectively. (b) Paper's structure
facilitates pump-free wicking of uids. (c) Paper is uid-
permeable allowing the fabrication of multilayered devices. (d)
Paper’s chemical structure (cellulose moieties) allows its
functionalization to di erent forms (e.g., nitrocellulose, etc.)
or the immobilization of biomolecules. Test strips, lateral ow
tests, and paper-based analytical devices are types of diagnostic
devices that are based on paper and have been widely used for
biochemical, environmental, and food analysis.®> °* The terms
“test strips”, “lateral ow tests”, and “paper-based analytical
devices” do not have clear de nitions and are sometimes used
interchangeably in the scienti c literature; they have, however,
some design di erences as could be concluded from their
descriptions in the relevant sections below. Herein, we discuss
mainly examples of paper devices that could analyze untreated
biological samples. The results of paper devices could be read
by smartphone cameras,’> smartphone attachments (Figures
1C and 2AB), or smartphone-connected electrochemical
analyzers (Figure 2C,D), analyzed in a smartphone application,
and transmitted to central systems.

5.1. Test Pads. Test strips or test pads (depending on the
shape of the device) are patterned pieces of paper loaded with
chromogenic reagents that change color upon analyte-selective
reactions. Test pads could be read and compared to a
calibration chart by the naked eye, but the quality of the results
would be greatly enhanced if a dedicated reader,®® a
smartphone camera,® or a smartphone accessory” would be
used for signal acquisition; signal processing and results
transmission could be performed at the smartphone.

Test strips have found several applications mainly in POC
urinalysis, and commercially available dipstick tests can
facilitate the semiquantitative determination of several

biomarkers (e.g., glucose, ketones, nitrite, protein, bilirubin,
urobilinogen, erythrocytes, leukocytes, creatinine, microalbu-
min, etc.) in urine samples (Figure 1A).%® In research settings,
among other applications, test pads have been used for the
determination of blood type,°® the concentration of
hemoglobin in blood,”” for breath analysis to detect lung
cancer and trimethylaminuria.®® *°° Besides changes in color
intensity, the length of color change could be used as analytical
signal. For example, Guan et al. detected the type of blood,***
Berry et al. hematocrit levels,"*” and Gerold et al. K* levels*®
in untreated biological uids by using distance-based color
measurements.

Single-step sensing using colorimetric test pads would be
ideal for eDiagnostic devices, but existing test pads can
typically detect a limited number of analytes (mainly
metabolites) at relatively high concentration levels (mM
levels). For the development of the next generation of test
pads, new single-step sensing approaches and probes should be
developed. The interactions of analytes with micrometer-sized
functionalized particles (a concept that was not so popular in
conventional spectrophotometry due to scattering e ects)
might provide several new detection assays for test pads. For
example, analyte-facilitated immunoagglutination of function-
alized polymeric particles has been recently used for the single-
step detection of bacteria and speci ¢ proteins; Cho et al.
detected bacteria (Escherichia catid Neisseria gonorrf)eae
untreated urine’® and Lin et al. C-reactive protein in whole
blood.*® Kappi et al. used the enhancement e ect of biothiols
at the photoreduction of silver halide particles to detect
biothiols in blood plasma.’® Fluorescence-based sensing
mechanisms could also be used for the single-step detection
of analytes using test pads as smartphone accessories, or other
low-cost readers can now measure uorescence and bio-
luminescence (Figure 2B).*°"%®

Single-step sensing using colori-

metric test pads would be ideal

for eDiagnostic devices, but ex-
isting test pads can typically
detect a limited number of

analytes (mainly metabolites) at

relatively high concentration lev-

els (mM levels)

5.2. Lateral Flow Tests. Lateral ow tests also known as
lateral ow assays (LFAs) are another mature POC testing
technology that has been successfully applied at point-of-care
settings. The brightest example of LFAs is the human
pregnancy test that has revolutionized pregnancy testing.
Dozens of lateral ow tests have been commercialized for the
detection of infectious diseases, cancer, cardiac diseases, illicit
drugs abuse, and in uenza, just to name a few.'**% LFAs
could be a core technology for a number of eDiagnostic
devices, if smartphone attachments (Figures 1C and
2A)" 14 or dedicated readers® ® read the results of
analysis.

A typical lateral ow test strip is composed of three paper
pads (sample pad, conjugate pad, absorbent pad) and a
nitrocellulose strip; all four components are placed inside a
plastic housing and partially overlap to ensure uid’s ow. The
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Figure 4. (A) Diagram of a sample in result out device for nucleic acid detection from swab specimens. A user introduces a swab into the sample
chamber, and then the sample is delivered to an automated valve and is split into two physical channels followed by isothermal ampli cation and
lateral ow detection. (B) Diagram of a sample in result out device for protein detection from swab specimens. Nasal swab is rst introduced into
a swab port containing bu er followed by activating the device to release aqueous reagents into the paper network which rehydrates the stored dry
reagents and then split the sample into two channels for lateral ow detection. (C) Diagram of a chip-based micro uidic device that performs
signal-ampli ed immunoassays for multiplex detection of infectious diseases. (D) Design of a 3D- PAD that hosts vertical and lateral pathways for
performing immunoassay with visual detection. (E) Steps during analysis by using a sliding-strip 3D- PAD. The strip is moved from position 1 to 3
along with adding the sample and water at speci c time intervals. The gures were reproduced with permission from refs 137 (A), 138 (B), 199

(C), 149 (D), and 151 (E).

user has to only add the biological sample (e.g., blood, urine)
and a bu er solution and read the results by the naked eye after
few minutes. During the analysis, an immunocomplex is
formed between the target analyte (e.g., disease speci c protein
or antibody) and a stored biolabel (e.g., antibodies conjugated
to colloidal gold or latex particles), and then it is immobilized
on the test line of the strip by a capture protein that is present

there. The biolabel colorates the test line to allow the visual/
optical detection of the target analyte (e.g., protein, antibody,
metabolite, ampli ed nucleic acid, RNA, etc.).%%9120

The rst generation of LFAs su ered from limited multiplex
capabilities and poor sensitivity. The multiplex capabilities of
LFAs have been enhanced by either incorporating multiple test
strips in a single device'®* or more than one test lines that
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exhibit same or di erent color in a single strip. The
sensitivity of LFAs has been signi cantly improved by using
various types of biolabels. Fluorescent dyes,**"*?* carbon
nanotubes,**® quantum dots,**® doubly labeled complexes,**’
multifunctional nanospheres,**® upconversion nanoparticles, ">
liposomes loaded with colorimetric**® or uorescent dyes,***
photoluminescent,”*? and strontium aluminate™'* are a few
biolabels that have been used in LFAs for the detection of
disease biomarkers.

Enzyme-based,™** silver-based, or gold-based ampli cation
schemes™* could also enhance the sensitivity of LFAs, but
require additional uidic steps that complicate the analysis.
Yager and co-workers demonstrated that two-dimensional
paper networks can facilitate multistep delivery of chemicals on
a test line without the user performing extra steps, and used
this approach to perform a signal-ampli ed immunoassay for
the determination of malaria antigen.**>"°

Yager and co-workers have also combined paper pads, lateral

ow assays, and highly engineered device’s housing parts to
develop fully autonomous diagnostic devices for performing
immunoassays and nucleic acid detection assays. More
speci cally, they described an instrument-free, sample-to-result
diagnostic device to detect pathogenic bacteria (Idhl or mecA
gene targets of methicillin-resistant Staphylococcus agré&us
human nasal swab specimens by performing on-board sample
dilution and lysis, DNA fragmentation, DNA isothermal
ampli cation, and DNA detection using a lateral ow assay
(Figures 1D and 4A). All the necessary electronics (PCB
control board, four heaters, switches, batteries), the reagents
for the chemical reactions, and the bu er solutions were stored
inside the device. The user had just to add the nasal swab
inside the device and slide the device to start the analysis; the
results were read after 60 min on the lateral ow strips of the
device (Figure 1D).**" The same group reported a disposable,
fully autonomous diagnostic device to detect target proteins.
They detected two nucleoproteins from in uenza virus A and
B in nasal swab specimens. The device had all the necessary
reagents and bu er solutions prestored inside its housing and
performed sample lysis, protein capture, secondary labeling,
rinsing, and signal ampli cation without user intervention. The
multiplex results for infection from in uenza A and B were
provided in 35 min. The schematic diagram of the device is
depicted in Figure 4B.**®

The quality of results of LFAs depends mainly on three
factors: (a) the strong and selective binding of analyte with the
capture and the reporter biorecognition elements (i.e.,
antigens, antibodies); (b) the strong emitting properties of
biolabels; and (c) the elimination of any nonspeci ¢ binding
events that result in false positive results. In the past few years
signi cant progress has been achieved in developing
approaches that can provide strong visual, optical, or

uorescent readout, but developers still depend on a trial-
and-error approach to select the appropriate biorecognition
elements (capture and reporter antibodies) for a target analyte
and appropriate blocking reagents that eliminate false positive
results. Even though the equilibrium dissociation constant
(Kp) that is an indicator of the strength of the speci ¢
antigen antibody interactions has been determined (by
oblique-incidence re ectivity di erence® or Biacore sys-
tems**®) for most antigen antibody pairs, these values could
be used for the initial selection of possible pairs that should be
further evaluated. This is because Kp values measure the
antigen antibody interactions under ideal conditions (i.e.,

controlled immobilization of capture element in a at chip and
binding of the target analyte from standard solutions) that are
di erent compared to those occurring during a lateral ow test
(i.e., uncontrolled immobilization of biocapture elements on
porous nitrocellulose or nanoparticles, target analytes partially
covered by a protein corona).’® The thorough and detailed
study of antigen antibody interactions in realistic conditions
and the understanding of several e ects (i.e., protein corona,
matrix e ects due to high concentration of proteins) that may
interfere with the antibody antigen binding and result in
nonspeci ¢ binding events would lead to chemical approaches
that would ensure strong antigen antibody binding and
enhanced sensitivity and selectivity.

In the past few years signi cant
progress has been achieved in
developing approaches that can
provide strong visual, optical, or
uorescent readout, but devel-
opers still depend on a trial-and-
error approach to select the
appropriate biorecognition ele-
ments (capture and reporter
antibodies) for a target analyte
and appropriate blocking re-
agents that eliminate false pos-
itive results

5.3. Paper-Based Analytical Devices ( PADs). Micro-
uidic paper-based devices ( PADs) are another type of paper
device that could nd several applications in eDiagnostics.
PADs are composed of one or few stacked layers of patterned
paper that expose hydrophilic channels that can store reagents
and allow controlled wicking of uids inside them. '***%?
Hundreds of research e orts have described various designs,
fabrication methods, approaches to add functionalities (e.g.,
ow rate control, ow direction control, etc.), and various
detection modes (e.g., colorimetric, electrochemical,
etc.)¥%53 that could allow the development of autonomous
POC devices. Similarly to other types of paper devices, if
PADs are coupled with dedicated readers or smartphones,
then they could become eDiagnostic devices.
PADs are multifunctional devices because di erent areas of
a device can perform di erent functions. For example, in a 3D-
PAD, top layers could Itrate the sample; middle layers could
host a chemical reaction (e.g., enzymatic reaction), and bottom
layers could host the analytical detection. Several diagnostic
products in the market (by the leaders of eld of medical
diagnostics or start-up companies) use test strips (a type of
PAD) for the detection of disease biomarkers. For example,
CardioChek Home Use Analyzer test system'** (a CLIA-
waived system that measured glucose, HDL/total cholesterol,
triglycerides in a drop of untreated blood) uses paper-based
strips to perform multistep assays for analyte detection. More
speci cally for cholesterol detection, (i) the blood is rst
Itrated through a series of Iter papers that separate plasma.
(ii) Plasma wicks toward a sensing pad (that contains dry
reagents). (iii) Enzymatic reactions occur, which involve
cholesterol and chromogenic reactions that involve one of
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the products of the enzymatic reaction to colorize the test
pad."*> A reader (that incorporates LEDs and photodiodes)
measures the color change of the pad using re ectance
measurements.

In the literature, several reports descrlbe the design and use
of PAD:s for biochemical analysis.*#*%* In some of them the
user only adds the sample and interprets the readout, and in
others they should perform few or even many manual steps.®®
Here we describe mainly examples of fully autonomous

PADs. Whitesides and co-workers developed various 3D-

PADs for the evaluation of liver function by measuring
aspartate aminotransferase (AST), alkaline phosphatase
(ALP), alanine aminotransferase (ALT), and total serum
protein concentration in untreated blood (Figure 1B). The
devices required from the user only the addition of a drop of
blood and the acqlwsmon of an image of the back of the device
after 15 min; all steps of the assay (blood ltration,
enzymatic modi cations, and colorimetric reactions) were
performed inside the device. Mace and co-workers developed
3D- PADs for the detection of malaria and dengue fever in
lysate blood and human chorionic gonadotropin (hCG) in
urine by performing indirect immunoassays inside the device
(gold nanoparticles were used as reporting agents) (Figure
4D).*819 ‘Nosrati et al. detected live and motile sperm
concentrations and sperm motility by using a 3D- PAD; the
user had to only add the sperm and a bu er onto the device
and take an image of the back of the device after 10 min.**°
Verma et al. developed a 3D- PAD containing a sliding strip
that performed ELISA with small involvement from the user.
The user should add the sample, and few drops of water on the
device, and move the strip at scheduled times to certain
positions (Figure 4E).™' They tested the device for the
detection of C-reactive protein in blood using a three-step
ELISA and colorimetric detection. Wang et al.**’ and
Robinson et al.*>® developed foldable devices to achieve
precise control over the timing of the reaction and detected -
hydroxybutyrate (BHB) and phenylalanine in blood. Several
other e orts have also prepared fully autonomous paper-based
analglgtii%lg devices for blood analysis,*>* **® and urinaly-

A number of experimental approaches that have been
reported in the literature could greatly enhance the
applicability and performance of PADs if they would be
incorporated in fully autonomous devices. For example, Henry
and co-workers have recently developed an electrochemical

PAD by using antibody functionalized Au microwires and
electrochemical impedance spectroscopy to detect virus
particles that are selectively bound on the electrode during
analysis. They detected West Nile particles in cell culture
media at concentration levels as low as 10 particles per 50 L
sample.*®* Sikes and co-workers have developed a polymer-
based signal ampli cation method® *°® that provides time
independent results and improves the ease-of-perception of the
visual readout of colorimetric paper |mmunoassays compared
to other enzymatic techniques.’®>*™® Connelly et al.'’
developed a device composed of plastic Im, magnetic slips,
and paper disks that can perform nucleic acid tests in untreated

uids to detect E. colin human plasma. All steps of the assay
(cell lysis, sample preparation, isothermal DNA ampli cation,
and detection step) were performed inside the device. The
user, however, had (i) to manually add the reagents (e.g., lysis
bu er, master mix, SYBR Green, etc.) into the device’s ports;
(ii) to slide the moving part of the device at designated times

and regions to perform the di erent steps; (iii) to place the
device into an incubator during the ampli cation step; and (iv)
to use a portable UV lamp and a smartphone camera to obtain
the results. Bender et al. detected DNA in whole blood on a
test strip using simultaneous isotachophoresis (for DNA
separation), recombinase polymerase ampli cation (for nucleic
acid ampli cation), and uorescence DNA detection.'”> The
user also had to add the necessary reagents manually on the
test strip. In principle, both approaches described by Connelly
et al. and Bender et al. could be simpli ed signi cantly by
storing the reagents in dry form inside an appropriately
designed device; the user should then have to add only the
sample and few drops of water. Li et al. 173 and Tsaloglou et
al.*™ developed autonomous electrochemical 3D- PADs that
could detect speci ¢ DNA sequences (e.g., for the detection of
hepatitis and tuberculosis). The main limitation of these
approaches was that they used puri ed DNA as samples. If the
devices would be modi ed to also perform DNA extraction
steps, which is something doable as demonstrated by Bender et
al., then these devices could analyze untreated biological
samples.

Several other approaches and designs may lead to fully
autonomous and operational devices; however, this needs to be
demonstrated by having the relevant PADs perform all the
steps of the analysis (e.g., sample preparation, analyte
detection, etc.) on board.

6. MICROCELL-BASED SENSING FOR eHEALTH
APPLICATIONS

Paper devices have been widely used for decades for
performing chemical measurements in the eld partially
because photometers, electrochemical cells, and potentiostats
were bulky and expensive. Recent advances in micro-
electronics, LEDs, and photodiodes have allowed the develop-
ment of low-cost, miniaturized readers and smartphone
attachments to perform spectrophotometric (Figure
2E)*%8175 179 and electrochemical measurements (Figure
2C,D)**%*% in low sample volumes. Devices that could
analyze less than 100 L of untreated samples inside a
microcuvette, electrochemical microcell, or other sample
holders could be called microcell devices. Due to low volume
of a microcell and if the microcell is designed appropriately,
then the sample may ow inside the device without applying
any external force by capillary forces. HemoCue Inc. uses a
microcell approach to detect hemoglobln and glucose in whole
blood (using absorbance measurements),* and albumin in
urine (using turbidity measurements).”* Their technology is
based on the storage of all the assay’s reagents in dry form
inside a microcuvette. The reagents are rehydrated after the
addition of the sample, and the optical measurements are
performed. Several commercial available glucometers, even
though this is not clearly stated, use an electrochemical
microcell to measure glucose in whole blood; untreated blood
ows inside a small gap (actually a microcell with volume less
than around 1 L) found in the test strips and reacts with the
dry reagents and the printed electrodes found there. Other
meters that have been recently developed can detect lactate,
ketones, and blood coagulation using a similar approach. For
example, CoaguChek XS measures prothrombin time after
activation of coagulation with thromboplastin using amper-
ometry, and then the prothrombin time is converted to
International Normalized Ratio (INR).**®> Zhang et al.
developed a smartphone-based potentiometric biosensor for
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measuring salivary -amylase. The saliva was introduced into a
preloaded sensing chip by a capillary channel, followed by
pressing the sensing chip to perform the potentiometric
measurement.®

Impedance spectroscopy is an attractive electrochemical
technique for microcell-based analysis as it does not require a
label compound and could be performed in a single step (after
a simple washing step). For example, Villagrasa et al. measured
hematocrit levels in 50 L of whole blood in one step by
performing impedance measurements on top of screen-printed
gold electrodes.*®” Nidzworski et al. proposed an impedance-
based method to detect anti-M1 antibodies (biomarker of
in uenza virus) in throat saliva or nasal samples by using
functionalized boron-doped diamond electrodes.*®® McMurray
et al. developed an impedance biosensor based on function-
alized nanoelectrodes for the detection of D-dimer protein (for
diagnosis of presence of blood clot) in whole blood.*® Surface
plasmon resonance (SPR) is another technique that could use
a microcell-based aE(Proach to detect analytes in undiluted
biological samples.*” For example, Liu et al. developed a
smartphone attachment (Figure 2F) to perform surface
plasmon resonance (SPR) measurements inside a capillary
and monitored speci cally the binding of antibodies to a
functionalized sensing element.***

Recently, Turbe et al. developed a technique that could
analyze an untreated biological sample in one step and detect a
target analyte by monitoring phase changes of shear horizontal
surface acoustic waves (SAW) caused by speci ¢ interactions
between the sensing element of the device and the analyte.**
The analysis is performed on a disposable biochip and is
controlled by a pocket-sized reader (Figure 1F) that is
expected to cost $30. A mobile device (laptop or smartphone)
was used to analyze, display, and transmit the results. The
authors used this system to detect anti-HIV antibodies in 10

L of standard solutions and an HIV-positive human blood
plasma sample.

Microcell-based electrochemical and spectrophotometric
assays could allow high-quality analytical assays that could
support eDiagnostics. The prerequisite of microcell-based
assays is, however, the e ective storage of reagents inside a
microcell.

7. CHIP-BASED MICROFLUIDICS FOR eHEALTH
APPLICATIONS

Since the late 80s, chip-based micro uidics has been expected
to revolutionize point-of-care diagnostics. The truth is that for
many years iStat (Abbott Point of Care Inc.) has been one of
the veql few portable devices that found their way to the
market."** The main disadvantage of chip-based micro uidics
is that they typically need pumps, valves, and containers with
solutions to perform the chemical analysis. To nd applications
in eHealth systems where there are cost and operation
constraints, a chip-based micro uidic device should contain all
the reagents prestored and should operate without bulky
pumps. Very few research e orts have managed to develop
chip-based micro uidic devices with those characteristics.
La eur et al. developed an autonomous micro uidic device
(i.e., immunoassay card) that was composed of plastic, paper-
based pads (loaded with dry reagents), and membranes for
plasma separation and visual detection. The user applied the
sample and bu er solutions, and the pneumatic control system,
which applied air pressure and vacuum, performed all the steps
of the assay (blood Itration, aliquoting, dilution, 1gG removal,

reagent rehydration, and the multistep detection assay)
automatically. The detection was facilitated via colored spots
that appeared on the detection membrane. The device
detected malaria antigens and Salmonella Typhi antibodies in
whole blood.** Floris et al. developed a fully autonomous
chip-based micro uidic system (Figure 1G) for the detection
of lithium in a drop of untreated blood.**> The system was
composed of disposable micro uidic chips that were lled with
abu er and a hand-held analyzer. During analysis, lithium ions
were separated from other blood ions via capillary electro-
phoresis and quanti ed by conductivity measurements.**> Sia
and co-workers have developed a technology that allowed
them to perform multistep signal-enhanced immunoassays
(that use reporter antibodies conjugated with gold nano-
particles and a silver ampli cation step) with optical readout
inside a micro uidic cassette without user intervention, or any
external instrumentation (e.g., detector, pumps) (Figure
4C).* 200 The technology was based on cassettes that
contained (a) micro uidic channels lled with up to 14
separate liquid reagents (i.e., antibodies, washing, and signal-
development solutions) spatially separated by air pockets and
(b) an on-board optical detection system (Figure 4C). The
reagents were moved inside the cassette, and a test started
once vacuum was applied (by a negative pressure chamber
activated by pushing a button). A smartphone controlled the
whole operation. The device could analyze 2 L of diluted
blood and provide results in 15 min (Figure 1E). The
performance of the device was tested on the multiplex
detection of HIV, treponemal syphilis, and nontreponemal
syphilis antibodies,*®® and the multiplex detection of
hemoglobin and HIV antibodies using real blood samples.**

Both approaches described by Floris et al. and Sia et al. used
a chip pre lled with solutions. This approach is advantageous
as it eliminates the need of the use of separate liquid reagents
and separate pumps for uid handling. The continuous
reduction of cost of integrated electronic systems and
components, and scienti ¢ innovation in the storage of
solutions inside chips could soon provide micro uidic systems
with enhanced capabilities for eDiagnostics.

8. REMARKS AND CONCLUSIONS

In this Outlook, we described the design constrains that new
eDiagnostic devices should t and highlighted four POC
technologies (i.e., wearables, paper diagnostics, microcell-based
sensing, and chip-based micro uidics) that could be the core
technologies of new eDiagnostics. We also brie y described
examples of devices that have been successfully used for the
analysis of untreated biological samples. Interestingly, out of
thousands of devices that have been developed in academic
laboratories for POC testing, a very small percentage of them
have been used to detect analytes in untreated biological uids
using an analytical procedure that is suitable for home
applications: the user only adding the sample (i.e., nger-
prick blood, urine, saliva, etc.) on the device and reading the
results after few minutes.

The development of a new diagnostic device is a di cult if
not Herculean task.>®* It is also very expensive; a study has
identi ed that in 2010 the average cost to bring a diagnostic
device (i.e., 510(k) product) from concept to market into the
US is more than $30 million, and the major part of the cost
was associated with the regulatory clearance of the device.?%?
To improve the chances of developing a technology that could
transition from a research idea, to an eDiagnostic device,
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scientists and developers might need to consider the
followings: (i) A new diagnostic device must solve a “real”
problem/diagnostic need, and the existing solution to that
should be inadequate or una ordable.”®* They should,
therefore, carefully de ne the problem and justify why the
new diagnostic device covers the need and leads to a better
health outcome. (ii) A diagnostic need that impacts a
substantial number of patients might be more prioritized
than others. eDiagnostic devices for monitoring chronic
diseases, metabolic disorders, and disease treatment, for
detecting common viral infections (e.g., the u, streptococcus),
and for detecting biothreat agents (after bioterrorism attacks or
pandemic conditions) might be needed at high volumes. (iii)
The clearance from local regulatory authorities is a prerequisite
that eHealth devices should achieve; therefore it would be
useful if they design the devices to meet the criteria that
regulatory authorities set. For example, US FDA uses seven
criteria to assign the test a complexity status (waived

moderate high); only waived complexity tests can be used
outside laboratory settings (get the CLIA-waived status).*”
The criteria and scoring rubric of them can be found in ref 12.
Currently, scientists in the eld of POC diagnostics use the
“ASSURED” criteria as design guidelines.’®* Not all
“ASSURED?” criteria, however, apply to eHealth applications:
for example, the “Equipment-free” and to a lower extent the
“A ordability” criteria). Under public health emergency
situations (e.g., Ebola and Zika virus outbreak), regulatory
authorities might follow a di erent expedited clearance
procedure (e.g.,, WHO Emergency Use Assessment and Listing
(EUAL) procedure)?®® that accepts variations in the regular
acceptable criteria, but in general these are unique cases. (iv)
eDiagnostic devices should be able to analyze untreated
biological samples; therefore, the performance of the devices
should be evaluated using untreated samples or preferably
clinical samples.”®* Scientists within academia typically use
bu er solutions spiked with analyte, or diluted biological uids
spiked with analyte as “samples”?®* Untreated biological
samples have a very complicated chemical matrix that can
severely interfere with the analysis. If researchers do not have
access to real biological samples, then it would be preferable if
they analyze spiked solutions of model matrixes (e.g., arti cial
plasma with high protein concentration around 70 mg/mL,
arti cial urine). (v) eDiagnostic devices should be compatible
with various subsystems of eHealth systems and other
diagnostic devices. (vi) The communication between eDiag-
nostic device and eHealth systems should be secure to ensure
safety and con dentiality of the personal health records. (vii)
The performance metrics (e.g., sensitivity, speci city) and
de nitions of each metric used during a clinical assessment of a
device are di erent than the de nitions and performance
metrics (e.g., detection limit, linear dynamic range of
detection) used in chemical science.?®* (viii) There is a gap
between proof-of-concept testing in a laboratory and a full
scale clinical trial that the developers should bridge by
performing initial eld trials of the devices. These tasks are
outside the expertise of scientists, and acquiring funding for
them could be di cult (mainly because scientists are unaware
of relevant funding mechanisms); however, the feedback from
end users will improve chances of success.”®* (ix) The “valley
of death”, the phase between research and successful
commercialization, could be crossed more easily by forming
an interdisciplinary team (that include scientists, engineers,
physicians, public health specialists, and entrepreneurs). (x)

Experience and lessons drawn from others trying to move their
technology from the laboratory to the hands of consumers
could be very useful 2°+2%

The landscape of medical self-testing is changing rapidly. A
decade ago, point-of-care devices were mainly used by health
professionals at or near the point of care (e.g., in clinics, etc.),
and very few self-testing devices (e.g., thermometers, blood
pressure meters, glucometers, and pregnancy tests) were
available to consumers. Within the past years, several point-
of-care devices have been modi ed and further developed to
become self-testing devices for blood oxygen, blood glucose
and continuous glucose monitoring, for recording electro-
cardiograms,*°®?°" or for detecting analytes such as lactate,
creatinine, cholesterol, uric acid, hemoglobin, illicit drugs, etc.
Several of these self-testing devices could be called eDiagnostic
devices as they can seamlessly communicate with smartphones
that store, analyze, and transmit the results to physicians.
Several other eDiagnostics have already got regulatory
clearance and would reach the market soon. For example,
Tyto Care Inc. has developed a standalone device with
connectivity features that incorporates digital cameras to view
the ears, throat, and skin; a microphone to listen to the heart,
lungs, and abdomen; and a basal thermometer.?®® Healthy.io
Ltd. developed a urinalysis test kit for home use that measures
10 parameters. The kit is composed of a urinalysis test strip, a
carefully designed calibration chart, and a smartphone
application that use proprietary computer vision algorithms
to measure the concentration of target analytes accurately in
any lighting conditions using any smartphone.?®® Information
communication technologies (ICT) have already changed the
way that people communicate, work, shop, date, and entertain,
and may soon change how people receive health-care services.
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