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ABSTRACT: Infectious diseases claim millions of lives each year. Robust and accurate
diagnostics are essential tools for identifying those who are at risk and in need of
treatment in low-resource settings. Inorganic complexes and metal-based nanomaterials
continue to drive the development of diagnostic platforms and strategies that enable
infectious disease detection in low-resource settings. In this review, we highlight works
from the past 20 years in which inorganic chemistry and nanotechnology were
implemented in each of the core components that make up a diagnostic test. First, we
present how inorganic biomarkers and their properties are leveraged for infectious disease
detection. In the following section, we detail metal-based technologies that have been
employed for sample preparation and biomarker isolation from sample matrices. We then
describe how inorganic- and nanomaterial-based probes have been utilized in point-of-
care diagnostics for signal generation. The following section discusses instrumentation for
signal readout in resource-limited settings. Next, we highlight the detection of nucleic
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acids at the point of care as an emerging application of inorganic chemistry. Lastly, we consider the challenges that remain for
translation of the aforementioned diagnostic platforms to low-resource settings.
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1. INTRODUCTION

In 1906, William Osler, one of the founders of modern
American medicine, stated, “Diagnosis, not drugging, is our
chief weapon of offence.”’ Despite the medical advances of the
20th and 21st centuries, infectious diseases remain major
global health issues and continue to claim millions of lives each
year in low- and middle- income countries (LMICs).”* As the
global community moves toward control and elimination of
infectious disease, it has become evident that there is a pressing
need for diagnostic strategies that can be applied in primary
health care settings.”~” This review shines a spotlight on how
the applied uses of inorganic chemistry advance the concepts
of metals-in-medicine beyond therapeutics and vaccines and
into the realm of diagnostics, enabling new tools to meet these
global challenges.

1.1. Use Cases

The World Health Organization depicts LMIC health care
accessibility and infrastructure as a tiered pyramid structure, in
which the best-equipped facilities are the least accessible and
facilities with the least amount of resources are most common
(Figure 1).° In this system, a Level 1 facility is a primary care
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Figure 1. Levels of testing facilities and the types of diagnostic testing
and personnel available at each respective level. Adapted with
permission from ref 8. Copyright 2018 World Health Organization
(https://creativecommons.org/licenses/by—nc—sa/3.0/ig0).

setting with little laboratory infrastructure, trained personnel,
or advanced diagnostic technology. In LMICs, both urban and
rural Level 1 facilities frequently lack essential resources such
as consistent electricity and clean running water. District
hospitals (Level 2), regional laboratories (Level 3), and
national reference laboratories (Level 4) have more advanced
diagnostic technology available with increasing infrastructure;
however, these facilities are often inaccessible to most patients
in need due to geography, cost, and lack of transportation.®
Consider the case of early human immunodeficiency virus
(HIV) diagnosis in exposed infants. Coulibaly et al. highlight
the challen%es faced by this population in their 2011 Burkina
Faso study.” HIV-positive mothers were advised to attend a 6-
week postnatal appointment at their nearest primary healthcare
facility for collection of dried blood spot samples from their
exposed infants. Qualified sample collection technicians were
often only available once each month, so mothers would have
to return to the clinic on that day for testing. Once collected,
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the dried blood spot samples were sent to district-level
hospitals (Level 2), which then sent the samples to a reference
laboratory (Level 3). The tertiary laboratory then determined
viral load by performing polymerase chain reaction (PCR) to
detect HIV genetic material. Test results followed the same
circuitous path back to the patients, a process that could take
as long as four months. Additionally, in the case of a positive
dried blood spot result, the process had to be repeated in order
to validate the original results.” In contrast, the same high-risk
newborns in the United States are screened for HIV at birth
with additional tests at 2—3 weeks, 1—2 months, and 4—6
months.'” For these patients, results are usually available
within 1 or 2 days of sample collection, allowing immediate
antiretroviral treatment for HIV-positive children.'' The
consequences of diagnostic efliciency versus inefliciency
could not be more striking; in the Burkina Faso study, 10%
of the HIV-positive infants died before antiretroviral therapy
could even be started, while the early treatment initiated in the
U.S. improved infant survival by a remarkable 76%.”'> The
stark disparity in response time between these two settings
shows just how devastating outcomes can be for patients
relying on Level 1 facilities for their healthcare needs.
Disease diagnosis in a Level 1 setting represents a challenge
that often requires simple tools that can be used without skilled
personnel or significant laboratory or physical infrastructure.
The World Health Organization has developed a set of criteria
(“ASSURED”) that defines the ideal characteristics for point-
of-care (POC) tests in low-resource settings.13 In accordance
with these criteria, an ideal test should be affordable to those
who are at risk of infection, result in few false-negatives
(sensitive) and false-positives (specific), and be user-friendly,
rapid and robust, equipment-free, and deliverable to the
populations in need of the test. Additionally, the required
performance parameters of a test depend on its intended use-
case scenario. For individual patient case management,
sensitive multiplexed tests are advantageous for determining
the source(s) of nonspecific symptoms and selection of
appropriate treatment. From an epidemiological standpoint,
if the goal is simply to reduce the prevalence of high-intensity
infections within a geographic region, the need to quantify
disease burden outweighs the need for high analytical
sensitivity. If the goal is disease elimination, high analytical
sensitivity is one of the most important parameters, since the
interruption of local transmission requires the detection of
every infection, including extremely low-intensity infections.

1.2. Point-of-Care Device Design

The most sensible approach to designing and developing a
POC diagnostic is to examine and optimize each individual
component before integrating into a single diagnostic device.
In this review, we define the components of a diagnostic to
include: (1) the target biomarker, an endogenous indicator of a
disease state, which is most often a pathogen or host protein,
carbohydrate, or nucleic acid sequence, (2) sample prepara-
tion, which allows for biomarker isolation, purification, and/or
concentration from complex biological matrices, (3) molecular
recognition elements, which specifically capture and detect the
target biomarker, (4) signal generation and amplification, and
(5) instrumentation for signal read-out. Simple components
requiring only a single user step are generally preferable in low-
resource Level 1 settings. However, there are few diagnostic
technologies that currently can be deployed in these settings,
and the lack of appropriate diagnostics in resource-limited
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settings can lead to tragic outcomes. Fortunately, emerging
technologies based on inorganic chemistry and nanomaterials
can be exploited as potential solutions. In this review, we focus
on how inorganic chemistry and nanomaterials have been
utilized in each component of a POC diagnostic for infectious
disease detection. Section 2 describes inorganic biomarkers
that are associated with infectious diseases and how their
properties have been exploited in diagnostic applications. In
section 3, we discuss how coordination chemistry has been
harnessed for sample preparation and protein biomarker
enrichment for POC tests. Section 4 details the critical
advancements in inorganic chemistry and nanomaterials for
signal generation probes that have allowed the field of POC
diagnostics to rapidly progress. In section S, we provide an
overview of field-deployable instrumentation that incorporates
the fundamental inorganic chemistries discussed in sections
2—4 for POC diagnosis of infectious disease. Finally, section 6
discusses the emerging trend of using inorganic chemistry and
nanomaterials for nucleic acid detection at the point of care.

2. INORGANIC BIOMARKERS OF INFECTIOUS
DISEASES

Biomarkers are quantifiable characteristics of a disease state
that can be measured accurately and reproducibly. The vast
majority of biomarker targets for infectious diseases fall into
three main categories: (1) pathogen genetic material, (2)
protein and carbohydrate antigens produced by a pathogen, or
(3) human host responses to the presence of infection, such as
pathogen-specific antibodies. While inorganic markers of
infectious disease are far less common than their bioorganic
counterparts, metal-based biomarkers have unique properties
that can be leveraged for innovative diagnostic strategies, as
illustrated in the following two examples.

2.1. Hemozoin

Hemozoin, often called malaria pigment, is a biomineral
produced by some parasites that rely on hematophagy as their
primary source of nutrients.'* Hemozoin was first described for
the malaria parasite Plasmodium falciparum over a century ago
and is produced by all Plasmodium species.”~"" In the
erythrocytic life stages, malaria parasites digest host hemoglo-
bin in the acidic digestive food vacuole as a source of amino
acids. The breakdown of one hemoglobin molecule releases
four molecules of heme (ferriprotoporphyrin IX [Fe(III)-
PPIX]), which are highly toxic to the parasite.'” As
Plasmodium spp. lack functional heme oxygenase activity, the
parasites remove the free heme by crystallizing it into
insoluble, inert hemozoin crystals."”'® These crystals accumu-
late in the parasite over the course of its erythrocytic life cycle.
After the mature schizont ruptures, hemozoin is released into
circulation and rapidly taken up by phagocytes.'” The heme
detoxification pathway that produces hemozoin is crucial for
malaria parasite survival; therefore, hemozoin indicates the
presence of Plasmodia parasites, making it an attractive
biomarker for malaria detection."’

Structurally, hemozoin crystals consist of reciprocating
Fe(III)PPIX dimers linked through coordination between the
central ferric ions and a carboxylate group of one of the
propionate moieties on protoporphyrin IV."”***" Dimers
assemble into chains through hydrogen bonding of the second
propionate porphyrin side chain, and these networks of cross-
linked dimers are held together via z—r interactions (Figure
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2), resulting in an anisotropic rectangular crystal with unique
. . . 22
magnetic, optical, and photoacoustic properties.
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Figure 2. Structure of hemozoin. Adapted from ref 22. Copyright
2011 American Chemical Society.

One such property of hemozoin is its paramagnetism, which
is derived from the unpaired electrons on the central Fe(III)
ions.”” Like all paramagnetic substances, hemozoin has a
magnetic moment and is thus attracted up a magnetic gradient
in the presence of an externally applied magnetic field. The
paramagnetism of hemozoin has been leveraged for malaria
diagnosis in several ways. First, the magnetic properties have
been exploited for separation, purification, and concentration
of infected red blood cells (iRBCs) from blood samples. With
the use of a high-gradient external magnetic field, iRBC
separation was first performed by Heidelberger et al.”* in 1946
for the purpose of vaccine development, though at the time the
method was described as “applicable only to small blood
volumes, [and requiring] apparatus difficult of access.”** Since
then, the availability of high-field permanent magnets and
electromagnets has substantially improved, and the time
required for magnetic separation of iRBCs has been reduced.
Both commercially available systems as well as custom-made
microfluidic devices have been used to enrich iRBCs from
whole blood samples for analysis by microscopy.”> ™

Three groups have explored detection of hemozoin based on
the fact that paramagnetic materials decrease nuclear magnetic
resonance (NMR) transverse relaxation time (T,) of water, the
same phenomenon leveraged for magnetic resonance imaging
(MRI) contrast agents. Karl et al.*> first demonstrated that
hemozoin could be detected based on decreased T,, though
only at parasitemias greater than 10000 parasites/microliter,
which is 2 orders of magnitude greater than the detection
limits of commercial rapid diagnostic tests. Several years later,
Peng et al.>* and Kong et al.>> developed a low-cost (<$2000),
homemade micromagnetic resonance device for hemozoin-
based malaria detection. They reported detection limits less
than 10 parasites/microliter using their method and attributed
this drastic improvement to the use of ultrashort echo times
and a premeasurement centrifugation step that pelleted red
blood cells from whole blood.** These discordant conclusions
led to a reaction by Karl et al.*® and a response by Peng et al.”’
Recently, Gossuin et al.*® confirmed the results of Karl et al,,
indicating that conventional relaxometry alone is insufficient
for sensitive malaria detection. These findings led to two
hypotheses related to the superior sensitivity measured by
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Peng et al.: (1) the premeasurement centrifugation of higher-
density iRBCs (compared to uninfected RBCs) significantly
enriched hemozoin in the portion of the pellet measured, and
(2) ultrashort echo times may have allowed for probing of
other protons, such as macromolecular protons, which may be
more susceptible to the presence of hemozoin.”® A simple, low-
resource relaxometry-based detection device remains to be
developed, and such a device would ultimately require
resources typically not available in primary healthcare settings
in LMICs (i.e., consistent availability of electricity and clean
water). However, these studies highlight the importance and
advantages of sample preparation and enrichment steps in the
development of sensitive infectious disease diagnostics.

In addition to its paramagnetic properties, the unique optical
properties of hemozoin enable the development of new
diagnostic tools for malaria detection. In particular, hemozoin
strongly scatters and absorbs light.”” The latter characteristic
led to the remarkable development of the Microvascular
Microscope (MvM) for needle-free, in vivo detection of
hemozoin."”*' The MvM employed cross-polarized epi-
illumination to optically access vessels below the surface of
the skin, with green light (4 = 532 nm) illumination for
locating vessels and red light (4 = 655 nm) illumination for
detecting hemozoin. This method was able to detect
parasitemias as low as 0.03% in mouse models, corresponding
to approximately 1000 parasites/microliter in humans.
Unfortunately, lower parasite density infections were not
explored.”” The MvM was able to differentiate between iRBCs
and hemozoin-containing white blood cells, which can persist
in circulation for weeks after an infection is cleared, based on
the diameter and relative intensity of the detected hemozoin.*'
Additionally, hemozoin particle velocity could be measured in
vivo (Figure 3), potentially allowing for identification of
cytoadhesion and sequestration, two phenomena related to
disease severity."""*> Though further sensitivity analysis and
field testing is required, the MvM represents a promising,
noninvasive tool for malaria detection, particularly if a portable
and battery-powered device is developed.

Photoacoustic spectroscopy has also demonstrated potential
for transdermal malaria detection.”*™** Photoacoustic (PA)
hemozoin detection requires excitation with intense light and
measurement of the resulting acoustic signals generated by
local thermal expansion of the surrounding medium. The
utility of in vitro PA detection of hemozoin was first
demonstrated by Balasubramanian et al. in 1984."> Since
then, it has been shown that short, intense laser excitation of
hemozoin in the parasite can localize heat around the crystal,
evaporating the surrounding medium and creating transient,
nanosized vapor bubbles. The expansion and collapse of these
nanobubbles enhance acoustic detection.** This technique has
allowed for transdermal malaria detection with exceptional
sensitivity in mice. This method was also applied to one
human patient with high parasite density (8900—65000
parasites/microliter).”>~*" Further studies with increased
patient sample size will be necessary to determine the true
limits of the technology.

Magneto-optical detection exploits both the paramagnetic
and optical properties of malarial hemozoin crystals, which
have a rectangular shape that affords a high level of both
magnetic anisotropy and optical dichroism. In this technique,
whole blood (or lysed whole blood) is inserted into a magnetic
field, orienting the paramagnetic crystals along the applied field
direction. This phenomenon, known as the Cotton-Mouton
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Figure 3. Microvascular Microscope (MvM) measures cell velocity in
vivo. (A) Green light illumination detects blood flow through a vessel,
and (B) successive frames of red light illumination show a single
hemozoin particle moving through the vessel over time. (C)
Velocities of iRBCs during acute infection are higher than those of
hemozoin-containing white blood cells measured after infection.
Adapted with permission from ref 41. Copyright 2017 Burnett et al;
licensee BioMed Central Ltd. (https://creativecommons.org/
licenses/by/4.0/legalc0de).

effect, induces an optical dichroism across the dispersion of
crystals, resulting in a detectable change in transmittance of
modulated polarized light (4 = 660 nm) (Figure 4).*°° When
applied to patient whole blood samples, the diagnostic
sensitivity and specificity of magneto-optical detection were
not competitive with rapid diagnostic tests and PCR, though
the ease of use is encouraging for POC applications.””*" In
particular, model simulations have suggested that magneto-
optic detection of hemozoin could be exploited for the
development of a noninvasive probe capable of measuring
transmittance of polarized light through a fingertip.”" A similar
magneto-optic strategy that employs a fluctuating magnetic
field and measures the change in amplitude of transmittance
has shown potential in mouse models, but further evaluation of
the diagnostic sensitivity and specificity in human samples is
needed.”” > Recently, a commercial magneto-optic device for
malaria detection based on hemozoin has demonstrated
promise in field evaluations, detecting clinical parasite densities
as low as § parasites/microliter (Hemex Health).>
Additional techniques used to detect malarial hemozoin
include flow cytometry,”’ ™% laser-desorption mass spectrom-
et1'y,61_64 and Raman spectroscopy.és_69 While these strategies
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Figure 4. Schematic of magneto-optic device for hemozoin-based
diagnosis of malaria. (A) Polarized laser light passes through a sample,
and the intensity of the transmitted light is measured over time in the
absence and presence of a magnetic field. (B) In the absence of an
applied field, hemozoin crystals are randomly aligned throughout the
dispersion. (C) Upon application of an external magnetic field,
hemozoin aligns along the direction of the field, resulting in a
measurable change in transmittance. Adapted with permission from
ref 50. Copyright 2010 BioMed Central Ltd. (https://
creativecommons.org/hcenses/by/Z.O/IegaIcode).

are highly sensitive, they require expensive and resource-
intensive instrumentation that typically prevent their use in a
district hospital setting, local health outpost, or field setting.
However, as instruments become more compact, robust, and
affordable, similar to some of the technologies detailed in this
section, their implementation in field settings could become
more feasible.

Importantly, hemozoin is synthesized by other hematoph-
agous parasites that infect humans, including the Schistosoma,
Echinostoma, and Opisthorchis trematodes, as well as blood
feeding insects, such as Rhodnius and Boophilus.'”’"”" Despite
being produced by these additional parasites, hemozoin has
not yet been used as a diagnostic biomarker for nonmalarial
pathogens. Further, it is important to note that in all of the
aforementioned hemozoin-based malarial detection strategies,
hemozoin originating from trematodes would produce a
positive signal. This is particularly important to consider
regarding false positive tests since the geographic distribution
of malaria overlaps with Schistosoma.”*"

In addition to confounding signal originating from other
hematophagous parasites, hemozoin as a biomarker presents
some unique challenges to malaria diagnosis. First, the
biocrystal is present at much lower concentrations in the
ring stage when compared to the later trophozoite and schizont
stages of the erythrocytic cycle.”” Thus, magnetic enrichment
or malaria diagnosis strategies based on hemozoin could miss
early stages of infection, potentially resulting in false-negatives.
Additionally, phagocytic cells ingest iRBCs and hemozoin
released into circulation after schizont rupture, and hemozoin-
containing white blood cells have been shown to persist in
circulation up to 17 days after parasite clearance.”* This
persistence can lead to false-positive results in hemozoin-based
malarial diagnostics unless an algorithm for distinguishing
pigment-containing white blood cells and iRBCs is devised,
such as the one developed in the aforementioned work by
Burnett et al.*' Despite these challenges, researchers continue
to develop innovative techniques for malaria detection using
hemozoin as a biomarker. Implementation of these methods
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will require careful design with cost and equipment reduction
in mind in addition to rigorous field evaluation.

2.2. Iron in Schistosome Eggshells

Schistosome eggs are the most common biomarker for
schistosomiasis detection. They are produced by adult
Schistosoma worm pairs that reside in the intestine and bladder
and deposited into the vessels of the gut wall.”> Many eggs
become permanently lodged in the intestine, liver, bladder, or
urogenital system, leading to chronic inflammation and
systemic tissue damage;76 however, some mature eggs are
excreted in urine or feces to allow the parasites to continue the
transmission cycle.”* Eggs from distinct species are distinguish-
able by their morphologies. Differences include the overall egg
shape (round to oval), spine position, and extent of
filamentous coating.”” All of these features are observable by
microscopy, which is the gold standard for schistosomiasis
diagnosis.

Voided eggs from all Schistosoma species contain mature
miracidia within a relatively impermeable eggshell.”” While the
dense biopolymer composition of Schistosoma eggshells has
been studied since the 1960s,”® the inorganic components of
the eggshells were not investigated until 2007, when Jones et
al.”” demonstrated the presence of iron in Schistosoma
japonicum eggshells (Figure SA). The group used inductively
coupled plasma mass spectrometry (ICP-MS) and energy
dispersive spectroscopy (EDS) to provide evidence that iron
localized to the eggshell. Although these elemental character-
ization techniques did not provide specific information about
the oxidation state or organization of iron present, the group
found that the eggshells contained 121 mg/kg (dry weight) Fe,
making up nearly 89% of the iron found in intact eggs.”

In the same year as the Jones study, Teixeira et al.”” set out
to increase the sensitivity of microscopy for Schistosoma
detection using magnetic microparticles to enrich eggs from
fecal samples. To accomplish this, stool samples were
suspended in water and repeatedly sieved and washed before
the sediment was incubated with magnetic particles that bound
to the Schistosoma eggs. This technique for egg concentration
was dubbed the Helmintex method® and was demonstrated to
be more sensitive than Kato-Katz, the current WHO
recommended sample preparation method for schistosome
diagnosis in a field setting.”’ The initial hypotheses of the
Helmintex method were that biotinylated lectins would bind to
carbohydrates on the surface of Schistosoma mansoni eggs and
that streptavidin-coated magnetic beads could bind the biotin-
lectin-egg complexes. Using an external magnet, the eggs could
then be isolated and concentrated before detection by
microscopy. However, control experiments demonstrated the
following: (1) lectins were not necessary for egg binding to
magnetic particles, (2) nonmagnetic latex particles did not
bind to S. mansoni eggs, and (3) the eggs alone did not migrate
to an external magnet (Figure SB).  These observations,
coupled with the discovery of iron localized to eggshells, led
some to hypothesize that, in the presence of an external
magnetic field, the paramagnetic beads act as weak bar
magnets, enabling attraction of the iron in the shells of the
eggs.

In 2013, Karl et al.*” further probed the iron distribution and
magnetic properties of schistosome eggshells to elucidate the
mechanism of the Helmintex method. The study found that
iron was localized to pores in eggshells, and schistosome eggs
demonstrated moderate paramagnetic behavior. However, the

DOI: 10.1021/acs.chemrev.8b00136
Chem. Rev. 2019, 119, 1456—1518


https://creativecommons.org/licenses/by/2.0/legalcode
https://creativecommons.org/licenses/by/2.0/legalcode
http://dx.doi.org/10.1021/acs.chemrev.8b00136

Chemical Reviews

200
» 150 » 150
§ €
3100 3 100
o [S] Fe
50 50
Fe
[ e i T 0
50 55 6.0 65 7.0 75 8.0 50 55 6.0 65 7.0 75 8.0
Energy (keV) Energy (keV)
20 50
1 150 2 Y
c Fe c 30
3100 3
S 8 20
50 ‘ Gyl 10
oot Il
0 NI —— (i}, SeovvResvon | ;
50 55 6.0 65 7.0 75 8.0 0 10 15
Energy (keV) Energy (keV)

‘Be .
g P - e - i
a;\@' @

; @ :
. @ | : é«

Figure S. (A) EDS microscopy demonstrates that iron localizes to the
schistosome eggshell. Adapted with permission from ref 79. Copyright
2007 Elsevier Ltd. (https://creativecommons.org/licenses/by/4.0/
legalcode) (B) Magnetite-coated microparticles bind to S. japonicum
eggs after 30 min of incubation. The arrow highlights egg-bound
microspheres. Reprinted with permission from ref 84. Copyright 2015
Elsevier.

eggs did not move in a magnetic field, and the paramagnetic
particles bound to parasite eggs in the absence of a magnetic
field, suggesting that the mechanism of binding was not
magnetic in origin.*” The authors also found that S. japonicum
eggs bound more microparticles than S. mansoni, leading to the
hypothesis that the filamentous outer structure of the eggs,
more prominent in S. japonicum compared to S. mansoni eggs,
provided strong, nonmagnetic adhesion based on many
relatively weak van der Waals interactions.”” In a separate
study, Candido et al.** also observed that S. japonicum eggs
bound more microparticles than S. mansoni. The group used
Poisson analysis and found two distinct populations within
each species: a high “affinity” group and a low “affinity” group,
where affinity was determined by the number of microparticles
bound to the visible edge of a single egg. Interestingly, the
magnitudes of the high affinity values were similar between the
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two species, but the fraction of eggs in the high affinity group
for S. japonicum was greater than for S. mansoni.

Collectively, these results suggest that differences in
filamentous microspines between the two species do not
fully explain the mechanism of egg-microparticle binding.
Additionally, the work by Candido et al. opens up many
questions, the answers to which could greatly inform further
optimization of the Helmintex method. For instance, what are
the physiochemical differences between high and low affinity
egg groups? Is there a biological difference between the two
groups, such as egg maturity or surface antigen expression?
Both the Karl et al. and Candido et al. studies were performed
on eggs isolated from livers of infected mice, but do these two
egg populations appear in the urine or feces of infected
humans? If so, should two types of magnetic microspheres be
used to ensure the Helmintex method captures all egg types
present in a sample?

These questions should be answered carefully and system-
atically. Given the greater number of microspheres bound to
eggs in the high affinity group, the populations should be
separable using external magnetic fields of differing strengths.
Egg-microparticle binding mechanisms for each population
could be interrogated by determining solution properties (e.g.,
pH, salt, surfactant, chelators, blocking proteins, etc.) required
to interrupt the interactions. Additionally, functionalizing
microspheres in a way that systematically varies their zeta
potential and hydrophobicity could determine the role these
physiochemical properties play in binding. These studies will
be crucial if the Helmintex method aims to determine infection
intensity using quantitative egg enrichment. This is particularly
important for schistosomiasis surveillance and morbidity
control campaigns, which aim to quantify and reduce the
prevalence of high-intensity infections.

The Helmintex method originated with the idea that iron in
the eggshells of schistosomes could serve as a handle for
magnetically enriching Schistosoma eggs for more sensitive
detection in the field setting. While the Helmintex method has
already been shown to improve the sensitivity of Kato-Katz,
elucidation and optimization of the true binding mechanisms
could lead to an even more impactful method for diagnosing
low-intensity schistosomiasis infections.

3. METAL-BASED SAMPLE PREPARATION

Metal-based sample preparation techniques that enrich
biomarker concentration improve the sensitivity of diagnostics
by delivering more biomarker to the test. These strategies can
be applied to existing ASSURED diagnostic tests, such as
lateral flow assays (LFAs). While the easiest way to deliver
more biomarker to the tests would be to add larger sample
volumes (100—500 xL), many LFAs cannot accommodate
large sample volumes for several reasons:** first, limited bed
volumes in porous paper substrates physically limit the amount
of liquid a test can hold. Second, the increase in the number of
interfering molecules that results from an increase in sample
volume could cause nonspecific cross reaction with the test’s
molecular recognition elements (e.g, antibodies). Third,
colored biological matrices, such as whole blood, can increase
the background signal and decrease the user’s ability to
distinguish between positive and negative results. Metal-based
sample preparation techniques mitigate these shortcomings,
allowing for the concentration of a target from a large volume
sample into a smaller, test-compatible volume. Moreover,
metal-based sample preparation also removes the target from
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its original complex biological matrix, decreasing the potential
for nonspecific cross-reactivity.”> These low-cost, simple, and
robust methods represent a powerful tool for use-case
scenarios in which improved sensitivity is needed, such as
elimination campaigns. This section will discuss how metal
coordination chemistry has been leveraged for simple sample
preparation methods applicable to POC diagnostics.

3.1. Metal-Affinity Separation

Coordination chemistry, which is defined as the chemistry of
metal atoms or ions that form complexes with one or more
1igands,86 can be utilized to coordinate biomarkers with a
particular affinity for metal ions. The most significant
illustration of this capacity is the isolation of proteins via
immobilized metal affinity chromatography (IMAC).*”*" This
technique involves the conjugation of various ligands to a solid
support matrix such as agarose, cellulose, or silica. These
ligands act as Lewis bases, chelating metal ions with a high
affinity. The fixed metal ions serve as Lewis acids, coordinating
to both the immobilized ligands and specific amino acid
residues in a protein biomarker.*” While amino acid affinities
toward metal ions vary, histidine demonstrates a particularly
high affinity toward metal ions in this format. These
interactions can be leveraged to isolate a biomarker from a
complex biological matrix. Once separated, the target can be
competitively eluted and concentrated into a smaller volume
suitable for a POC diagnostic test.*”**

The choice of chelating ligand is critical to IMAC protein
separation efficiency. Ligands both fix the metal ion to the solid
support and modulate metal-protein binding based on the
number and conformation of chelation sites.***°™"* A
multitude of ligands with varying coordination numbers have
been employed. Most IMAC platforms contain tridentate or
tetradentate chelators, although some bidentate and penta-
dentate options exist (Figure 6). Tetradentate nitrilotriacetic
acid (NTA)”® and tridentate iminodiacetic acid (IDA)”* are
two of the most common commercial ligands, but many
companies have also developed their own proprietary
structures such as TALON” or Ni-Penta.”® The variety of
chelating ligands, many of which possess different coordination
numbers, make IMAC tunable, which is beneficial when
tailoring the chemistry to different diagnostic applica-
tions 57/8897-100

Guided by Pearson’s hard—soft acid—base theory, numerous
metal jon and ligand combinations have been exploited in
IMAC. Borderline acids such as Co**, Ni?¥, Cu*', and Zn*"
have predominated,**™** displaying varying levels of affinity
and specificity. The determination of which ion will be optimal
in a given isolation often depends on the protein in question.
Ni(II)-NTA has been one of the most widely utilized metal—
ligand combinations in IMAC applications. Until recently, a
thorough investigation that compared divalent metals and their
molecular recognition capability was lacking.

Bauer et al.”” filled this void by conducting a systematic
investigation of the affinity of malarial biomarker histidine-rich
protein 2 (HRP2) to M**-functionalized biosensors and solid
phase resins (M>* = Co*, Ni**, Cu®*, or Zn>*). HRP2 is the
most frequently detected target in malarial rapid diagnostic
tests and possesses a unique primary structure containing 35%
histidine, making it an ideal histidine-rich target.m1 The
authors used biolayer interferometry (BLI), an optical
biosensor technique, to determine kinetic constants (e.g., kqp,
Kp) for the binding of the various metals to HRP2. The
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Figure 6. Coordination of IMAC ligands (IDA, NTA, and TED) to a
divalent metal for binding histidine residues in proteins. Co**, Ni**,
Cu?, and Zn®* have predominantly been utilized in this application.
IDA (iminodiacetic acid) is a tridentate ligand (coordination number
= 3), with the remaining three coordination sites in the metal available
to bind two histidine residues and a water molecule. NTA
(nitrilotriacetic acid) is a tetradentate ligand (coordination number
= 4) with two coordination sites for histidine residue binding. TED
(tris(carboxymethyl)ethylene diamine) is a pentadentate ligand
(coordination number = S) with one remaining coordination site
for protein binding.

authors found that Co** and Zn®* exhibited the fastest binding
kinetics (highest k,,) and the highest HRP2 binding affinity
(lowest Kp) on BLI biosensors.”” When the same IMAC
complexes were incorporated into a loose solid phase resin,
Zn(II)-NTA resulted in the fastest complete binding of HRP2
per mole of divalent metal while also allowing for the most
efficient elution of HRP2 upon the addition of imidazole. Once
a metal had been selected, HRP2’s binding and elution
behavior was evaluated against a variety of ligands and solid
supports. The selected Zn(II)-IDA resin was then integrated
into a pipet tip format, enabling direct HRP2 capture from
spiked lysed blood samples. This field-deployable sample
isolation and concentration tool displayed up to a 4-fold signal
enhancement in commercial rapid diagnostic tests (Figure 7).
This study’ demonstrated that optimizing the IMAC metal-
ligand combination for a particular application is critical for
efficient biomarker capture and elution; the initial binding
cannot be too tight so as to prevent biomarker elution with a
competing ligand (e.g., imidazole) nor too weak so as to attain
suboptimal biomarker enrichment.**””

IMAC has been adapted to a variety of solid sup ort
platforms, from agarose gels to rigid silica particles.'”>'"’
Although many of these platforms have become well-
established research tools, the emergence of novel materi-
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silica resin solid phase functionalized with Zn(II)-IDA into a pipet tip, which enabled rapid capture of HRP2 from whole blood samples using the
principles of IMAC. Subsequent addition of imidazole at a high concentration competitively eluted the HRP2 from the Zn(II)-IDA resin into a
smaller volume. This small volume sample was then deposited onto a commercially available rapid diagnostic test which enhanced sensitivity for
HRP2 detection in a POC setting. Adapted with permission from ref 99. Copyright 2017 American Institute of Physics.

als'%*~'% has enabled IMAC chemistry in new applications.
For example, Wang et al."”” polymerized polyhedral oligomeric
silsesquioxanes (POSSs) into micron-sized particles with
nanosized pores, which were subsequently functionalized
with IDA and charged with Cu®". This material was then
used for specific capture of hemoglobin, which is rich in
surface-exposed histidine residues. Incubation of the test
solution with the Cu(II)-IDA functionalized material enabled
selective capture of hemoglobin versus other proteins without
these accessible histidine residues.'”” The development of this
novel material using the principles of IMAC demonstrates that
nanomaterials can be modified for molecular recognition of
histidine-rich proteins. These modified nanomaterials have the
potential to be incorporated into POC diagnostic frameworks
for biomarker capture.

IMAC-functionalized cellulose membranes could provide
another excellent option for sample preparation in low-
resource settings. Given that these membranes already hold
an established place as a laboratory research tool, they could
readily be incorporated into field-friendly paper fluidic devices.
Opitz et al.''” utilized commercial IDA-functionalized cellulose
charged with Zn*" as a platform for separating influenza virus
particles from culture lysate. After an initial metal screening,
they saw that Zn*'-charged membranes separated particles
with significantly higher affinity the other metals tested. The
authors postulated that the influenza hemagglutinin glyco-
protein on the particular strain studied (influenza virus A/
Puerto Rico/8/34) contained histidine-rich Zn2+—coordinating
sequences on each subunit and that the repeated configuration
of these subunits as part of the capsid structure contributed to
a higher overall binding avidity.''® Although this IMAC-based
method for separating virus particles from cell culture was
developed to improve the efficiency of laboratory-based
research, it is not difficult to imagine extending this concept
to a simple sample preparation method for increasing the
sensitivity of an influenza rapid test. Applying the developed
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protocol to a diagnostic test would require feasibility testing on
clinical patient samples, ideally, resulting in the design of an
integrated device for both sample preparation and virus
detection. IMAC-functionalized cellulose membranes present
a unique advantage in relation to other materials because of the
ease in which they can be incorporated into paper-based
diagnostic formats that are usable in low-resource POC
settings.

3.2. IMAC on Magnetic Particles

Magnetic particles hold a number of advantages over other
solid IMAC supports. The increased surface area of the
particles provides increased availability for chemical reactivity
and functionalization."'"''* The independent response of
paramagnetic particles to an externally applied magnetic field
enables active mixing, which has proven especially useful in
microfluidic applications. This magnetic susceptibility also
allows for easy manipulation of the particles once a targeted
biomarker is bound, permitting biomarker isolation and
concentration before downstream detection.''"'"> Multistep
protocols that would otherwise rely heavily on laboratory
techniques such as filtration, centrifugation, and column
chromatography can easily be performed using magnetic
beads and a hand-held external magnet. Aside from chromato-
graphic capabilities, magnetic particles have been employed as
signal generation labels that are detected by inductive or
magnetoresistive sensors. This application is discussed in detail
in sections 4.2.6 and 5.4. Magnetic particles thus represent a
promising vehicle for IMAC chemistries in low-resource
settings.

The Wright research group recently demonstrated that
IMAC-functionalized magnetic beads have the potential to
improve commercial POC diagnostic sensitivity for malaria.'"
HRP2 was captured from large-volume (100 xL whole blood
samples diluted and lysed to 200 uL) P. falciparum-spiked
samples via chelation to Ni(I)-NTA on the surface of
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Chemistry.

commercially available magnetic particles. Then, using a
specially designed extraction cassette and a hand-held magnet,
the HRP2-bound particles were guided through stationary
liquid chambers separated by surface-tension valves to wash
the sample and remove background. Once purified, the
magnetic beads with bound HRP2 were transferred to a final
10 pL elution chamber preloaded with imidazole to release the
biomarker. This resulted in a 10-fold theoretical concentration
factor for HRP2 due to the transfer from a 100 uL blood
sample to a 10 yL elution chamber. After extraction using this
self-contained system, the authors added the 10 uL elution
volume to a variety of commercial HRP2-based malaria rapid
diagnostic tests and found significant signal enhancement
across all brands."'>""*

In subsequent studies, the group developed and optimized a
hand-held, easy-to-use device®>'"” (Figure 8A) in which
HRP2-bound, IMAC-functionalized magnetic beads were
directly transferred to the sample pad of commercial malaria
lateral flow assays. The biomarker was eluted with an
imidazole-spiked running buffer. As shown in Figure 8B, this
device enabled highly sensitive HRP2 detection with few
added user steps, improving the detection limits of commercial
malaria tests by over an order of magnitude with minimal
added cost per test.*”'"> This enhanced sensitivity could make
a substantial difference in malaria elimination campaigns,
which rely on detecting and treating all infected individuals,
including low-density carriers.

One of the primary limitations of IMAC chemistry is its
ability to recognize only those proteins with affinities for metal
ions. For purification of recombinant proteins from cell culture,
this drawback has been overcome via incorporation of short
hexahistidine tags (Hiss-tags) into expressed protein sequen-
ces."' """ Using a similar principle, Bauer et al.''” developed a
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platform in which target-specific antibodies modified with
His4-tags were combined with IMAC magnetic beads to isolate
and concentrate biomarkers from biological samples. Thus, the
advantages of IMAC for biomarker enrichment were no longer
limited to histidine-rich proteins but rather could be extended
to any protein biomarker target.

In the context of malaria diagnosis, this expanded capability
allows for the detection of the nonhistidine-rich biomarker
Plasmodium lactate dehydrogenase (pLDH) alongside HRP2,
which is beneficial for several reasons. Plasmodium LDH is
essential to parasite survival and is conserved across all species
of malaria known to infect humans, whereas HRP2 is produced
only by P. falciparum."'® In addition, HRP2-only tests fail to
account for parasitic infections containing pfhrp2 gene
deletions, which are increasing in prevalence worldwide.”
Finally, HRP2 has been shown to persist in host circulation up
to 52 days after successful treatment, but pLDH clears within
24 h after parasite clearance, so a dual assay can distinguish
between resolved and active P. falciparum infections."'*~"**

For these reasons, Bauer et al.''’ employed their IMAC-
based Hiss-tagged antibody approach to concentrate both
pLDH and HRP2 from large volume samples (200 uL parasite-
spiked whole blood) utilizing commercially available IMAC
magnetic beads."'” In this dual capture system, HRP2
coordinated directly to the Co(II)-NTA-functionalized surface
of the magnetic bead, while pLDH was bound using His,-
tagged anti-pLDH antibodies (Figure 9). Following isolation of
both biomarkers, HRP2 and the His¢-tagged-antibody/pLDH
complex were simultaneously eluted with imidazole. When
applied to whole blood samples spiked with the P. falciparum
parasite, this strategy resulted in a nearly 20-fold improvement
in the limit of detection of commercial LFAs."'” This unique
platform demonstrates that IMAC-based biomarker enrich-
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Figure 9. A His4-tag was coupled to an anti-pLDH antibody via Sulfo-
SMCC to allow for chelation of the Hiss-tagged antibody to
Co(II)NTA-functionalized magnetic bead. Remaining sites on the
bead surface (unoccupied by antibody) permitted coordination of
HRP?2 directly to the bead surface. Subsequent to biomarker capture,
imidazole was added to elute HRP2 and the His-tagged antibody/
pLDH complex. Adapted from ref 117. Copyright 2017 American
Chemical Society.

‘g

ment is not limited to histidine-rich proteins and could be
expanded to virtually any biomarker for which there is a
commercially available antibody.

One of the challenges associated with employing a His,-
tagged antibody/IMAC concentration strategy is that the
biomarker remains bound to the antibody during the detection
step. The antibody used for sample preparation has the
potential to block target binding (via overlapping epitopes or
steric effects) to the molecular recognition elements employed
in the downstream assay, leading to false-negative results. This
challenge can be addressed by designing the diagnostic such
that the Hiss-tagged antibody and downstream detection
elements bind to orthogonal epitopes of the target.
Furthermore, other Hiss-tagged molecular recognition ele-
ments such as aptamers could be used in place of His-tagged
antibodies. Aptamers are short, single-stranded nucleic acid
sequences with secondary structures that afford high (~nano-
molar—picomolar) binding affinities. Compared to antibodies,
aptamers are smaller and may target unique epitopes,
potentially allowing for this innovative sarnsple preparation
strategy to be more universally applied.'**~"*

Coordination chemistry-based sample preparation technol-
ogies have enabled significant improvements in the sensitivities
of point-of-care diagnostics. The enhanced sensitivities, which
in several examples were improved by a whole order of
magnitude, make a strong case for the use of these
technologies in elimination campaigns.*>"'>"'” Previously,
biomarker enrichment strategies were not incorporated into
low-resource diagnostics because of the restrictive format of
the tests. The IMAC-based chemistries described in this
section represent innovative yet simple solutions that open the
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door for the development of POC diagnostics that incorporate
sample preparation. While some of the sample preparation
methods presented in this section increased the total number
of assay steps, these methods were not designed in tandem
with the diagnostic devices that were utilized for detection.
Moving forward, human-centered device design that integrates
sample preparation with detection elements will permit the
next generation of POC diagnostics to be developed with
minimized user steps and improved sensitivities.

4. METAL-BASED SIGNAL GENERATION

Inorganic metal complexes and nanoparticles have been
instrumental in the development of targeted reagents for
disease-associated DNA, proteins, or cells. Their biomedical
applications include the development of metallodrugs,"*”"**
enzyme inhibitors,"”*~"*" photothermal **'** and photo-
dynamic'®’ therapy agents, and MRI contrast,'*”"** in vivo
bioirnaging,l‘g?”134 and protein/cell imaging ;1gents.135’136 Their
unique optical, electrochemical, magnetic, and catalytic
properties have also enabled their use as signaling modalities
in diagnostics. This section focuses on the application of metal-
based signal generation probes for the detection of protein
biomarkers at the point of care (summarized in Table 1 by
biomarker and in Table 2 by signal generation method). (The
detection of pathogenic nucleic acids via metal-based signal
generation probes is discussed in detail in section 6). First, we
describe how inorganic complexes have been utilized in
photoluminescent, electrochemical, and electrochemilumines-
cent applications, respectively. Subsequently, we detail the
essential bioconjugation chemistries that permit nanoparticles
to be functionalized with molecular recognition elements to
generate useful diagnostic reagents. We then discuss how
various classes of these functionalized nanoparticles have been
used in POC diagnostic assays. Lastly, we consider the catalytic
properties of metalloenzymes and metal nanoparticles that
have been utilized for signal amplification in POC diagnostics
for infectious diseases.

4.1. Inorganic Complexes

The broad array of properties that result when a ligand
coordinates to a metal has been leveraged for signal production
in a variety of diagnostic formats. Inorganic coordination
compounds are valuable as signal generation probes due to
their low molecular weight, tunability, and unique catalytic and
photophysical properties.'** These compounds have been used
in photoluminescent (i.e., fluorescent and phosphores-
cent) 1377142 electrochemical," ™' *® and electrochemilumines-
cent (ECL)'*~"%7 sensing platforms. Each signal generation
method has trade-offs with regard to ease-of-use and
interpretation, as well as complexity of instrumentation
required to measure signal output. When designing a low-
resource diagnostic, these trade-offs must be evaluated based
on the use-case scenario and testing environment. Collectively,
these considerations better inform the developer as to which
inorganic complexes are suitable for a particular signal
generation method.

4.1.1. Luminescence. Photoluminescent inorganic com-
plexes possess unique properties and offer several advantages
over organic fluorophores as signaling molecules for
diagnostics. These advantages include long-lived phosphor-
escence, significant Stokes shifts, and emission tuneability via
ligand composition.*”"**"** Long-lived phosphorescence is
beneficial because it is spectrally distinct from the autofluor-
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escent background of biological matrices, leading to improved
sensitivity.'”® The large Stokes shifts of metal complexes also
result in improved sensitivity because self-quenching of
signaling molecules is minimized."*® Additionally, the tunable
emissions of metal complexes enable their use as signal
transducers, whereby ligand exchange reactions that induce
changes in emission spectra can be correlated to biomarker
concentration.*” To date, cyclometalated d® complexes of
Ir(IlI) are the most commonly utilized photoluminescent
signal generation probes, 377 139/141,142,160 Ligands in these
cyclometalated Ir(III) complexes (e.g., deprotonated 2-phenyl-
pyridine) demonstrate strong o-donor effects, which signifi-
cantly increase the energy of the 'MC (metal-centered) excited
state (i.e., the ligand field stabilization energy) that gives rise to
nonradiative decay pathways. As a result, excited electrons in
these complexes preferentially populate the '"MLCT (metal-to-
ligand charge transfer) excited state (as opposed to 'MC). The
excited electrons then undergo intersystem crossing and
subsequently phosphoresce from a mixture of the 3LC
(ligand-centered) and *MLCT excited states (Figure 10).
The high phosphorescent quantum yields with large Stokes
shifts make these complexes ideal for signal generation.'®”'®"

Davis et al."** designed a “switch-on” Ir(III) detection probe
that selectively produced phosphorescent signal in the
presence of malarial biomarker HRP2. The cyclometalated
Ir(I1T) complex, [Ir(ppy),(H,0),]*, was poorly luminescent in
the absence of HRP2; however, when aqua ligands were
displaced by HRP2’s histidine residues, a biomarker-dependent
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Figure 10. (A) Energy coordinate diagram for cyclometalated
complexes of Ir(III). Initial absorption of photons promotes electrons
to 'MLCT states, which subsequently undergo intersystem crossing to
phosphorescent *LC and *MLCT excited states. (B) Structure of
[Ir(ppy)s), a common cyclometalated Ir(III) complex. The ligands
employed in these complexes (e.g, 2-phenylpyridine) are strong o-
donors that give rise to the luminescent properties of the complex.
Adapted with permission from ref 160. Copyright 2007 Springer.
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SMLCT/’LC phosphorescent signal was produced (Figure
11). Similar to the principles of IMAC chemistry discussed in

+
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Figure 11. (A) Cyclometalated Ir(III) detection probe for malarial
biomarker HRP2. In the absence of HRP2, the diaquabis(2-
phenylpyridine)iridium(III) complex demonstrated little to no
luminescence. Introduction of a sample containing HRP2 caused
displacement of the aqua ligands by the histidine residues in the
protein and activated the *MLCT/’LC phosphorescent signal
pathway. (B) Titration of HRP2 biomarker mimic BNT-II,
demonstrating increased phosphorescence with increasing biomarker
concentration. Adapted with permission from ref 138. Copyright 2014
Elsevier.

section 3, this approach capitalized on the chelation of HRP2’s
histidine repeats to the inorganic coordination compound. The
assay design aptly showed how the tunable luminescence of
Ir(1I) complexes could be harnessed for signal transduction,
demonstrating that a ligand exchange reaction’s phosphor-
escent signal could be correlated to biomarker concentration.
In addition, the Ir(III) complex displayed a significant Stokes
shift (A4 = 145 nm),"** making it less prone to self-quenching
effects and decreases in sensitivity associated with its organic
fluorophore counterparts.'®>

This study'*® also incorporated the Ir(IIl) probe into an
IMAC magnetic bead-based biomarker isolation and detection
assay for recombinant HRP2 which had a detection limit of
14.5 nM. Although less sensitive than an ELISA (enzyme-
linked immunosorbent assay), this HRP2 concentration was
within the relevant range for clinical diagnosis of malaria.
Moreover, the bead-based assay could be completed in less
than 2 h, whereas traditional ELISAs require 6—8 h. While the
current assay format would only permit its application in
better-equipped laboratories, the developed cyclometalated
Ir(1II) probe could be an exciting detection element in an LFA
with HRP2-specific antibodies at the test line. However, this
photoluminescence detection mechanism is dependent on
existence of a histidine-rich biomarker, so further applications
of this particular strategy are limited.

A more generalizable platform usin% c)photoluminescent
Ir(IIT) probes was developed by Lin et al."*” for the detection
of interferon-gamma (IFN-y), an inflammatory cytokine
biomarker for immunological diseases such as HIV. For
molecular recognition and detection of IFN-y, the assay used
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two aptamers: one was highly specific for IFN-y, and the
second was a guanine-rich nucleic acid sequence. The two
aptamers were designed to be partially complementary and
were prehybridized prior to the introduction of a sample
containing IFN-y. In the presence of IFN-y, the IFN-y-specific
aptamer bound to its target and liberated the guanine-rich
sequence. Introduction of K ions induced the formation of
guanine quadruplexes, which subsequently bound an Ir(III)
probe for “switch-on” luminescence that correlated biomarker
concentration with phosphorescent signal (Figure 12).

| o

(s

Figure 12. Aptamer-based assay for HIV biomarker IFN-y using a
luminescent Ir(III) detection probe. (A) The assay utilized two
aptamers, the first being an IFN-y-specific aptamer (green) that was
prehybridized to a G-quadruplex aptamer (blue). Addition of a
sample resulted in the capture of IFN-y by the first aptamer and
liberation of the G-quadruplex aptamer, which underwent a structural
switch to form guanine tetrads upon introduction of K* ions. The G-
quadruplexes were specific for a cyclometalated Ir(III) complex that
produced phosphorescent signal that was correlated with IFN-y
concentration. (B) Structure of the cyclometalated Ir(III) complex.
Adapted with permission from ref 139. Copyright 2015 Royal Society
of Chemistry.

This Ir(III) probe possessed a long phosphorescence
lifetime (>2.9 us) and significant Stokes shift (A1 = 21§
nm), thus exhibiting the canonical advantages of inorganic
probes over organic fluorophores. The assay demonstrated
adequate specificity for IFN-y versus other proteins commonly
found in biological matrices (e.g, human serum albumin and
immunoglobulins) and had a limit of detection of 0.12 nM and
a dynamic range of 1—300 nM. However, the assay suffered a
reduction in sensitivity when conducted in a 0.5% cell extract,
and no attempts were made in the complex biological matrices
that are pertinent to HIV diagnosis (e.g, blood, urine, saliva,
etc.). Nonetheless, the assay established a proof-of-principle for
using a photoluminescent cyclometalated Ir(III) complex as a
detection probe for an HIV biomarker."*” Moreover, the assay
format is generalizable such that it could be applied to virtually
any biomarker for which there is a high-affinity aptamer. If
combined with one of the sample preparation strategies
discussed previously (section 3) or integrated with paper or
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another field-ready substrate, this Ir(II)-based detection
strategy could produce a robust and sensitive assay that is
applicable in low-resource diagnostic settings.

4.1.2. Electrochemistry and Electrochemilumines-
cence (ECL). By applying a potential (or range of potentials)
to a sample containing an electroactive inorganic probe,
current or luminescence can be measured as an output for
electrochemical or ECL detection, respectively. Electro-
chemical or ECL-based assays that combine molecular
recognition elements, such as antibodies or aptamers, with
electroactive inorganic probes have shown promise for
infectious disease detection.'*”'**™'% In particular, inorganic
low-spin d® complexes of Ir(IlI) and Ru(II), as well as hemin
(Ferriprotoporphyrin IX), have been utilized in developing
electrochemical- and ECL-based probes.'*’

Both electrochemistry and ECL are signal generation
strategies that are well-suited to the development of POC
diagnostics, largely due to (1) capability for miniaturization,
(2) low cost, (3) simplicity, (4) rapid time-to-result, and (5)
high sensitivity."*”'®* This has been aptly demonstrated with
the develogment of paper-based electrochemical diagnostic
platforms,'® often termed microfluidic paper-based electro-
chemical devices (4PEDs)'’"'® or electrochemical paper
analytical devices (ePADs).'”" These tests utilize paper as the
assay substrate and have been combined with instrumentation
amenable to low-resource settings, such as cell phones, for
detection. Incorporation of existing electrochemical- and ECL-
based assays into these formats could result in robust and
highly sensitive infectious disease diagnostics. This would be
impactful for disease surveillance or case management, where
robust and sensitive diagnostics are needed.

Electrochemistry. Diagnostic assays with electrochemical
detection commonly consist of a three-electrode system: a
working electrode (often gold or carbon modified with a
molecular recognition element for biomarker capture), a
counter electrode (typically platinum), and a reference
electrode (commonly a saturated calomel electrode or Ag/
AgCl electrode).'”" In this format, incubation of a biological
sample in an electrochemical cell initially results in capture of
the biomarker at the working electrode. Introduction of a
biomarker-specific inorganic probe and a supporting electrolyte
and subsequent application of an electrochemical method (e.g.,
cyclic voltammetry, square wave voltammetry, differential pulse
voltammetry, amperometry, etc.) results in significant current
production at the working electrode. This current can then be
correlated to biomarker concentration. With regard to
infectious disease biomarker detection, hemin, Ir(III) com-
plexes and Ru(Il) complexes have been utilized as electro-
chemical probes.'**~'*¢

Hemin (ferriprotoporphyrin IX) is a Fe’'-containing
porphyrin derivative that mimics the enzymatic activity of
horseradish peroxidase in catalyzing the reduction of H,O,
(see section 4.3). This enzymatic activity is further enhanced
when hemin is incorporated into a G-quadruplex ap-
tamer."*>"**'”> Zhang et al.'"** developed an electrochemical
assay for the detection of HIV-associated IFN-y that utilized
hemin as a key component of the signal generation mechanism.
A 3'-thiolated DNA construct was conjugated to a gold
working electrode, where the DNA construct contained a G-
quadruplex sequence that was specific for hemin and an IFN-y-
specific aptamer. Both the G-quadruplex and the IFN-y-specific
aptamer were prehybridized by an 8-nucleotide hairpin. The
authors utilized this functionalized working electrode to
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perform cyclic voltammetry on samples containing IFN-y to
monitor the reduction of H,0,, which could be correlated to A
IFN-y concentration (Figure 13).
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Figure 13. Hemin DNAzyme-based catalytic assay for electrochemical
detection of IFN-y. A thiolated DNA construct was conjugated to a
Au working electrode. The DNA construct consisted of a G-
quadruplex aptamer specific for hemin (purple) and an IFN-y-specific Figure 14. (A) Electrochemical detection assay for HIV biomarker
aptamer (blue). Both aptamers in the DNA construct were IFN-y that utilized an Ir(III) redox probe. A gold working electrode
prehybridized by an 8-nucleotide hairpin. In the presence of IFN-y, was functionalized with a molecular beacon containing an IFN-y-
the IFN-y-specific aptamer bound to IFN-y and opened the hairpin. specific aptamer and an oligonucleotide sequence that was
Hemin was then added, which bound to the G-quadruplex, forming a complementary to H,. Hybridization of H; and H, formed a double
DNAzyme that could catalyze the reduction of H,0,. This reduction helix to which the Ir(III) probe could bind via the major and minor
produced a current that was proportional to IFN-y concentration in grooves. (B) The redox reaction of [Ir(ppy),(phen-dione)]* was
the sample. Adapted with permission from ref 144. Copyright 2012 achieved by differential pulse voltammetry, which produced a current
Royal Society of Chemistry. that was correlated to the presence of IFN-y. Adapted with permission

from ref 14S. Copyright 2017 Nature Publishing Group (https://
creativecommons.org/licenses/by/4.0/legalcode).

In samples containing IFN-y, the IFN-y-specific aptamer

bound to IFN-y, opening the hairpin and subsequently The electrochemical assay had a detection limit of 16.3 fM
allowing for hemin to bind to the G-quadruplex. The potential and a dynamic range of 50 fM—3.0 pM and could be
sweep catalyzed the reduction of H,O, by the hemin/G- conducted in samples that were 5.0% human serum.
quadruplex DNAzyme, producing a cathodic current that was Importantly, this assay yielded an ~7000-fold improvement
proportional to the concentration of IFN-y in the sample. The in limit of detection compared to the two previously discussed
assay yielded a detection limit of 0.1 nM and a dynamic range assays for detection of IFN-y.'** This is largely due to the
of 0.1-120 nM'** and thus performed similarly to the signal amplification that resulted from the groove-binding of
luminescent assay developed by Lin et al."*” (section 4.1.1). numerous Ir(III) probes to the H;—H, double helix, which
Though the authors demonstrated the specificity of the assay provided multiple signal-generating elements for every one
for IFN-y versus nontarget proteins BSA and IgG, they did not IFN-y biomarker bound. In its present form, this assay could
report whether the assay could be performed in more complex not be applied in a primary healthcare setting because it utilizes
matrices, which can significantly compromise assay perform- an electrochemical workstation that requires trained personnel
ance. More rigorous testing of the assay in biological matrices and significant laboratory resources. However, a portable
is therefore needed to demonstrate the robustness of the assay. electrochemical detection system such as the one described in
Miao and colleagues'® synthesized and implemented an section 5.5'7% could allow for this highly sensitive assay to be

Ir(III) complex-based electrochemical probe for detection of applied in a POC setting.
IFN-y (Figure 14). First, a gold working electrode was Electrochemiluminescence. Similar to most electrochem-
functionalized with a molecular beacon (MB) that contained ical assays, ECL systems employ a working electrode that is
an IFN-y-specific aptamer as well as a sequence that was functionalized with a target-specific molecular recognition
partially complementary to a second oligonucleotide strand element. The potential manipulation is similar to voltammetric
(H,). In the absence of IFN-y, the portion of the MB measurements; however, in ECL, the applied potential also
complementary to H; was hybridized into a hairpin structure. generates an excited state in the ECL grobe, which then
When IFN-y bound to the aptamer, the H; sequence was freed produces luminescence upon relaxation.'*”'* The canonical
and available to hybridize with its complement, H,. The probe for ECL-based detection is [Ru(bpy);]**, a complex (or
developed Ir(IIT) probe then bound to the major and minor derivative thereof) which has been used extensively in the
grooves of the H;,—H, double helix. Oxidation and reduction development of ECL-based sensors for infectious disease
of the 1,10-phenanthroline-5,6-dione ligand via differential detection.">715%15¢ 1 diagnostic assays, ECL with [Ru-
pulse voltammetry (DPV) resulted in IFN-y concentration- (bpy);]** occurs primarily through a coreactant mechanism,
dependent current, thus correlating an electrochemical signal where the coreactant is most commonly n-tripropylamine
to the presence of target biomarker. (TPrA) (Figure 15). In coreactant ECL, simultaneous
1470 DOI: 10.1021/acs.chemrev.8b00136
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Figure 15. Coreactant ECL reaction mechanism for [Ru(bpy),]** and
n-tripropylamine (TPrA). Oxidation of [Ru(bpy);]*" and TPrA at the
electrode surface followed by electron transfer from oxidized TPrA to
[Ru(bpy);)** forms an excited state [Ru(bpy);]** that then
undergoes phosphorescence to decay back to the ground state.
Adapted from ref 149. Copyright 2004 American Chemical Society.

oxidation of [Ru(bpy);]** to [Ru(bpy);]*" and TPrA to
oxidized TPrA ([TPrAe]*) is followed by deprotonation of
[TPrAe]*. An electron is then transferred from TPrAe to
[Ru(bpy);]** to form a MLCT excited state [Ru(bpy),]e**
that is analogous to the MLCT state that is populated through
absorption of a photon. The triplet excited state then
undergoes phosphorescent decay to the ground state, allowing
for luminescent detection of target biomarkers.'*’ Of the
various mechanisms for electrogeneration of a luminescent
excited state, coreactant ECL has proven to be the most
advantageous for the development of diagnostic assays because
it permits measurements that can be obtained in aqueous
solvents and matrices.

One platform for detection of infectious diseases, pioneered
by Yoon et al.,"*” used immunoliposomes to encapsulate ECL
signal generation probes. Liposomes equipped with a
maleimide handle were synthesized by the freeze—thaw
method and loaded with [Ru(bpy);]**. The maleimide-
functionalized liposomes were then conjugated to thiol-
activated antibodies specific for the target antigen. The
resulting immunoliposomes then served as a target-specific
reagent containing an ECL probe that could be released with
the application of detergents such as SDS or Triton.

The authors'*® incorporated the [Ru(bpy);]**-loaded
immunoliposome into a membrane strip test for detection of
the Legionella antigen. The strip test contained the following
components: (1) a nitrocellulose membrane impregnated with
Legionella antigen, (2) a glass fiber pad presoaked in SDS, and
(3) screen-printed electrodes that could interface with an ECL
analyzer. The immunoliposomes were incubated with a buffer
solution containing the Legionella antigen, and then the sample
solution was allowed to wick up the nitrocellulose strip. Both
the antigen in the sample and the antigen embedded in the
nitrocellulose competed for binding with the immunolipo-
some. In positive samples, the immunoliposome was bound by
the Legionella antigen in solution and migrated past the
nitrocellulose strip to the glass fiber pad. The SDS in the glass
fiber pad lysed the immunoliposome, releasing [Ru(bpy);]*',
which was detected by coreactant ECL and correlated to the
antigen concentration (Figure 16).
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Figure 16. Membrane strip test that utilizes ECL probe-loaded
liposomes for detection of Legionella antigen. Immunoliposomes
functionalized with anti-Legionella antibodies were loaded with the
ECL probe [Ru(bpy);]** and incubated with a sample. The sample
was then allowed to wick up a nitrocellulose strip that had already
been impregnated with the Legionella antigen. In samples containing
Legionella antigen, the immunoliposome migrated past the nitro-
cellulose to a glass fiber pad presoaked with SDS, which lysed the
liposome and released [Ru(bpy),]**. [Ru(bpy);]** was then detected
by coreactant ECL. Adapted with permission from ref 150. Copyright
2003 Elsevier.

The assay could be completed in 20 min and had a limit of
detection of 2 ng/mL."*° Compared to a traditional lateral flow
assay, the test required additional user manipulation steps
(preincubation of the sample and immunoliposome, addition
of coreactant, etc.). The assay was also dependent on a
benchtop ECL analyzer and, therefore, ill-suited to a Level 1
healthcare setting in its current format. However, this novel
platform demonstrated the capabilities of ECL for detecting a
target antigen and showed how a [Ru(bpy);]**-loaded
immunoliposome could be utilized to amplify signal. Variations
of this loaded immunoliposome platform have since been
applied to the detection of the influenza virus biomarker
hemagglutinin."*"'**

Recently, Zhou et al.'">’ developed an ECL-based
immunosensor for p24, a HIV biomarker associated with
early stage infection and detection of which promotes earlier
intervention in HIV cases. The detection probe in this assay
was a nanocomposite consisting of gold nanoparticle-decorated
graphene (P-RGO@Au) and [Ru(bpy);]**-doped silica nano-
particles (Ru-SiO,) (Figure 17). A gold nanoparticle-modified
glassy carbon electrode (GCE) was functionalized with an anti-
p24 antibody (Abl) for molecular recognition of p24. A
second anti-p24 antibody (Ab2) conjugated to the P-RGO@
Au@Ru-SiO, nanocomposite was used as the detection
element. Once the Abl-p24-Ab2 sandwich was formed on
the electrode, coreactant n-tripropylamine (TPA) was added to
produce the ECL signal through the mechanism previously
discussed.'” The P-RGO@Au@Ru-SiO, nanocomposite
offered several benefits to the system, namely an increased
surface area for the ECL reaction and an increased rate of
electron transfer. The SiO, nanoparticles permitted greater
[Ru(bpy);]** loading, and the gold nanoparticle-graphene
composite increased loading of the [Ru(bpy),]**-doped SiO,
nanoparticles. The authors contended that these aspects led to
an increased concentration of ECL-probe at the working
electrode surface, which ultimately improved the assay’s
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Figure 17. An ECL-based immunosensor for detection of HIV
antigen p24. The detection probe was a gold nanoparticle-graphene
nanocomposite that was loaded with [Ru(bpy);]**-doped SiO,
nanoparticles and generated electrochemiluminescent signal that
could be correlated with p24 antigen concentration. Adapted from
ref 153. Copyright 2015 American Chemical Society.

detection limit (LOD = 1.0 pg/mL) and linear range.
Additionally, the authors demonstrated that the p24 antigen
could be detected in diluted human serum."*”

A remaining challenge for developing luminescent, electro-
chemical, and ECL assays that incorporate inorganic

complexes is thorough validation in complex biological
matrices and clinical samples. The aforementioned lumines-
cent assays'*'*” were not rigorously evaluated in biological
samples. This is an important consideration in developing
luminescent assays because of the high background that can
result from the presence of interferents in biological samples.
Biofouling of electrodes is a known challenge in developing
electrochemical sensors as well.'”*'”> Although several of the
previously mentioned electrochemical and ECL assays were
tested in dilute biological matrices,'*>'** a more thorough
evaluation of how the biological matrix affects the limit of
detection is still needed. However, the issue of interference and
biofouling could potentially be addressed by integrating these
detection platforms with the metal-based sample preparation
strategies discussed in section 3, resulting in more robust and
sensitive assays.

Inorganic complexes have demonstrated promise for
detection of infectious disease biomarkers. The luminescent,
electrochemical, and ECL detection platforms discussed in this
section all capitalized on the unique properties that result from
the interplay between ligands and metal centers. However,
inorganic complexes are rarely used as stand-alone probes for
biomarker detection. Instead, inorganic nanoparticles have

A

CH
NN o SONa
HC N ci °
o EDC d CHy N
—_— 2 N~_N HO
‘J\ou Hoe NS "en, %

Carboxylic Acid

H Sulfo-NHS
o-Acylisourea
Activated Ester
0,
1L, @ ® !
B —— +
‘/U\H HoN ‘)J\O,N
o

Conjugated Primary Amine Sulfo-NHS
Product Activated Ester
—SH —S—
+ —_—
IN\gn NN\
Thiolated Noble Metal Conjugated
Antibody or Nanoparticle Product
Oligonucleotide
o]
[0} H N=N
NaO3$ N )J\/\/\/N
"0
o o
Sulfo-NHS-LC-Diazirine ‘ Q H NN
NW NM + '—H
H,N H o
Primary Amine Amine-conjugated Nanoparticle
Intermediate surface
UV Light
LI i
k/\/\/"
N
H 0

Dual Conjugated
Product

SOsNa

HoN
2 HoN
K Hydrolysis
0 —
oo

o 0
_8i-0-8iT""NH,

Condensation 1 9
-8i-0-8i " NH,

S H.0 s N
) ) HO™ "OH \Sfifofsfi/\/\NHz
o 0
APTES Aminopropyl-silanol Silica nanoshell

D 0
NaO,;S. o A
N-0 N
°
o LT ge
Sulfo-SMCC ._NH NN * ‘—SH
HoN p

Amine-conjugated Thiol
Intermediate
o S
& @
°
(o]
F Dual Conjugated

Product

Primary Amine

ta N
N=N=N cu() N
< + E. — =
4
Azide Alkyne Triazole Dual

Conjugated Product

Figure 18. Essential coupling strategies for bioconjugation of inorganic nanoparticles and molecular recognition elements: (A) EDC/Sulfo-NHS
condensation of a carboxylic acid and a primary amine. (B) Silica nanoshell formation on a nanoparticle surface using APTES. (C) Dative bonding
of thiolated antibody or oligonucleotide to a noble metal nanoparticle. (D) Conjugation of a thiol and a primary amine via heterobifunctional cross-
linker Sulfo-SMCC. (E) An example of photochemistry-mediated coupling of a primary amine to a nanoparticle surface using heterobifunctional
cross-linker Sulfo-NHS-LC-diazirine. (F) “Click” chemistry [3 + 2] cycloaddition of an azide and an alkyne in the presence of a Cu(I) catalyst.
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emerged as the predominant probes in infectious disease
diagnostics.176’177 Integration of inorganic complexes with
nanomaterials represents a potential avenue to developing the
next generation of detection probes. One interesting nanoma-
terial that incorporates inorganic complexes is the metal—
organic framework (MOF), which is a nanosized network of
organic li§ands and metal ion/complex connecting
points.'”*'”” The ligands provide functional handles for the
conjugation of molecular recognition elements, while signal-
generating metal complexes are installed at the connecting
points or encapsulated within the network. Recently, electro-
chemical aptasensors have been developed that contain
aptamer-conjugated MOFs for specific recognition and
detection of various protein or small molecule targets.'*"~"**
Moreover, two of the complexes discussed in this section,
Ir(ppy); and [Ru(bpy);]**, have already been incorporated
into MOFs for sensing and imaging applications.'*”'** By
integrating molecular recognition elements into the MOF
architecture, the applications of these Ir(IIT)- and Ru(II)-based
MOFs could be further expanded to include luminescent,
electrochemical, or ECL detection of infectious disease
biomarkers.

4.2. Inorganic Nanoparticles

The recent expansion of nanochemistry has drastically
influenced many areas of science. In diagnostics, inorganic
nanoparticles have become ubiquitous as detection elements in
numerous platforms (e.g., colorimetric, luminescent, electro-
chemical, thermal, etc.), and each distinct class of nanoparticles
possesses unique advantages and caveats,'’ 1771857187 The
diagnostic setting and use-case scenario determine the
applicable detection methods which, in turn, direct which
nanoparticles to use. In order to apply inorganic nanoparticles
as diagnostic reagents, target-specific molecular recognition
elements (i.e., antibodies, aptamers, and oligonucleotide
probes) must be functionalized to the nanoparticle surface.
This section will first review bioconjugation reactions and
nanoparticle characterization methods (section 4.2.1). The list
of reactions is not meant to be exhaustive but, rather, to
highlight the most essential covalent and affinity-based
coupling strategies for nanoparticle bioconjugation. Then, we
survey the various types of nanoparticles that have been
applied to the detection of infectious diseases with potential
applications at the point of care (sections 4.2.2—4.2.6).
4.2.1. Functionalization and Characterization of
Nanoparticles. Developing a nanoparticle detection reagent
that can be targeted toward a biomarker requires conjugation
of molecular recognition elements to its surface. These types of
conjugations often require linkers that facilitate attachment to
the nanoparticle surface. The chemistries employed for
coupling molecular recognition elements to nanoparticle
surfaces for diagnostic applications generally rely on a few
key bioconjugation reactions and are similar to those used for
planar solid supports. However, the smaller size regime of
nanoparticles significantly influences the reaction kinetics on
nanoparticle surfaces; therefore, bioconjugation reactions must
be optimized for a given class and size of nanoparticle.'*'®
Covalent Coupling. Given the prevalence of carboxylates
and primary amines on nanoparticle surfaces and molecular
recognition elements, one of the most common bioconjugation
strategies for generating functionalized nanoparticle detection
probes is the formation of amide bonds. The conventional
reagent for forming amide bonds on nanoparticle surfaces is 1-
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ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC),
which produces an activated ester that can subsequently
react with a primary amine. However, alone, the EDC-
activated ester reacts slowly with amines, often leading to
hydrolysis products that inhibit amide coupling. For this
reason, EDC is usually paired with sulfo-NHS (N-hydrox-
ysuccinimide) esters to improve the stability of the activated
ester intermediate. The sulfo-NHS ester-activated intermediate
readily reacts with primary amine nucleophiles to form stable
amide linkages (Figure 18A).17%11

EDC/Sulfo-NHS coupling is useful in generating both
antibody- and nucleic acid-nanoparticle conjugates as diag-
nostic detection probes. Due to the intrinsic abundance of
primary amines in antibodies, they are readily conjugated to
carboxylate nanoparticles without the need for initial
derivatization.*®'”* EDC coupling with imidazole enables
conjugation of ethylene diamine to the 5’ phosphate group of
nucleic acids, yielding 5’-amine-functionalized oligonucleotides
that can be coupled to carboxylated particles.””” Quantum
dots, magnetic nanoparticles, and polymeric (latex) particles
have found applications in POC diagnostics and are commonly
equipped with carboxylates or amines on the surface to enable
conjugation via EDC coupling. Quantum dots are convention-
ally stabilized by dihydrolipoic acid (DHLA) derivatives or
various copolymers that install a carboxylate on the surface,
and magnetic nanoparticles are coated with carboxylate-
containing polymers to enable further functionalization with
primary amine-containing biomolecules."*¥'**~'

Alternatively, both quantum dots and magnetic nano-
particles can be coated with a silica shell derivatized with
carboxylate or amine functional groups. Silica nanoshells are
formed via the condensation of silica oxide monomers, such as
tetraethyl orthosilicate (TEOS) or 3-aminopropyl-triethoxysi-
lane (APTES), yielding surface aminopropyl-silanols (Figure
18B). The surface of the silica can subsequently be coupled to
molecular recognition elements via EDC."*® In addition to
supplying functional groups for further bioconjugation, the
silica encapsulation of other nanoparticles provides biocompat-
ibility and protects the core material from degradation, making
it a suitable strategy for the preparation of diagnostic
nanoparticle detection probes.'””

The other significant reaction class for generating nano-
particle detection probes is the bioconjugation of thiols present
either in molecular recognition elements or on nanoparticle
surfaces. Thiolated nucleic acids are prepared by the same
method as amine-functionalized nucleic acids, except cyst-
amine is used in place of ethylene diamine for the addition of a
disulfide that can be reduced with dithiothreitol (DTT) to give
a §'-thiolated oligonucleotide probe.'””'*® On the other hand,
antibodies generally do not contain free thiols and, therefore,
either have to be thiolated (often with Traut’s reagent) or
cleaved at the interchain disulfides (via DTT or papain) to
generate thiols for subsequent bioconjugation to a nanoparticle
surface.'”>"”®

Coupling of thiolated biomolecules to noble metal nano-
particles (referring to gold and silver nanoparticles) is
conventionally done via coordinate covalent (dative) bonds,
where the lone pairs of the sulfur atoms form stable linkages
directly to the nanoparticle surface (Figure 18C)."*%™"!
Alternatively, thiol-containing affinity reagents or nanoparticles
can be coupled via a maleimide-derived heterobifunctional
cross-linking agent, commonly sulfo-SMCC (succinimidyl-4-
(N-maleimidomethyl)cyclohexane-1-carboxylate). Thiols react
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with the maleimide functionality of sulfo-SMCC to form stable
thioethers, whereas the NHS-ester component of sulfo-SMCC
reacts with primary amines in molecular reco§mtion elements
or on nanoparticle surfaces (Figure 18D)."”""7#195197

Photochemical cross-linking and “click chemistry” have also
been utilized to produce nanoparticle-based detection probes.
Photosensitive functional groups, including phenyl azides and
diazirines, generate reactive nitrenes and carbenes, respectively,
upon exposure to UV light and allow for insertion into
carbon—hydrogen and nitrogen—hydrogen bonds (Figure
18E). Photochemical agents can be integrated into hetero-
bifunctional cross-linkers, such as sulfo-NHS-LC-diazirine, for
conjugation of nanoparticles to molecular recognition
elements.'”""???%° “Click” chemistry generically refers to
bioorthogonal reactions with high yields, minimal side
products, and mild conditions. While the most common
“click” reaction is the conjugation of an azide to an alkyne in
the presence of a Cu(I) catalyst (Figure 18F), there are many
classes of “click” reactions that couple nanoparticles and
molecular recognition elements.'”"*' 7%

Biotin—Streptavidin. The predominant affinity-based con-
jugation strategy for nanoparticle functionalization is the
biotin—streptavidin system. Biotin is a small molecule that
binds with an extraordinarily high afﬁnlty (KD =13 x 107"
M) to the bacterial protein streptavidin. 206 Streptavidin is an
approximately 60 kDa tetrameric protein, permitting a 4:1
stoichiometry of biotin to streptavidin.wé In general,
streptavidin is added to the nanoparticle surface via passive
adsorption or a heterobifunctional cross-linker such as sulfo-
SMCC. The most common method for biotinylating a
molecular recognition element is the coupling of sulfo-NHS-
biotin or NHS-(PEG),-biotin to a primary amine. Although
streptavidin—biotin bioconjugation is generally easy, a (PEG),
spacer may be included to optimize for the depth of the
streptavidin bindin§ gocket (9 A) as well as the low relative
solubility of biotin.”

Nanoparticle Characterization. Characterization of nano-
particle conjugates is essential for determining the success and
extent of particle functionalization, which can drastically affect
particle performance in a diagnostic format. There are several
characterization techniques applicable to the development of
detection probes for diagnostics. UV—visible spectroscopy
(UV—vis) is one of the most commonly used methods for
biomolecule-functionalized nanoparticles given its simplicity
and applicability to the detection of nucleic acids and
proteins.””**® Particle size and distribution can be assessed
using dynamic light scattering (DLS) and transmission
electron microscopy (TEM),”*"~*'" while functional group
characterization on the nanoparticle surface can be evaluated
with NMR and/or infrared (IR) spectroscopy.”'”~>'> All of
these analytical methods have trade-offs with respect to cost,
sensitivity, time of analysis, and complexity of sample
preparation. However, because many of the techniques offer
complementary information, they can be used in combination
to ensure an extensive characterization of inorganic nano-
particle detection probes.

The principal concern associated with antibody modification
is decreased antigen-binding activity as a result of over-
functionalization of the variable region of the antibody.
Optimization of the bioconjugation reaction minimizes this
effect by achieving a balance between sufficient nanoparticle
coupling efficiency and retention of antigen binding. The
extent of antibody modification can be monitored with
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functional group-specific chromophores that are detectable
by UV—vis, such as Ellman’s reagent for free-thiol detection or
HABA (4'- h?rdroxyazobenzene -2-carboxylic acid) for biotin
detection.'”>"”® Also, biosensor techniques, such as surface
plasmon resonance (SPR), quartz crystal microbalance
(QCM), and BLI, can be employed to assess the impact of
modification on the binding affinity for the antigen.”'*™*'®

Decreased target affinity can also originate from suboptimal
loading of antibody or nucleic acid on the nanoparticle surface.
Insufficient coverage may lead to the nonspecific binding of
interferents, whereas overloading the nanoparticle with
molecular recognition elements can result in steric effects,
decreasing target binding. Simple absorbance-based super-
natant assays that measure antibody or nucleic acid
concentration both before and after nanoparticle functionaliza-
tion reactions give an estimation of the element’s surface
density and aid in determining the nanoparticle surface
saturation.”””?*® The straightforward nature of these proce-
dures make them popular strategies for characterizing the
extent of functionalization of nanoparticle conjugates for use in
infectious disease diagnostics.

The bioconjugation chemistry for attaching a molecular
recognition element to a nanoparticle surface is the key
component for transforming a nanoparticle with interesting
signaling properties into a functional reagent that can be
employed in diagnostic assays. The characterization of the
nanoparticle postfunctionalization is critical to ensuring
optimal signal in downstream diagnostic application. Several
classes of functionalized nanoparticles can be utilized in
developing POC diagnostics for infectious disease, the choice
of which depends on the use-case scenario and desired signal
output. Sections 4.2.2—4.2.6 describe the fundamental
principles and POC applications for these classes of nano-
particles.

4.2.2. Noble Metal Nanoparticles. Both gold nano-
particles (AuNPs) and silver nanoparticles (AgNPs), collec-
tively referred to as noble metal nanoparticles, possess many
unique properties that make them advantageous probes for
signal generation in infectious disease diagnostics. Noble metal
nanoparticles display a vivid color that is observable with the
naked eye due to surface plasmon resonance (SPR). The
phenomenon of SPR, illustrated in Figure 19A, occurs when
incoming photons strike the nanoparticle surface and generate
a dipole that causes electron oscillations (i.e., surface
plasmons) with a frequency that resonates with the frequency
of the incoming light. Visible light fulfills this resonance
condition for noble metal nanoparticles, giving rise to large
molar extinction coefficients (on the order of ~10° M™'cm™!)
at visible wavelengths.”'” Moreover, a nanoparticle’s color and
Amex can be manipulated by controlling its size (Figure
19B).”*>**! Noble metal nanoparticles are also easily function-
alized with antibodies, aptamers, or oligonucleotide probes to
afford specificity to a target biomolecule.'””'** Altogether,
these qualities have made noble metal nanoparticles a frequent
choice for colorimetric labels in diagnostic assays designed to
be interpreted by the naked eye.

It is important to note that we have limited further
discussion of AuNPs since their use in diagnostics and sensing
applications has been extensively reviewed.'””*'”***7>*® Given
the vast literature that exists for AuNP applications, we have
elected to focus on the applications of AgNPs as signal
generation probes for infectious disease diagnosis. Similar to
AuNPs, localized SPR of AgNPs has been capitalized upon to
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Figure 19. Surface plasmon resonance in noble metal nanoparticles.
(A) Incident electromagnetic radiation at visible wavelengths induces
electron oscillations (surface plasmons) on the nanoparticle surface
that are in resonance with the frequency of the incident light. (B)
Effect of nanoparticle size on A,,,. Adapted from ref 221. Copyright
2006 American Chemical Society.

develop colorimetric assays for infectious disease protein and
nucleic acid biomarkers.””’~**" Additionally, the conjugation
of fluorescent probes (e.g., FAM) to AgNP surfaces, as well as
the intrinsic luminescence of some AgNPs, has germitted the
development of luminescence-based assays.”””*** The high
AgNP conductivity has also been exploited for electrochemical
detection of nucleic acids.”**7>*® Lastly, surface-enhanced
Raman spectroscopy (SERS) of AgNPs has been employed for
the direct detection of malaria-infected red blood cells because
of the significant light scattering of AgNPs and the high
specificity of Raman signatures.’”**” %%

Colorimetric detection using nanoparticles in paper-based
assays has been a widely implemented method for signal
readout in primary healthcare settings. In fact, the success of
lateral flow assays can be credited in part to the nanoparticle-
based detection systems that allow for visual interpretation of
results by the end user. The use of functionalized AgNPs as
colorimetric detection probes in paper-based diagnostics for
infectious disease has been reported for both protein and
nucleic acid biomarkers.”””**" For example, Yen et al**’
employed AgNPs in a multiplexed lateral flow assay for
detection of dengue, yellow fever, and Ebola virus. The authors
synthesized 30-, 41-, and 47 nm AgNPs, which were visually
detectable as orange, red, and green, respectively, due to size-
dependent SPR shifts. Each nanoparticle of a particular size
was specifically functionalized with a distinct target-specific
antibody associated with one of the viruses, allowing for
detection of all three diseases in a single assay (Figure 20). The
detection limit for each biomarker was found to be 150 ng/mL,
which is within clinically relevant ranges for each disease but is
higher than other published methods.”***** Such multiplexed
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Figure 20. (A) Silver nanoparticles of different sizes and colors
(orange, 30 nm; red, 41 nm; green, 47 nm). (B—D) TEM images of
the silver nanoparticles of increasing size. (E) Antibody “sandwiches”
that are formed at the LFA test line, where the three different colors
of AgNPs were functionalized with three distinct target-specific
antibodies. (F) Multiplexed LFAs for detection of yellow fever, Ebola,
and dengue virus protein biomarkers on a single test strip. Adapted
with permission from ref 229. Copyright 2015 Royal Society of
Chemistry.

diagnostic assays are critical for discriminating between febrile
illnesses at the point of care to allow for selection of the
appropriate treatment course.

Colorimetric AgNP aggregation assays also rely on the size-
dependence of SPR. When AgNPs aggregate, the decrease in
distance between nanoparticles results in interparticle SPR,
producing a large red-shift in absorption and distinct color
change that is visible to the unaided eye.”*”**” These reaction
mechanisms are classified as either “cross-linking” or “non-
cross-linking.” In cross-linking assays, AgNPs are function-
alized with both molecular recognition elements and capping
ligands that stabilize the nanoparticles in solution. Addition of
a sample of target biomarker results in cross-linking of the
functionalized nanoparticles, drastically decreasing the nano-
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particle—nanoparticle distance and producing in a spectral
shift.”****> AgNP aggregation assays in this format have been
implemented for detection of both infectious disease
protein228 and nucleic acid®*® biomarkers; however, to the
best of our knowledge, cross-linking-based AgNP aggregation
has yet to be employed in paper diagnostics or other low-
resource platforms.

In non-cross-linking aggregation assays, nanoparticles are
either aggregated or stabilized with molecular recognition
elements that electrostatically adsorb to the nanoparticle
surface. Subsequent addition of a sample containing the
diagnostic target then either disrupts or promotes nanozparticle
stabilization, producing an observable color change.””” For
example, Teengam et al.”>' developed a non-cross-linking
aggregation assay using AgNPs for multiplexed visual detection
of Middle East respiratory syndrome coronavirus, Mycobacte-
rium tuberculosis, and human papillomavirus oligonucleotides
in a microfluidic paper analytical device (4PAD). The assay
lacked the sensitivity required for detection of pathogenic
nucleic acids; however, most sensitive nucleic acid diagnostics
incorporate amplification techniques (e.g., PCR) that require
extensive resources and infrastructure only available in better-
equipped laboratories.”** Nonetheless, the use of a AgNP
aggregation-assay in a yPAD enabled multiplexed visual
detection of three different nucleic acid biomarkers in a format
that could be applicable to a primary healthcare setting.

Taking advantage of the intrinsic fluorescence of some
AgNPs, Kurdekar et al >’ developed a fluorescent immuno-
assay for detection of p24 that utilized a streptavidin-coated
AgNP as the detection probe. Using a standard well-plate
immunoassay format, adsorbed anti-p24 antibodies captured
p24 from samples. A biotinylated anti-p24 detection antibody
and the streptavidin-conjugated fluorescent AgNP were
subsequently added to generate a fluorescent signal that
correlated with p24 concentration. The assay successfully
detected p24 standard spiked into plasma as well as the p24
present in HIV-positive patient plasma samples. Moreover, no
cross reactivity was observed in samples that were HIV-
negative but HBV- or HCV-positive. The limit of detection of
the assay was 10 pg/mL, which is an order of magnitude higher
than a previously discussed assay for p24 (section 4.1.2).">
This discrepancy could be explained by the lack of signal
amplification in the fluorescent AgNP-based immunoassay. In
its current format, the fluorescent AgNP immunoassay is not
amenable to a resource-limited primary healthcare setting;
however, fluorescent AgNPs could be employed in a lateral
flow assay format and combined with a portable fluorescent
reader, allowing for implementation at the point of care.”*’

4.2.3. Quantum Dots (QDs). Quantum dots (QDs) are
semiconductor nanocrystals with luminescent and conductive
properties that make them advantageous as detection probes in
infectious diseases diagnostics. Canonically, QDs consist of
combinations of elements from groups II and VI or groups III
and V and range in size from 1 to 100 nm.”***** At these small
sizes, QDs absorb photons, generating excited electrons in the
conduction band and positively charged holes in the valence
band of the semiconductor (Figure 21A). The distance that
separates the electron—hole pair is confined to less than the
diameter of the nanocrystal, resulting in “gparticle in a box”
behavior known as quantum confinement.”*~**" As a result of
quantum confinement, QD emission wavelength increases as
nanoparticle size increases; thus, QD emission can be tuned via
size-controlled synthesis (Figure 21B).”** Because QDs exhibit
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Figure 21. (A) Quantized energy levels of the valence band and
conduction band in a quantum dot (semiconductor nanocrystal). (B)
Broad absorption spectra and narrow emission spectra of quantum
dots demonstrate the size-dependence of QD absorption and
emission. Adapted from ref 252. Copyright 2010 American Chemical
Society.

absorption across a broad spectrum yet have emission spectra
with very narrow and tunable bandwidths, they are particularly
useful for multiplexed detection of disease biomarkers.'”**>*
Additionally, QDs demonstrate increased biocompatibility,
photostability, quantum yield, and semiconducting properties
compared to traditional organic fluorophores, further render-
ing QDs advantageous as signal generation probes for
diagnostics.zsz*_256 QDs have been emgloyed for the detection
of biomarkers for Ebola virus,>>’ tuberculosis,>>%?*%°
HIV,>¥*5%2%0 malaria,”*'~>°* avian influenza virus,”®> Escher-
ichia coli,”®® and cholera®”**® in fluorescent assays for
laboratory and resource-limited settings.

Functionalized QDs or QD-loaded microparticles have been
utilized as fluorescent probes for both protein and nucleic acid
biomarkers.'”*?**?*° The surface of QDs can be functionalized
with antibodies or antigens for protein detection or
oligonucleotide probes for target DNA detection using the
bioconjugation strategies discussed in section 4.2.1. For a
thorough evaluation of the bioconjugation of QDs, the reader
is directed to a number of reviews.'”*'***’° Goldman et
al.>”"*”* pioneered the earliest uses of antibody-functionalized
QDs as fluorescent detection probes. The authors utilized
affinity-based coupling chemistry (i.e., biotin—avidin) as well
as electrostatic interactions between charged moieties to
functionalize antibodies to the metal surfaces of CdSe/ZnS
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core—shell quantum dots. The biotin—avidin system was found
to be the more simple, reproducible, and robust method for
QD bioconjugation of the two, and these functionalized QDs
were successfully utilized in a multiplexed fluorescent assay for
cholera toxin and staphylococcal enterotoxin B.””* These early
works exploited the narrow emission profile and enhanced
quantum yield of QDs for antigen detection and laid the
groundwork for the development of enhanced, fluorescence-
based diagnostics for a variety of targets.

Building upon this previous work, Klostranec et al.**’
constructed a multiplexed fluorescence-based microfluidic
device for detecting HIV, hepatitis B, and hepatitis C
antibodies utilizing antigen-functionalized QD barcode par-
ticles. Two types of CdSe/ZnS QDs were synthesized and
loaded into polystyrene beads at varying ratios, resulting in
three distinct QD barcode particles. Each QD barcode particle
was covalently bound to a disease-specific antigen via EDC
coupling. The assay employed a “sandwich” format where
disease-specific antibodies were captured by the antigen-
functionalized QD barcode particles, and a fluorophore-
conjugated (AlexaFluor 488) antihuman antibody was used
to detect the presence of a target antibody. The narrow peak
width of QD emission enabled detection of both the antibody-
conjugated fluorophore at ~520 nm to indicate the presence of
target antibody as well as both of the QDs at 570 nm (yellow)
or 615 nm (red). The ratio of the red:yellow signal intensity
allowed for barcode identification and determination of which
of the three target antibodies was present (Figure 22).”>

The detection limits for antibodies correlating to all three
diseases were in the picomolar range, which is a S50-fold
improvement compared to commercial ELISAs.>*®> While the
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Figure 22. Quantum dot barcodes for fluorescent detection of
hepatitis B virus (HBV), hepatitis C virus (HCV), and HIV
antibodies. (A) Fluorescent image of the three different QD barcode
particles utilized. (B) The unique fluorescent profile for each of the
QD barcode particles. (C) Illustrations of each QD barcode particle
conjugated to an antigen and their corresponding fluorescence
spectra. The peak at 520 nm correlates to the presence of the
fluorescent dye, indicating the formation of the antibody sandwich,
while the peaks at 570 nm, 615 nm, and the combined peaks at 570
and 615 nm represent the HBV, HCV, and HIV antigen-function-
alized QD barcodes, respectively. Reprinted from ref 253. Copyright
2007 American Chemical Society.
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assay enabled multiplexed and sensitive detection of infectious
disease biomarkers, the microfluidic platform employed by the
authors required extensive user manipulations and complex
instrumentation and analysis that would only be viable in
higher level healthcare settings. Given the improvements in
sensitivity of the assay, adaptation of the technique to a hand-
held fluorimeter or cell phone-adapted fluorescence device
could potentially allow for deployment in a primary healthcare
low-resource setting. The benefit of this strategy is that the
biomarker signal and barcode signal are both fluorescence-
based, resulting in a multiplexed detection platform that is
simplified compared to assays with different detection schemes
for biomarkers and barcodes. The authors hypothesized that
up to 10° barcode combinations are theoretically possible using
this approach due to the narrow and distinct fluorescent peak
widths generated by different QD particles, allowing for even
greater multiplexing.”>® However, such hypotheses should be
approached with caution, as highly multiplexed assays can be
more susceptible to cross-reactivity, thereby reducing the
diagnostic specificity of the individual assays.

QD-loaded particles have also been functionalized with
antibodies for the detection of protein biomarkers for
infectious disease. Recently, Hu et al.”®” developed a lateral
flow assay that utilized antibody-coated polymeric particles
(260.9 nm) loaded with both QDs (3—6 nm) and AuNPs (20
nm) for detection of Ebola virus (EBOV) glycoprotein. The
reporter probes, which the authors dubbed “dual signal readout
nanospheres” (RNs), enabled detection of the EBOV
glycoprotein either visually via AuNPs or fluorescently via
QD emission. Characterization of the RNs revealed that there
were dozens of AuNPs adsorbed and hundreds of QDs
embedded per every one antibody-coated polymeric particle
(Figure 23, panels A and B); thus, for every one biomarker
arrested at the test line, there were significantly more signaling
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Figure 23. (A) Schematic of the lateral flow assay for detection of
EBOV glycoprotein. Polymeric particles containing gold nanoparticles
(AuNPs) and quantum dots (QDs), which the authors named dual
readout nanospheres (RNs), were utilized as labels for signal readout.
(B) TEM image of the dual readout nanosphere, showing AuNPs and
QDs adsorbed to the polymeric particle. (C) Titration of EBOV
glycoprotein, using the visual detection of AuNDPs for signal readout.
(D) Titration of EBOV glycoprotein, using the fluorescence of the
QDs for signal readout. Adapted from ref 257. Copyright 2017
American Chemical Society.
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moieties to permit more sensitive detection. Additionally, two
sets of antibody-functionalized RNs were fabricated and used
for each LFA: (1) streptavidin-conjugated and (2) biotin-
conjugated RNs. Application of the sample and streptavidin-
conjugated RN to the sample pad resulted in migration of the
sample and RNs to the test line and formation of an antibody
“sandwich” at the test line. Subsequently, the biotin-conjugated
RNs were added and bound to the streptavidin-coated RN,
enhancing the signal based on the high affinity of the biotin—
streptavidin interaction.

The authors™” utilized the LFA to detect either the EBOV
glycoprotein or the whole virion spiked into samples. The
assay demonstrated a broad dynamic range that spanned 3
orders of magnitude for detection of AuNPs with a limit of
detection by visual inspection of 2 ng/mL. When the QD
fluorescence signal was used, the detection limit was improved
to 0.18 ng/mL (Figure 23, panels C and D). The fluorescent
detection of this assay was 1—2 orders of magnitude more
sensitive than 2 commercial brands of rapid tests for EBOV
glycoprotein. Moreover, the fluorescent signal could be
quantitated by image processing software that is readily
available on a smartphone. Though the authors utilized a
benchtop fluorimeter for QD excitation and emission, the use
of a smartphone adapted hand-held fluorimeter or dedicated
fluorescent lateral flow reader could enable measurements at
the point of care.”” The sensitive dual signal readout provides
versatility to this platform such that it could be employed in a
number of use-case scenarios. If morbidity control were the
primary concern, visual detection of AuNPs would suffice. If
more sensitive and quantitative measurements were needed for
surveillance, intervention management, or an elimination
campaign, the fluorescent capabilities of the detection probes
could be exploited. However, for a given use-case scenario,
likely only one signal readout modality is needed. As a
consequence, the additional cost of implementing a dual signal
RN, when using a single signal (visual or fluorescent) RN
would suffice, needs to be considered. Nonetheless, the assay
demonstrated that quantum dots could be incorporated into
tests that are readily deployable in primary healthcare settings,
though more rigorous field evaluation and validation of the
assay would be necessary for clinical use.

There have been significant advances in the use of QD-based
detection methods for infectious disease biomarkers. While the
complexity of instrumentation required for detecting quantum
dots is often still a barrier to their implementation at the point
of care, developments in smartphone-based devices are
currently enabling the detection of fluorescent labels such as
QDs at the point of care.””>™*”> Fluorescent assays have
demonstrated a capacity for multiplexing. Because of the
narrow emission profiles demonstrated by QDs, the potential
for continued expansion in multiplexing likely lies with QD-
based fluorescent assays. Given the importance of detecting
comorbidities and coinfections or discriminating between
febrile illnesses,”’*”” the QD-based technologies represent a
platform that has the potential to make a significant impact at
the point of care.

4.2.4. Lanthanide Chelate-Doped Nanoparticles.
Nanoparticles doped with lanthanide chelates are advanta-
geous as detection labels owing to their large Stokes shifts,
sharp emission peaks, stable luminescence, long fluorescence
lifetime, and biocompatibility.””**”” In a lateral flow assay
format, these particles are often functionalized with target-
specific antibodies and then embedded in the conjugate pad of
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the test. Like QDs, detection of lanthanide chelate-doped
nanoparticles requires additional instrumentation for particle
excitation and measurement of emission.”*”**" Despite this
need for additional equipment, these particles are attractive
labels for POC diagnostics because they enable highly sensitive
biomolecule detection. In the context of elimination or
surveillance of a particular infectious disease, the added
sensitivity provided by lanthanide chelate-doped nanoparticles
could allow for detection of low-intensity infections that would
otherwise be missed.

Except lanthanum, all lanthanides are f-block elements; the
4f orbital is gradually filled as the atomic number increases.
Because the 4f orbital is largely shielded from the chemical
environment by the filled 5s and Sp shells, the lanthanides are
very similar in their chemical properties. For example, the most
common oxidation state for aqueous lanthanide ions is
+3.28228% Most of these ions are luminescent, though some
lanthanides have greater quantum yields than others due to the
large energy gaps between the lowest emissive energy level and
the highest sublevel of the ground state. As the size of the
energy gap increases, lanthanide ions become less prone to
lower energy nonradiative decay processes, resulting in greater
quantum yields.””® Eu®* is the most commonly utilized
lanthanide for labels in lateral flow assays because of its (1)
ideal energy gap between the nondegenerate emissive state of
5D, and the ground state of 7FJ and (2) convenient emission in
the visible region. Consequently, Eu** will be the focus of this
section.”””

Europium(III) itself is not strongly luminescent because
most excitations involve forbidden electric dipole f-f
transitions, which have low absorption cross sections.””®
However, this can be overcome when the ion is coordinated
to a sensitizing structure, such as an organic Iigand. A
simplified Jablonski diagram of the luminescence process for a
Eu®* chelate is depicted in Figure 24. The ligand absorbs the

52__:5£
S _—i
—x T ISC
L)
H
81
gl T IET
21 1
c Bt g1 2,, RET
g i £ D ——=1M,
o =
gl s g1 Y [
2 €11 lucT o 2 H
S| & 2l c 21 :
T 2 Q 21 |
[N o1 LMCT 21 1
i 5| S\ !
v h L1 2 i
S, ¥ ¥ 'F ¥ ! v
ligand central ion (Eu®) acceptor

Figure 24. Jablonski diagram of Eu** chelate luminescence process.
Reprinted with permission from ref 278. Copyright 2014 IOP
Publishing Ltd.

excitation energy and transfers it to a triplet state (T,) via
intersystem crossing (ISC). Next, this energy is transferred to
one of the 5DJ levels of Eu’*, and, after internal conversion
(IET), emission occurs from the *Dj energy level to any of the
’F, levels.””®*”?

In addition to sensitization, chelating ligands also promote
luminescence by shielding Eu’* from aqueous quenching
effects and allow for coupling to biomolecules or polymeric
materials.””® Chelating ligands typically absorb in the UV
(330—370 nm), and the subsequent Eu** emission occurs at
580—690 nm.””” Ligands usually contain a chromophore
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portion (e.g., pyridine, salicylate, phenanthroline, coumarin,
pyrazole, triphenylene, and quinolone) and a chelating
structure based on multidentate polyacids or macrocycles
(e.g, EDTA).””® Tetracycline has also been employed as a
ligand for Eu®".”**

These chelate dyes are incorporated into nanoparticles
functionalized with target-specific molecular recognition
elements for use in lateral flow assays. Most lateral flow assays
that employ Eu®* chelates use commercially available particles,
which are often superior due to their monodispersity and
quality control standards. The majority of commercially
available Eu** chelate lateral flow labels are 100—300 nm
carboxyl- or streptavidin-decorated polystyrene particles and
are readily available from large vendors such as Thermo-
Fisher’ and Expedeon Ltd.”*® Eu®* chelates are easily
adsorbed into polymeric (e.g, polystyrene) nanoparticles
based on hydrophobic interactions between the polymers
and the organic chelatin% ligands of the complexes. For
example, Huhtinen et al.”®” found that simply incubating 50
nm polystyrene particles with Eu®" chelated with dipicolinic
acid derivative ligands resulted in 1000—2000 chelates per
nanoparticle. This represents a density of approximately 0.02
chelates/nm?. Harmi et al.”* found a similarly high density of
approximately 0.05 chelates/nm* (31000 chelates/particle) in
107 nm commercially available particles. Thus, for each
biomolecule bound in a lateral flow format, thousands of
associated Eu’* chelates produce a signal, resulting in a highly
sensitive measurement.

The advantages of Eu®* chelate-loaded polystyrene nano-
particles as labels for lateral flow assays were demonstrated by
Yeo et al.,*® who developed a sensitive lateral flow assay for
the detection of avian influenza H7 subtype virus. These
viruses can be highly pathogenic; for a 2013 H7N9 outbreak in
China, a mortality rate of roughly 36% was estimated for
hospital patients with laboratory-confirmed infections.*”’
Currently, laboratory-based molecular testing is required to
differentiate between H7 subtype avian influenza and other
viral infections. Thus, there is a need for rapid tests that can be
performed at the point of care. The authors approached this
problem by developing and evaluating a panel of 10 H7
subtype-specific monoclonal antibodies against hemagglutinin
1 of H7N9 influenza. After the best antibody pair was
determined, H7 subtype-specific lateral flow assays were
constructed with both europium-chelate and gold nanoparticle
(AuNP) conjugates. Using a benchtop time-resolved fluo-
rescence reader, the authors found that the detection limits for
the Eu’" chelate-based tests were 25-fold better than those of
AuNP-based tests. Additionally, the developed Eu**-based tests
performed better than commercially available tests detecting
influenza A nucleoprotein.”®” These enhancements over gold
particles are impressive, although given the high density of
chelates per nanoparticle, it is surprising that larger enhance-
ments were not achieved. One possible explanation could be
the efficiency of molecular recognition element adsorption for
the two types of nanoparticles.

In addition to avian influenza,**”**" Eu®* chelate-embedded
polymeric nanoparticles have been employed for the detection
of E. coli,** hepatitis B,** and procalcitonin,281 a host marker
for bacterial infections. Several commercial platforms based on
these particles have been developed as well, including the Sofia
Influenza A+B tests (Quidel, Inc.)”**™*”” and the aQcare
Chlamydia TRF test (Medisensor, Inc.),’*”*°" which have
been extensively evaluated in the literature. The high sensitivity
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of these assays is derived not only from the high number of
Eu* chelates embedded in the polymeric nanoparticles but
also from the use of time-resolved fluorescence measurements.
One of the primary disadvantages of using luminescent probes
as labels in lateral flow assays is the high autofluorescence of
biological samples and assay components occurring at
excitation and emission wavelengths similar to those of the
probes.*”> This fluorescence can interfere with lateral flow
readings, causing high background that leads to low-sensitivity
measurements. However, lanthanide chelates overcome these
effects because their fluorescence lifetimes are several orders of
magnitude longer than conventional fluorescent materials
(microseconds or milliseconds compared to nanosec-
onds).””®*”? This allows for the use of time-resolved
measurements in which samples are excited with a pulse of
UV light, and emission signal is collected after a time delay on
the order of 100 ns for a given time period.”** By delaying the
collection of emitted signal, the short-lived autofluorescence
from biological and assay components is excluded from
measurements. While the intensity of the delayed lumines-
cence is slightly decayed from the initial signal output of the
chelates, these measurements can be cycled to improve signal-
to-noise.>*> Of course, the unique instrumentation required for
time-resolved measurements makes field-deployment techni-
cally challenging, though currently available benchtop devices
could allow for measurements in district clinics and
laboratories. Recently, Paterson et al 3% developed a promising
smartphone-based platform for time-resolved luminescent
measurements, which could allow for point-of-care measure-
ments based on Eu®" chelate particles. However, the lengthy
100 ms time-delay employed in their device is only compatible
with the most persistent luminescent nanophosphors such as
crystalline SrALO,:Eu**,Dy*" particles.

While polymeric Eu®* chelate nanoparticles are the primary
materials employed by lanthanide-labeled lateral flow assays,
these particles present some disadvantages. Their large size and
tendency to swell can cause aggregation in aqueous solutions.
Additionally, since they are not covalently bound to the
polymers, Eu** chelates can leach from the particles.”** Silica
particles avoid some of these problems. In one example, Xia et
al.>® developed a lateral flow assay for hepatitis B detection
using Eu’* chelate-loaded silica nanoparticles. To synthesize
these particles, the authors relied on an iterative method
involving silica condensation from TEOS, surface-amination
using APTMS, covalent functionalization of chelating ligands
to the particles, and loading of Eu®*. This process was repeated
five times to achieve a high density of Eu’* chelates. The
resulting 55 nm nanoparticles contained a remarkable 686000
chelates/particle, corresponding to a density of roughly 7.9
Eu®" chelates/nm®, more than 100 times greater than
commercially available polymeric particles.’”® These particles
were then functionalized with oxidized dextran to serve as a
hydrophilic linker, and free amine moieties on antihepatitis B
surface antigen (HBsAg)-specific antibodies were coupled to
the surface via reductive amination of the aldehyde groups.

After synthesis and characterization, the particles were used
as labels in a traditionally formatted lateral flow assay for
HBsAg. To measure signal, the strips were illuminated with a
UV lamp and imaged using a digital camera. Signal intensity
was determined using image analysis in Adobe Photoshop.
Unlike the previous example presented, this imaging technique
does not take advantage of the long fluorescence lifetime of
Eu®* chelates. However, even without time-resolved measure-
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ments, the detection limit of the LFA was found to be 30 pg/
mL HBsAg, 100-fold better than a similarly formatted gold-
based lateral flow assay.’’> The study was then validated by
analyzing 286 clinical serum samples using the developed Eu’**
chelate-based lateral flow assay as well as a quantitative ELISA.
The two methods were concordant for all samples analyzed
and had similar sensitivities.”>> Thus, the developed method
represents an innovative tool for diagnosis of hepatitis B and
provides sufficient sensitivity when compared to clinical
methods. In order to implement this assay directly at the
point of care, two modifications are necessary: (1) the assay
should be optimized for field-friendly whole-blood specimens,
and (2) a mobile phone-based detection strategy should be
implemented.

Lanthanide chelate-based nanoparticle probes are a promis-
ing avenue for developing highly sensitive lateral flow assays.
Similar to other fluorescent probes, instrumentation remains
the primary barrier to implementation of Eu®® chelate
nanoparticles at the point of care. However, as optical devices
are miniaturized and become more affordable, these probes
could become commonplace among rapid tests for infectious
diseases.

4.2.5. Up-Converting Phosphor Nanoparticles. Up-
converting phosphor (UCP) nanoparticles represent a unique
and exciting reporter technology for bioassays. Unlike typical
fluorescent labels, these ceramic nanoparticles doped with rare
earth elements absorb low-energy IR radiation and emit
higher-energy visible light.”"” =% UCPs are often superior to
conventional colorimetric and fluorescent reporters for a
number of reasons. First, the high anti-Stokes shift from IR to
visible does not occur in nature. Thus, the inherent
autofluorescence typically associated with biological samples
and assay components does not interfere with UCP measure-
ments. Second, UCP signal is highly stable and does not
photobleach, allowing for indefinite storage and repetitive
analysis of a single test. This is especially useful for confirming
field results in a central laboratory.’®” Third, assays are easily
multiplexed; distinct particles absorb at the same IR excitation
energy and emit wavelengths defined by the dopant. Finally,
optical detection of UCP particles offers an inherent boost in
analytical sensitivity over visual detection of gold; as few as
10—100 UCP particles can be detected at the test line of a
lateral flow strip, while approximately 40000 gold particles are
needed for visual detection.’’® This increase in sensitivity
makes UCP particles attractive labels for diagnostic tests
employed in surveillance or elimination campaigns in resource-
limited settings, since they would enable the detection of low-
intensity or asymptomatic infections. However, similar to QDs
and lanthanide-chelate particles discussed in the preceding
sections, these benefits of UCP particles must be weighed
against the additional cost and resource requirements needed
for detection instrumentation.

The primary mechanisms for up-conversion include excited
state absorption, energy transfer, and cooperative sensitization.
Excited state absorption is the absorption of light by electrons
already in an excited state. This requires two photons and
equal separation between the ground state, first excited state,
and second excited state of a single ion. Energy transfer up-
conversion requires two ions, a sensitizer and an activator. In
this process, the sensitizer ion is excited and sequentially
transfers its energy to the ground state and first excited state of
the activator ion.*"’ Cooperative sensitization is similar to
energy transfer, though it involves excitation of two sensitizer
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ions which simultaneously transfer their energy to the activator
ion. Other up-conversion mechanisms include photon
avalanche and cross relaxation.”"'

Energy transfer up-conversion is the most common up-
conversion mechanism for bioassay reporter particles, which
typically involve a Yb** sensitizer (excitation 980 nm) and a
rare earth (Er**, Tm?', Pr*, Ho®, and Gd*') activator
codoped in yttrium fluoride (YF;), yttrium oxide (Y,0;),
yttrium oxysulfide (Y,0,S), or sodium yttrium fluoride
(NaYFE,) crystals.’””*% An illustration of the up-conversion
processes for two of these materials are shown in Figure 25.

A - B
Yb* ER*  Yb¥*  Tm¥

Figure 25. Energy transfer from sensitizer Yb** to activator (A) Er**
and (B) Tm®". The primary green emission peak in Y,0,S:Yb*, Er**
requires two resonant energy transfer steps. After phonon relaxation,
the double-excited Er’* ion emits a single photon around 550 nm.
The blue emission in Y,0,S:Yb**, Tm>' involves three phonon-
assisted energy transfer steps.

UCPs have been utilized as labels for both protein and
nucleic acid targets in lateral flow assays for a variety of
infectious diseases. Recently, Corstjens et al.>'>~'” developed
an ultrasensitive, UCP-based lateral flow assay for schistoso-
miasis that detects Schistosoma circulating anodic antigen
(CAA), a proteoglycan biomarker waste product produced by
the parasite. CAA is present in the serum and urine of patients
with Schistosoma infections of all known species and has been
found to correspond well with worm burden, clearing soon
after successful treatment.”'”*'”*'® The developed lateral flow
assay employed 400 nm Y,0,S:Yb*, Er’* UCPs, which are
excited at 980 nm and emit at S50 nm (green) and can detect
CAA for a single Schistosoma worm pair in serum.’'**'” This
assay has been applied to patient samples from endemic areas,
and due to its superior sensitivity, it has demonstrated much
higher schistosomiasis prevalence than microscopy, serology,
and nucleic acid-based tests.”'> 77"

The CAA lateral flow assay format is similar to conventional
lateral flow assays. CAA-specific antibodies are printed on the
test line, and antimouse IgG is printed on the control line. The
workflow of the assay in its current form, however, differs from
a typical field-ready test. First, a trichloroacetic acid (TCA)
extraction is performed on a urine or serum sample, requiring a
centrifugation step. The extract supernatant is then combined
with running buffer and anti-CAA-functionalized UCP
particles and incubated for 1 h on an orbital shaker at 37 °C
before the lateral flow strip is added to the solution. The test is
allowed to develop and must dry completely (at least 3 h)
before scanning and analyzing the strip.”'””"> In order to
simplify the preparation procedure and decrease the number of
steps, a dry reagent kit was later developed in which all buffers
and particles were lyophilized.”’” This kit was shipped to a
tertiary lab in South Africa, where nearly 2000 samples were
evaluated by local technicians using both the kit and a CAA
ELISA. The researchers found that the UCP-based LFA
successfully identified more low-level infections than the CAA
ELISA.*
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To increase the analytical sensitivity of the assay, Corstjens
et al.>"” added a spin-filter concentration step to the sample
preparation method. This allowed for CAA in urine sample
volumes of 0.5—7.5 mL to be concentrated into 20 uL before
addition to the lateral flow strip. The resulting detection limits
improved as sample volume increased, reaching as low as 0.03
pg/mL for the 7.5 mL assay. To demonstrate clinical
applicability, the concentration step was successfully performed
on 2 mL patient urine samples from Kenya (high-endemic, S.
mansoni) and China (low-endemic, S. japonicum)316’3l7 It is
important to note that, though this sample concentration step
improved the sensitivity of the assay, it required laboratory
equipment to carry out; all patient samples in these studies
were processed in well-equipped laboratories. Further, the
additional concentration step increased the cost of this
ultrasensitive CAA assay, though sample pooling could make
this test more cost-effective and allow for monitoring of worm
burdens at the subpopulation level for large-scale surveil-
lance.*”° For this UCP-based ultrasensitive assay to be utilized
in a field setting, a more robust, field-ready sample preparation
method is needed.

Lateral flow assays with UCP reporters have also been
developed for detection of protein markers of other infectious
diseases, including neurocysticercosis,321 tuberculosis,***3*®
leprosy,324_328 Yersinia gestis,‘n9’330 Brucella,>" Vibrio anguilla-
rum,””> hepatitis B,”*’ respiratory syncytial virus,”>" and
HIV.>* Additionally, UCP-based multiplexed lateral flow
assays have been developed for detection of protein biomarkers
for multiple infectious diseases.”****” These multiplexed
diagnostics typically consist of one strip with multiple test
lines, each capturing a distinct protein biomarker. In this
format, the UCP crystals are the same for each biomarker,
though they are functionalized with target-specific antibodies.
One disadvantage of highly multiplexed assays on a single strip
is the potential increase in cross-reactivity and nonspecific
binding that could lead to false-positive results. To mitigate
this risk, Hong et al.”** developed a unique, circular cassette
with 10 channels for 10 different singleplex lateral flow assays
using UCP particles as the reporter labels. One unexplored
application of multiplexed detection on a lateral flow assay is
the use of UCP particles with identical excitation but differing
emission profiles. This could be particularly advantageous for
large biomarkers with multiple accessible epitopes and could
provide additional clinical information. For example, an assay
that captures and detects whole organisms could include a
second UCP probe for detecting surface proteins that confer
drug resistance, providing both detection and susceptibility
results in one assay.

UCP nanoparticles have also been used in nonlateral flow
diagnostic formats, including immunohistochemistry,**® micro-
arrays,””” magnetic bead assays,”*>**' and plate immuno-
assays,””” though these platforms are not readily amenable to
low-resource, point-of-care settings. Even in the lateral flow
format, UCP nanoparticles present interesting challenges for
field deployment. Clearly, sample preparation methods,
including purification, concentration, and amplification, must
be adapted for environments lacking controlled laboratory
conditions and should rely on as little electricity as possible.
While hand-powered centrifuges’*>**> and battery-powered
mixers'>*** have been developed, the ideal POC assay will be
optimized to preclude these additional resources. Another
issue, often unaddressed, is that the lateral flow strips must be
completely dry before optical measurements and analysis. This
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is because water also absorbs in the near-IR, decreasing
excitation efficiency of the sensitizer.”*> Typically, protocols
require at least 3 h of drying time after the lateral flow assay
has developed, a long time-to-result for a point-of-care test.
Finally, detection of UCP particles relies on optical
instrumentation. Although the most sensitive of these devices
are benchtop instruments, portable battery-powered devices
have been developed, such as the UCP-modified version of
Qiagen’s ESEQuant lateral flow reader (“UCP-
Quant”) 313314346

Many of the sample preparation methods described in
section 3 can be applied to UCP lateral flow formats.
Additionally, innovations in hand-held optical readers dis-
cussed in section 5 require only simple adaptations to detect
the anti-Stokes shift of UCP particles. There are clear
advantages of using UCP nanoparticles as labels in lateral
flow assays, including their inherently low background
interference and high analytical sensitivity. Innovations in
sample preparation methods and the development of portable
optical readers will allow for these advantages to be exploited
in low-resource, POC settings.

4.2.6. Magnetic Nanoparticles. While most frequently
used for sample preparation and biomarker enrichment,
magnetic nanoparticles are emerging as promising labels in
POC assays. Similar to noble metal nanoparticles, magnetic
nanoparticles can be easily functionalized and possess strong
optical absorbance, which has led to their use as visual labels
on lateral flow assays.”*” However, their magnetic properties
can also be leveraged for detection, which has advantages over
traditional optical detection in a lateral flow format. First, when
visual or optical detection of absorbent or fluorescent particles
is employed, only signal from the surface (~10 pm) of the
membrane is measurable due to the opacity of the membrane.
Typically, nitrocellulose membranes used in LFAs are 100—
200 pm thick, so optical detection only allows for signal from
the top 10% of the membrane to be measured. In contrast,
magnetization measurements can be performed regardless of
the opacity of the substrate, taking advantage of the entire
volume of the test line on a lateral flow assay.”** In addition,
metal-oxide nanoparticles are highly stable, and drying and
aggregation do not influence the intensity of magnetic
measurements.”"~ Finally, there are very few biological or
assay components that interfere with magnetic measure-
ments.”>"

The properties of magnetic particles are size- and temper-
ature-dependent.'”>*>" Tron oxide (typically magnetite or
maghemite) particles are the most common magnetic nano-
particles employed in diagnostic applications. In the bulk, these
materials are ferri- or ferromagnetic and thus retain magnet-
ization after an external field has been applied. This hysteresis
reaches a maximum when particle size is decreased to the point
that the material becomes single-domain. As particle size is
even further reduced, the hysteresis effect decreases until the
particles reach a critical diameter, below which Brownian
forces are strong enough to overcome magnetic forces. Thus,
at these small sizes, the particles are superparamagnetic; the
magnetic moments of the particles are aligned in the presence
of an external magnetic field, but they revert back to a
nonmagnetic state when the field is removed.”"

In the lateral flow format, magnetic nanoparticles are labeled
with target-specific molecular recognition elements and
employed as conjugates for analyte detection.”>” Super-
paramagnetic behavior is ideal for particles applied as labels
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for lateral flow assays because the lack of magnetization in the
absence of an external field allows for the particles to wick
along the strip without aggregating due to magnetic effects.”>
Then, the magnetic properties of the particles can be leveraged
after labels have bound to the test and control lines. Magnetic
nanoparticles are typically detected on lateral flow assays based
on induction (Figure 26) or using magnetoresistive sensors.”’
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Figure 26. General format of an inductive sensor for the detection of
magnetic nanoparticles on lateral flow assays.

In the inductive format, which employs the principles of
Faraday’s Law, a magnetic particle-based test is placed in an
oscillating magnetic field above a set of induction coils. In the
absence of magnetic particles, the net current induced in the
coils is zero. However, when particles are present, the direction
of their magnetic moments oscillates with the external
magnetic field, resulting in a measurable net voltage induced
across the coils that is proportional to the total number of
particles at the test or control line.”>**>> In contrast,
magnetoresistive sensors are based on the principle that the
electrical resistance of certain materials, which are incorporated
in the sensors, can change upon application of an external
magnetic field.”> In this format, a magnetic field is applied to
para- or superparamagnetic detection elements in order to
align their magnetic moments and produce a fringe field.
Magnetoresistive sensors are placed close enough to the
particles to detect the fringe field they produce based on the
change in resistance of the materials within the sensor.”****” A
detailed description of the instrumentation required for these
detection methods is provided in section 5.4.

Magnetic nanoparticles have been employed as detection
labels in lateral flow assays for 3protein and whole-cell targets.
For example, Handali et al.”* developed two magnetic
particle-based lateral flow assays for detection of Taenia solium,
a cestode that is prevalent around the world for which swine
are intermediate hosts. When contaminated, undercooked pork
is ingested, the parasites develop into tapeworms in the human
gut (taeniasis). However, if eggs are ingested, the larval stage
can infect the human nervous system, potentially forming cysts
in the brain. This severe form of the disease, called
neurocysticercosis, is a leading cause of epilepsy worldwide.”*
The gold standard for diagnosis of taeniasis is observation of
eggs in stool by microscopy, though this method is insensitive
and labor-intensive. Diagnosis of neurocysticercosis currently
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requires CT scans of the brain, a technology that is unavailable
in low-resource settings.”>” As such, there is a pressing need for
T. solium rapid diagnostic tests.

Handali et al.”*’ developed two serological magnetic bead-
based lateral flow assays that detected the immune response
(i.e., host antibodies) against taeniasis-specific (ES33) and
cysticercosis-specific (T24) antigens. For each test, one batch
of the recombinant antigen was printed at the test line, and a
separate batch was coupled to commercially available
carboxylated superparamagnetic particles via EDC/NHS
chemistry. The recombinant antigen at the test line and the
antigen conjugated to magnetic particles were able to
simultaneously bind to host antibodies in the sample, taking
advantage of the multivalent nature of anti-ES33 and anti-T24
IgM and IgG antibodies.

The lateral flow assays were evaluated using an induction-
based reader and visual reading to detect antibodies in serum
samples from endemic areas and nonendemic control regions
(Figure 27).** It was found that the taeniasis-specific ES33

A

Heterologous
Infection

ES33-MICT

Negative
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Negative

Positive

Figure 27. Superparamagnetic lateral flow assay for (A) taeniasis and
(B) neurocysticercosis. The top image shows visual signal on lateral
flow strips. Below are signal read-outs from negative (middle) and
positive (bottom) strips using induction-based magnetic assay reader.
Figure adapted with permission from ref 349. Copyright 2010
American Society for Microbiology.

assay had a diagnostic sensitivity and specificity of 95% and
96%, respectively, when evaluated with the magnetic reader.
The sensitivity and specificity of the neurocysticercosis T24
test using the magnetic reader were 94% and 99%, respectively,
for patients with two or more viable cysts as determined by CT
scan or MRI of the brain. For patients with only one viable
cyst, the T24 assay only identified 5/15 cases of neuro-
cysticercosis, indicating that the burden of infection was not
great enough to elicit an immune response.”*” Despite this
decrease in sensitivity for single-cyst infections, the developed
lateral flow assays are promising alternatives to the current gold
standards. Further, because the assays were not species-
specific, they could be used to detect porcine cysticercosis as a

DOI: 10.1021/acs.chemrev.8b00136
Chem. Rev. 2019, 119, 1456—1518


http://dx.doi.org/10.1021/acs.chemrev.8b00136

Chemical Reviews

marker of disease control and transmission. One disadvantage
of utilizing superparamagnetic labels is that many magnetic
readers are benchtop devices requiring electricity and a
laboratory setting. However, in over 70% of the cases, the
magnetic nanoparticles could be detected visually.** While
this sensitivity is not ideal, it is possible that initial visual results
could be applied in the field with follow-up laboratory-based
measurements assessed for the visually negative assays. As
hand-held magnetic readers become more commonplace, these
assays will become truly impactful.

In addition to T. solium, magnetic particles have been
employed in protein-detecting lateral flow assays for HIV>***¢"
and HIN1 influenza.’®> Whole cell-detecting magnetic
particle-based assays have also been developed for a number
of targets, including Vibrio parahemolyticus,**>*°* Listeria
monocytogenes,”®> and Bacillus anthracis.**>**” The demon-
strated sensitivity of these magnetic particle-based lateral flow
assays makes them promising alternatives to traditional assays
with colorimetric or fluorescent labels. However, current
instrumentation, which will be discussed further in section 5.4,
limits their utility at the point of care. One exciting avenue that
has yet to be explored for infectious disease detection is the
employment of the same superparamagnetic nanoparticles for
dual purposes: immunomagnetic biomarker enrichment from
large-volume samples and visual labeling for lateral flow assays.
Ideally, such a diagnostic would integrate sample preparation
and assay into one device. Once developed, the combined
effects of target enrichment and magnetic detection could lead
to a highly sensitive test capable of detecting low-density
infections.

4.3. Metalloenzyme Signal Amplification

One of the most widely utilized techniques for improving the
sensitivity of diagnostics is signal amplification, where
thousands of signaling molecules are generated for every one
biomarker molecule. Though there are now numerous
methods for amplifying signal in diagnostic assays, the use of
metalloenzymes was one of the first approaches.’*®*®
Metalloenzymes are metal-containing catalytic proteins in
which the presence of particular metals or metal complexes in
the tertiary structure is critical to the catalytic turnover of the
substrate.”’® The predominant metalloenzymes employed in
diagnostics are alkaline phosphatase (ALP), horseradish
peroxidase (HRP), and catalase. The high catalytic efficiencies
of these enzymes enable the rapid conversion of substrate to
detectable products.’”" Using cross-linking chemistry discussed
in section 4.2.1, these metalloenzymes can be conjugated to
antibodies or nucleic acids that afford specificity for a target
biomarker.'”>'*?

The three primary enzymes used in metalloenzyme
detection conjugates rely on different metal ions for catalytic
activity. ALP possesses two Zn(II) ions and one Mg(II) ion
per enzyme monomer and hydrolyzes phosphate monoest-
ers.”’>*”? The conventional substrates for ALP in point-of-care
diagnostic applications are BCIP (5-bromo-4-chloro-3-indolyl
phosphate) and NBT (nitro blue tetrazolium), where
dephosphorylation and oxidation of BCIP allows for reduction
of yellow NBT dye to a blue/purple formazan precipitate.””"
Both HRP and catalase are heme-containing monooxygenases
that catalyze reactions with H,0,.”*7*’ HRP catalyzes the
oxidation of various organic substrates with concomitant
reduction of H,0,. Conventional HRP substrates in diagnostic
assays include DAB (3,3’-diaminobenzidine) and TMB
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(3,3’,5,5'-tetramethylbenzidine). Catalase, on the other hand,
simply catalyzes the disproportionation of H,0,.””"*’® Each
enzyme has been applied in various diagnostics for infectious
disease, canonically for spectrophotometric ELISAs.

4.3.1. ELISAs (Enzyme-Linked Immunosorbent As-
says). Metalloenzyme-antibody conjugates have been widely
implemented in ELISAs for the detection of protein
biomarkers for disease. This is due to the sensitivity afforded
by the use of enzymes for signal amplification as well as the
specificity of the antibody—antigen interactions used for
molecular recognition.””"*”*’® Despite the high sensitivities
of ELISAs, their application in POC settings is limited by
several factors:’*™*"" signal readout for ELISAs typically
requires a spectrophotometer unavailable in a primary
healthcare setting, though there are a growing number of
portable alternatives’*” (e.g., cellphones or hand-held scanners;
see section S5.1.3). ELISAs are time-consuming (~6—8 h),
demand extensive sample handling and solution manipulation,
and often require specialized training. Lastly, the lack of
thermal and long-term stability of metalloenzymes in ELISAs
can lead to suboptimal assay performance, as ELISAs are
intrinsically dependent on these metalloenzymes for signal
amplification and readout. Thus, ELISAs are usually limited to
well-equipped tertiary laboratories. To mitigate these issues,
investigators have begun to use paper as the ELISA solid
support, increasing the likelihood that these sensitive assays
could be used in resource-limited settings. Paper-based ELISAs
have been developed for detection of diagnostic markers of
HIV and malaria.”*"****** Long-term stabilization conditions
of metalloenzymes on paper have also been investigated to
maximize catalytic activity in POC settings.385_387

Paper-based ELISAs seek to address many of the issues that
inhibit the use of ELISAs in more resource-limited POC
settings. The time to result for paper-based ELISAs is ~1 h due
to the comparatively smaller volumes required when
contrasted with conventional benchtop ELISAs. These smaller
reagent volumes also s'lgniﬁcantly reduce the overall cost of
ELISAs. Cheng et al.”®" first pioneered this method for the
detection of serum antibodies against HIV-1 envelope antigen
gp41, where an ALP-antibody conjugate was utilized to turn
over BCIP/NBT substrates to purple precipitate products. The
authors used hydrophilic paper that was patterned with
hydrophobic photoresist to fabricate 96 test “wells” that were
spatially separated just as in a polystyrene 96-well plate.
Samples containing biomarker were added to the paper ELISA
card, which was placed on top of a blotting pad to enable
wicking of the reagents through the test wells. Though the
assay boasted a faster time to result and a lower cost than the
analogous conventional ELISA, the sensitivity of the paper-
based ELISA was decreased by an order of magnitude
compared to the conventional ELISA format.

Lathwal and Sikes®*’ conducted a systematic investigation of
several signal amplification methods for paper-based colori-
metric detection of malarial biomarker HRP2. To investigate
multiple metalloenzyme—substrate combinations, the same
capture antibody was immobilized on aldehyde-modified
cellulose for all experiments, and the following detection
systems were evaluated: (1) HRP with substrates DAB and
H,0,, (2) HRP with substrates TMB and H,0O,, (3) ALP with
substrates BCIP and NBT, (4) Ag deposition onto AuNPs, and
(5) polymerization-based amplification. Because all factors
(i.e, capture antibody, capture antibody loading, biomarker,
detection antibody) were held constant, the differences
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observed in each assay were presumed to be the direct result of
the signal amplification system used. Positive and negative
controls were evaluated at various time points for each signal
amplification method to determine an optimal window for
visual readout of the signal (Figure 28).3%
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Figure 28. Systematic evaluation of various signal amplification
methods for detection of malarial biomarker HRP2. Positive control
samples (shown in A) contained HRP2, whereas negative control
samples (shown in B) did not. The optimal time window for signal
readout could be determined for each method, where the positive
controls demonstrated detectable visual signal while the negative
controls showed no detectable signal. Adapted with permission from
ref 383. Copyright 2016 Royal Society of Chemistry (https://

creativecommons.org/hcenses/by—nc/S.O/legalcode).

All of the methods had an optimal time point for visual
signal readout with the exception of HRP-TMB/H,0,, which
produced significant false-positive signals and a color change
from blue to brown that was difficult to interpret. Of the 4
remaining methods, the metalloenzyme—substrate combina-
tions (HRP-DAB/H,0, and ALP-BCIP/NBT) had detection
limits an order of magnitude better than Ag deposition and
polymerization-based amgliﬁcation methods when quantified
by RGB color intensity.**> Any portable colorimetric reader,
even a cell phone, could enable the use of these highly sensitive
metalloenzyme conjugates in a primary healthcare setting.

The advantages of paper-based ELISAs are potentially
compromised by the instability of metalloenzyme conjugates,
since denaturation of metalloenzymes leads to poor turnover of
substrate and lower sensitivities.>*® For this reason, notable
research efforts have been devoted to optimizing long-term
storage of metalloenzymes, particularly HRP, for use in
microfluidic paper analytical devices (4PADs) or two-dimen-
sional paper networks (2DPNs).”*>™**” One method involves
vacuum drying or freeze-drying enzymes and substrates in the
presence of trehalose, a disaccharide often used as a
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cryoprotectant because of its capacity to stabilize the protein’s
interaction with solvents, forming a protective “glass” as it
dries.’®”*” Ramachandran et al. used a combination of
trehalose, bovine serum albumin (BSA), and FeSO,-EDTA
for vacuum drying of HRP-conjugated antibodies against
malarial biomarker HRP2 into glass fiber pads.”*” The
stabilized HRP could be stored for 5 months at 45 °C under
these conditions without a significant loss in catalytic activity.
A glass fiber pad containing all of these reagents was
incorporated into a 2DPN for detection of HRP2 with a
LOD of 6.5 ng/mL, a value well within clinically relevant
concentrations. This assay also demonstrated the utility of
metalloenzymes in paper-based POC diagnostics, providing a
signal amplification step that is rarely present in conventional
paper diagnostics (e.g, lateral flow assays). These advances in
enzyme stabilization when combined with simplified paper-
based assay formats could potentially allow for ELISA
sensitivity to be translated for direct use at the point of care.

4.3.2. Nanoparticle-Assisted Enzymatic Signal Ampli-
fication. The integration of noble metal nanoparticles has
further augmented the signal amplification capabilities of
metalloenzymes in infectious disease diagnostics. Nano-
particles have served as surfaces for the coupling of
antibody-metalloenzyme conjugates and have been imple-
mented in electrochemical sensors for detection of infectious
disease-associated protein biomarkers.””' ™***> Zheng et al.>”*
developed an amperometric immunosensor for detection of
HIV antigen p24 that employed a standard “sandwich” format.
A glassy carbon electrode was modified with gold nanoparticles
to allow for immobilization of anti-p24 capture antibodies.
HRP-conjugated anti-p24 antibodies were used for detection,
catalyzing the oxidation of substrate hydroquinone in the
presence of H,O,. The reaction generated a reductive current
at the electrode surface proportional to p24 concentration. The
detection limit of the assay was 8 pg/mL, similar to the p24
assays'*¥*** previously discussed in sections 4.1.2 and 4.2.2.
While the assay was robust to human serum samples spiked
with p24, the serum samples tested contained a p24
concentration 3 orders of magnitude higher than the
LOD.*” The currently required electrochemical workstation
would limit the assay’s application to higher level laboratories.
Nonetheless, this amperometric method demonstrated the
value of integrating noble metal nanoparticles with metal-
loenzyme conjugates for signal amplification in diagnosis of
infectious diseases.

Noble metal nanoparticles have also been utilized as
colorimetric signaling probes in ELISAs for detection of
protein biomarkers for disease.””*™**® So-called “plasmonic”
ELISAs utilize the standard “sandwich” assay format with an
immobilized capture antibody and a detection antibody that is
conjugated to a metalloenzyme. However, as opposed to using
conventional metalloenzyme substrates for colorimetric
detection, plasmonic ELISAs employ the enzyme as a kinetic
tool for nanoparticle nucleation. This causes drastic shifts in
SPR and in the absorbance spectra of the nanoparticles that are
detectable with the naked eye.*””

The plasmonic ELISA pioneered by de la Rica and
Stevens’ © utilized a catalase-conjugated detection antibody
to control the growth of AuNPs in such a manner that was
proportional to the concentration of HIV biomarker p24. In
the absence of biomarker, bulk Au(IIl) was reduced by H,0,
to form stable, spherical AuNPs that appeared red in color.
When p24 was present in a sample, the catalase-conjugated
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detection antibody was also present and catalyzed H,0,
disproportionation. The resulting decrease in H,0, concen-
tration led to kinetically slower nucleation of AuNPs, forming
aggregated AuNPs with poorly defined morphology that
appeared blue in color (Figure 29). The red-shift in the SPR
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Figure 29. (A) Principle of the plasmonic ELISA. In positive samples,
antibody-conjugated catalase depleted H,O,, causing a shift in SPR
and absorbance of AuNPs from red to blue that is proportional to p24
concentration. (B) Naked eye detection of p24. The visual data
demonstrated that the assay was specific for p24 versus a control
protein (BSA). Adapted with permission from ref 396. Copyright
2012 Springer Nature.

was highly sensitive toward H,0, concentration; thus,
depletion of H,0, with catalase that was only present in
p24-positive samples allowed for very sensitive detection of
p24 with the naked eye. The absorbance was also quantified
using a simple spectrophotometric readout, yielding a
detection limit of 1.0 ag/mL,*”° nearly 6 orders of magnitude
more sensitive than the previously discussed detection
methods for p24 antigen.'>>******> The authors also demon-
strated that the plasmonic ELISA could detect p24 in HIV-
positive serum samples, even identifying p24 in samples from
HIV-gositive patients with viral loads less than 50 copies/
mL.**® The remarkable sensitivity of this assay for naked-eye
detection of p24 provides the necessary improvement required
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for elimination campaigns and active case management. It
would permit earlier detection of p24, leading to improved
outcomes for HIV patients. The assay could be particularly
impactful for the challenges associated with early infant HIV
diagnosis in low-resource settings. The plasmonic ELISA
presented by the authors still calls for extensive sample
handling and user manipulation and is currently unsuitable to a
primary healthcare setting. Adaptation of the previously
discussed enzyme stabilization measures and integration of
the assay to a field-ready format (e.g., paper-based ELISA or
2DPN) could enable its translation to an ultrasensitive field-
ready diagnostic for HIV detection.

Metalloenzymes play a critical role for signal amplification in
a number of assays, enabling the sensitive detection of
infectious diseases. Several research efforts have been aimed
at translating the sensitivity of metalloenzyme-based assays to
formats such as paper-based diagnostics that are amenable to
resource-limited settings. Although the issue of enzyme storage
in paper has been addressed to certain extent,”*~>*” the long-
term stability of enzymes remains a concern for POC
diagnostics, especially in climates with elevated temperatures
and prevalent infectious disease. There are numerous methods
that utilize nonenzymatic means for signal amplification that
eliminate the issue of long-term enzyme storage altogether,
including nanoparticles that act as enzyme mimics and other
metal-based methods. These will be covered in the following
section.

4.4. Metal-Based Signal Amplification

While the majority of signal amplification in bioassays is
enzyme-based, several interesting metal-based amplification
strategies have been developed. These strategies include metal
nanoparticle dissolution, nanocrystal ion exchange, enzyme
mimics, and reductive nanoparticle enlargement.’”**%°~*?
Compared to enzymes, metal-based signal-amplification has
the distinct advantage of long-term storage and thermal
stability. However, many of these strategies suffer from the
following drawbacks: (1) amplification often requires addi-
tional steps to be integrated into point-of-care test workflow,
and (2) incorporation into a paper-based format can be
technically challenging. However, innovative assay design can
overcome these challenges. Integration of signal amplification
into point-of-care tests can drastically improve analytical and
diagnostic sensitivity, resulting in earlier diagnoses and
detection of low-density infections. Therefore, diagnostics
which incorporate novel and user-friendly signal amplification
steps could fill a need for elimination campaigns and
surveillance programs. This section reviews metal-based signal
amplification strategies that show promise for application to
low-resource infectious disease diagnostics.

4.4.1. Nanoparticle Dissolution and Cation Exchange.
At the heart of signal amplification is the principle that, for
each biomarker target captured in an assay, many signal-
generating elements (particles, molecules, atoms, electrons,
photons, etc.) are produced. In a typical nanoparticle-based
assay, a single nanoparticle often indicates the presence of one
biomolecule. However, a single nanoparticle is a densely
packed lattice of thousands to millions of metal atoms, each of
which, after nanoparticle dissolution or cation exchange, can be
leveraged for signal generation (Figure 30).'%%#047#%

Metal ion chelating reagents that result in chromogenic or
fluorescent signal have long been used for detection of trace
metals for a myriad of applications.”””**® Recently, Tong et
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Figure 30. Principles of signal amplification by (A) nanoparticle
dissolution and (B) nanocrystal cation exchange. Images adapted
from refs 405 and 411. Copyright 2013 and 2011, respectively,
American Chemical Society.

al.*>® exploited ferrous ion-chelating ferrozine in an iron oxide
nanoparticle-linked immunosorbent assay (ILISA). Antibody-
functionalized Wiistite (FeQO) particles were used as detection
elements in direct, competitive, indirect, and sandwich well-
plate assays. After functionalized iron-oxide particles bound to
the target, the nanocrystals were treated with acid and reducing
agents, resulting in stoichiometric conversion to ferrous ions.
Thus, thousands of Fe?* jions were released for each biomarker
present. When excess ferrozine was added, solutions changed
from transparent to purple upon chelation, with intensities
directly proportional to the iron concentration in solution.
Proof-of-concept assays detecting mouse IgG had low
picomolar detection limits, similar to assays that depend on
enzymatic signal amplification. To extend the applicability of
their amplification technology, the group also demonstrated its
use in a Western blot. By switching the chelating reagent to
potassium ferrocyanide (Prussian blue), the reagent could
easily be precipitated onto a cellulose membrane when iron
oxide particles were used as detection elements.**> While well-
plate assays are far from applicable to field settings, the ILISA
system could be translated to an aptly designed paper
diagnostic format.

Another avenue for signal amplification similar to nano-
particle dissolution is nanocrystal cation exchange, in which the
cations within a nanocrystal are place-exchanged with different
cations."”” While bulk, solid-phase cation exchange often
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requires elevated temperatures and several weeks, complete
nanoscale exchange can occur within seconds due to increased
surface area and lower energy barriers to diffusing ions.*'® For
cation exchange to be employed in a bioassay, nanocrystals
(ZnSe, ZnS, CdSe, or CuS) are first functionalized with target-
specific molecular recognition elements, such as antibodies or
aptamers, which are utilized as detection probes. Using rapid
silver ion exchange, each bound nanocrystal releases thousands
of Zn**, Cd**, or Cu®" ions. Zinc and cadmium ions are then
detectable using fluorogenic chelating reagents such as
FluoZin-3 or Rhod-SN, respectively, and Cu®** can be detected
in a chemiluminescent reaction with luminol and H,0,. These
reactions produce an amplified, stoichiometric signal and have
been employed in well-plate*®*'" and magnetic bead-
based*'*™""° immunoassays for protein**>*'"*"> and cell*'?
detection as well as rolling circle amplification for DNA/
miRNA*'">*'* detection. Despite this versatility, the cation
exchange method has yet to be applied in paper-based formats.
Similar to the ILISA example discussed previously, signal
amplification using nanocrystal cation exchange would require
a precipitating reagent for metal ion detection as well as clever
design of a paper microfluidic device.

4.4.2. Inorganic Nanoparticles as Enzyme Mimics.
Enzymatic signal amplification results in high analytical
sensitivity and is easily performed in a controlled laboratory
environment. However, as discussed in section 4.3, elevated
temperatures often lead to decreased catalytic turnover,
making it difficult to incorporate enzymatic signal amplification
into low-resource infectious disease diagnostics. In recent
years, some inorganic nanoparticles, including noble metal,
rare earth, and magnetic nanoparticles, have been found to
display surprising enzyme-like catalytic activity.”'°~*'® These
nanomaterial-based artificial enzymes, originally dubbed
“nanozymes” by Manea et al,”'” are highly stable toward a
range of temperatures and pHs and cannot be degraded by
proteases. Further, catalytic activity of inorganic nanoparticles
can be tuned with particle size, shape, coating, modification,
and composition. For these reasons, nanozymes have been
incorporated into a myriad of sensors for various applications.

In 2007, Gao et al."*’ made the surprising discovery that
magnetite (Fe;O,) nanoparticles have intrinsic peroxidase-like
activity, displaying Michaelis—Menten kinetics consistent with
a ping-pong mechanism. Fe;O, magnetic nanoparticles were
found to catalytically turn over several common horseradish
peroxidase substrates, including TMB, DAB, and o-phenyl-
enediamine (OPD), with catalytic turnover numbers equal to
or improved over horseradish peroxidase. The group
demonstrated that the particles could be used in place of
horseradish peroxidase in a traditional immunoassay and that
the magnetic properties of Fe;O, could be leveraged further to
enrich biomarkers before detection.”® As a result of this
seminal work, magnetic nanoparticles have been employed as
signal amplification elements in protein and DNA bioassays for

. . . . . . 242 L 402
a variety of infectious diseases, including Ebola,” rotavirus,
Mycoplasma 1pneumonia,421 Vibrio cholerae,"”* Chlamydia
trachomatis,*°" L. monocytogenes,423 Enterobacter sakazakii,**
and Salmonella typhimurium.*>

Beyond magnetite, several other types of nanoparticles,
includin; gold,*® platinum,*” hybrid particles,"””*~*** and
MOFs,"* have been utilized as enzyme mimics in bioassays for
targets such as respiratory syncytial virus,*” avian influenza
A,**° Salmonella, and E. coli,*' hepatitis C and HIV,"*® and
Staphylococcus aureus.””® Many of the assays that utilize
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Figure 31. Format and signal amplification strategy of the ultrasensitive HIV p24 lateral flow assay developed by Loynachan et al. Porous Pt core—
shell nanoparticles catalyzed the precipitation of CN/DAB, amplifying visual signal and resulting in improved detection limits and an ultrabroad
dynamic range. Figure adapted from ref 43S. Copyright 2018 American Chemical Society (https://pubs.acs.org/page/policy/authorchoice ccby
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indicated by arrows) enlarged to 10 um after reductive deposition of silver (right). This enhancement reaction was performed in an automated
cassette developed by Fujifilm. Figure adapted with permission from ref 439. Copyright 2011 Elsevier.

nanozymes as catalytic turnover reagents for detection are signal amplification, the test also had an ultrabroad dynamic
formatted similarly to immunoassays on the surface of well range. The advantages of the nanoparticle enzyme mimics were
plates.**>**'~*** Several groups have translated this technology directly demonstrated in a stability test in which the activities
to the lateral flow format and found that the nanozyme of lyophilized porous Pt core—shell nanocatalyst conjugate and
detection element resulted in at least 100-fold improvement in lyophilized HRP conjugates were measured over time. While
limits of detection when compared to traditional gold the enzyme conjugates lost nearly all activity after 15 days of
nanoparticle-based lateral flow strips.”*>**#*7#3L53% "gor storage at room temperature, the nanocatalysts maintained
example, Loynachan et al.”>> developed an ultrasensitive lateral 100% of their initial activity while stored at room temperature
flow assay for the detection of HIV p24 antigen using porous and nearly 80% of their initial activity while stored at 44 °C for
platinum Au@Pt core—shell nanozymes that catalyzed the up to 42 days."*> However, it should be noted that the optimal
precipitation of CN/DAB (4-chloro-1-naphthol/3,3’-diamino- HRP lyophilization and storage conditions’*”**” discussed in
benzidine tetrahydrochloride) in the presence of H,0, (Figure section 4.3.1 were not employed in this study.
31). Incorporation of this detection scheme, as well as careful To achieve such significant improvements in sensitivity
and systematic design of the affinity reagents for p24 capture using nanozymes, a wash step, a substrate addition step, and a
and detection, resulted in a lateral flow assay with femtomolar reaction quenching step were inserted into the lateral flow
detection limits, more sensitive than laboratory-based ELISA assay workflow after the initial signal development.**> These
methods and nearly 2 orders of magnitude more sensitive than additional steps make this assay and other similar diagnostics
commercially available rapid tests."> Because visual signal more difficult to perform in the field. Redesigned paper devices
varied linearly with concentration before and after catalytic or automated lateral flow cassettes could simplify this workflow
1487 DOI: 10.1021/acs.chemrev.8b00136
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and allow for application of nanozymes in field settings,
providing much-needed signal amplification and improved
sensitivity for low-resource infectious disease diagnostics.

4.4.3. Reductive Nanoparticle Enlargement. The use
of gold nanoparticles as detection elements in commercially
available lateral flow assays is ubiquitous.**® Particles used in
these assays are typically 15—50 nm and can be detected either
visually (without optical equipment) or using simple hand-held
readers.'””*"”*7 Often, the detection limits of these assays are
not low enough to diagnose low-density infections. One simple
solution for improving sensitivity is chemically enlarging the
particles, making them more visually intense. In this process, a
lateral flow assay is run in the typical manner such that, if the
antigen is present, a gold nanoparticle-containing sandwich
complex is formed at the test line. Next, an enhancement
solution consisting of a molecular precursor and reducing
agent is added to the test. The gold nanoparticles at the test
and control lines serve as nucleation sites for solid metal
deposition. The most common format for particle enlarge-
ment, silver enhancement, is based on 19th-century photo-
graphic techniques and involves the reduction of silver ions
(e.g, silver nitrate) to silver metal on the surface of gold
particles in an acidic buffered solution containing hydro-
quinone.”*® This process is similar to the seeded-growth
nanoparticle synthesis method and can result in particles from
hundreds of nanometers to several micrometers in diameter
(Figure 32).439

Because silver enhancement found its first biological
application in tissue staining in 1935,"*" there are many
commercially available silver enhancement solutions desig-
nated for microscopy applications (Sigma, Thermo, Ted Pella,
Nano, etc.). The first application of silver enhancement to
paper diagnostics was in 1991 when Horton et al.**' developed
a proof-of-concept lateral flow assay for the detection of mouse
IgG and demonstrated that silver treatment resulted in a 100-
fold improvement in detection limits. Since then, silver
enhancement has successfully improved the detection of
many infectious diseases by several orders of magnitude,
including influenza,®**** HIV,**® malaria,***™** Y. pestis,450
and E. coli.*!
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One of the drawbacks to silver enhancement on lateral flow
assays is that it must be performed after the test has completed
its initial development. Increasing the total number of steps
required reduces the likelihood that the test could be applied
in the field. For example, one group™’ found that silver
enhancement improved the detection limits of their Y. pestis
test 1000-fold. In order to take advantage of this impressive
enhancement, the authors allowed the gold test to develop as
usual, washed the strip three times, submerged it into
enhancing reagents for S min, and then stopped the reaction
with sodium thiosulfate. This procedure is feasible in a district
hospital or even a local health outpost with minimal resources,
and the enhanced assay would be a true asset in these settings
should a plague pandemic occur. However, the additional steps
required for signal amplification make POC application in a
low-resource field setting unlikely.

For this reason, some groups who employ a silver
enhancement step in their paper diagnostic assays have
moved away from the traditional lateral flow assay format
and toward alternative formats that allow for automated
delivery of silver enhancement reagents to the test line.
Fujifilm**”*>* applied their expertise in photo technology to
develop a benchtop workstation that automated silver
enhancement for influenza rapid diagnostic tests. In this
format, a user added the sample to a lateral flow cartridge that
contained all reagents necessary for test washing and silver
enhancement. The cartridge was inserted into the benchtop
workstation, which released the solutions in a timed,
automated manner and provided a quantitative readout of
the strip after test development was completed. Despite the
fact that the instrument greatly simplified the assay protocol
for the user, the requirement of a reliable source of electricity
greatly inhibits its application to a field setting.

Recently, the Yager and Fu groups have designed 2DPNs
that rely on unique paper geometry or embedded paper-fluidic
valves to enable programmed, electricity-free delivery of silver
enhancement reagents to the assay test line,"**~#%453454
These 2DPNs simply require the addition of sample and buffer
to pads that have been preloaded with assay reagents,
mirroring the same number of steps required to run a
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traditional lateral flow assay. The unique physical structures of
2DPNs allow for precisely timed delivery of sample, then gold
conjugate, and finally silver enhancement reagents to the test
line. Similarly, Cho et al.**> developed a cross-flow
chromatography system, in which silver enhancement reagents
were embedded into paper and then rehydrated after the lateral
flow assay developed. The enhancement reagents flowed
perpendicular to the initial immunochromatographic test
over the test and control lines. These creative approaches to
redesigning the lateral flow assay make silver enhancement the
most field-deployable metal-based signal amplification strategy
to date, although large-scale manufacturing requirements must
be considered to determine the scalability of such test designs.

Finally, it should be noted that while silver enhancement on
gold particles is most common, other metals have been used
for reductive nanoparticle enlargement for lateral flow
enhancement. Gold has been deposited onto gold and silver
nanoparticles,"****°~** and silver onto silver and platinum
nanoparticles.””” While there are many other examples of
solution and microfluidic assays employing reductive nano-
particle enlargement for visual and electrochemical signal
amplification, these formats are less conducive to low-resource
disease diagnosis.”"**"*%°

4.4.4. Bio-Barcodes. The amplification methods discussed
thus far increase the number of signaling elements after the
initial assay has developed, requiring additional steps post hoc.
Another amplification strategy is to generate a greater number
of detectable molecules midassay, thereby increasing the
downstream signal output of the assay. In 2002, the Mirkin
group*®" demonstrated that protein biomarker targets could be
detected indirectly in a highly sensitive manner by employing
gold nanoparticles functionalized with DNA tags. In this
strategy, magnetic microparticles functionalized with target-
specific antibodies were added to a biological sample. After
biomarker capture, the supernatant was removed and
intermediate detection elements were added to the particles.
These detection elements consisted of gold nanoparticles
functionalized with a low density of target-specific antibodies
and a very high density of double-stranded barcode DNA.
Using an external magnet, the gold nanoparticles that bound
the target were separated, and then the barcode DNA was
dehybridized and detected downstream (Figure 33).%2
Because the number of barcode tags was much higher than
the number of captured biomarkers, the resulting signal was
amplified when compared to a direct detection method. One
powerful advantage of this modular assay format is it could be
easily multiplexed, with distinct barcode tags for each target of
interest.*”> Further, while the biobarcode method was initially
applied to the detection of proteins, it has also been applied to
nucleic acid detection. Simply replacing the biomarker-specific
antibodies with DNA complementary to the nucleic acid target
allows for detection of DNA or RNA targets with PCR-like
sensitivity.464

Since its development, the biobarcode assay format has been
utilized for the detection of infectious diseases such as hepatitis
B,*®® hepatitis C,*°>*%® variola virus,*®> Ebola,*?
HIV,*63474%8 B anthracis,*** and Salmonella,*® as well as
C-reactive protein*’® and a variety of cytokines."”"*’* Despite
its promise for sensitive detection, the biobarcode assay format
suffers from two major drawbacks: (1) the high number of user
steps required before the barcode tags are released for
detection makes it extremely difficult to adapt to a low-
resource format, and (2) low-resource detection of the nucleic
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acid tags remains a challenge. Initial detection strategies for the
biobarcode assay were scanometric; the barcode tags were
detected in a sandwich hybridization assay on the surface of a
glass slide, with gold nanoparticles as the detection elements.
Signal was further enhanced using reductive silver deposition
before the slides were evaluated usinG% image analy-
sis. Y01 7464467473 Nethods such as PCR,**%*® mass spectrom-
etry,"”* and electrical detection® have been employed to
detect the barcode tags as well. Nam et al.**"*7> developed a
colorimetric assay in which the released gold nanoparticle
biobarcode tags were introduced to a second solution of gold
nanoparticles functionalized with single-stranded DNA com-
plementary to the tags. The hybridization of the biobarcode
tags with complementary DNA resulted in aggregation of the
two gold nanoparticle-DNA conjugates, yielding a detectable
color change. None of these detection methods can be
employed in a field setting; however, it is not difficult to
imagine developing a hybridization-based lateral flow assay for
barcode tag detection or functionalizing the tags themselves
with moieties such as biotin or a FLAG peptide that could
make them readily detectable in a paper diagnostic format.

As is evidenced by sections 4.3 and 4.4, significant advances
have been made in developing metalloenzyme- and metal
nanoparticle-based signal amplification strategies for infectious
disease diagnosis. However, even with the advancements in
metalloenzyme stabilization and highly stable nanoparticle-
based approaches, POC assays utilizing signal amplification are
still scarce. Most of the assays discussed, even those that
employ paper substrates or lateral flow formats, require too
many user steps before the signal is generated. Future work
that minimizes user steps, for instance, through use of 2DPNs
or vertical flow assay formats, will be critical in translating these
signal amplification strategies from laboratory tests to assays
that can be run at a primary healthcare facility. Moreover, most
of the assays discussed in sections 4.3 and 4.4 were also heavily
reliant on benchtop, laboratory-based instrumentation for
signal readout. The next section will discuss the various types
of field-deployable instrumentation that have been developed
in an effort to bring quantitative and sensitive assays, such as
those discussed in section 4, to low-resource settings.

5. POINT-OF-CARE INSTRUMENTATION

Traditionally, point-of-care diagnostics such as lateral flow
assays have delivered qualitative visual results. Although this
simplicity is advantageous in the field, the diagnostic sensitivity
and specificity can suffer from subjective interpretation and
user bias errors. Quantitative measurements mitigate these
factors, avoiding the data loss associated with qualitative tests
and providing insight into important variables such as infection
intensities and biomarker expression patterns. In an elimi-
nation setting, these parameters allow for robust epidemio-
logical studies into transmission dynamics and intervention
efficacy. Novel detection strategies that offer highly sensitive
and quantitative results, including many of those outlined in
section 4, require instrumentation for signal readout. As a
result, the development of appropriate and simple instrumen-
tation will likely become an integral part of the application of
diagnostic technologies in low-resource settings.
Incorporation of detection devices into point-of-care
diagnostics effectively eliminates the possibility of “equip-
ment-free” tests (E in ASSURED criteria) and reduces the
“affordable” nature of simple tests (A in ASSURED criteria)."?
However, the potential benefits of instrumentation, including
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Advancement of Science.

improved sensitivity and reduced bias, will outweigh these
disadvantages in many use-case scenarios, and the overall cost
of instrumentation per test can be reduced when a device is
used to evaluate many tests over time. Additionally, many
instruments incorporate common consumer electronic devices,
such as mobile phones and smart phones, thereby reducing the
equipment burden. This section outlines some of the devices
developed for point-of-care infectious disease diagnosis. Table
3 is included at the beginning of section S to highlight selected
examples of point-of-care instrumentation.

5.1. Optical Imaging and Measurements

A vast majority of the metal-based probes and nanoparticles
highlighted in section 4 produce optical signals such as
absorbance, fluorescence, or phosphorescence. As a result, a
diverse array of instrumentation has been developed to
facilitate assay readout for imaging and quantitative purposes.
This section provides an overview of efforts to develop
portable, affordable, and sensitive instruments for optical
detection in low-resource settings.

5.1.1. Microscopy. Conventional microscopy remains the
gold standard diagnostic technique for many infectious
diseases, including malaria, tuberculosis, schistosomiasis, and
intestinal protozoa.”’”> To detect these diseases, a variety of
microscopic techniques, such as bright field, dark field, and
fluorescence microscopy, are used for direct inspection of
stained or unstained smears (blood, sputum, urine, etc.). While
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microscopy can be a useful diagnostic tool, results depend
strongly on infection intensities, sample preéparation methods,
and the training level of the microscopist.””® These challenges
lead to variability that reduces the utility of microscopy-based
diagnosis in field settings, especially in low-transmission areas.
Additionally, microscope instrumentation can be expensive and
bulky. To address these drawbacks, many groups are
developing portable, affordable, and easy-to-use microscopy
tools suitable for low-resource settings.

One approach to bringing laboratory-based microscopy tools
to low-resource settings involves building simple, portable,
and/or miniature microscopes from low-cost materials. While
this solution does not address some of the primary
disadvantages of microscopy as a POC diagnostic (i.e., the
need for skilled microscopists and sample preparation
requirements), it does allow for conventional microscope
platforms to be deployed in difficult settings at low cost. Such
devices typically replace high-energy, expensive light sources
with LEDs, reducing the expense and power required for
illumination in addition to increasing the light source
lifetime.*”” Structural components of these microscopes are
often three-dimensionally (3D) printed,””’~**" and affordable
plastic or hybrid lenses and fiber optics can replace expensive
and delicate glass lenses.*””~*"2**!=%%% Eor example, Miller et
al.**%*%> developed a portable, low-cost ($240 USD), LED-
based fluorescent microscope (Global Focus microscope)
weighing just 1 kg and powered by two AA batteries (Figure
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34A). The diagnostic utility of the microscope was
demonstrated in a small field trial for detection of M.
tuberculosis. ' When samples were evaluated as positive or
negative for M. tuberculosis, results from the Global Focus
microscope and a laboratory-grade fluorescence microscope
were in agreement for 98.4% of cases.*® Many similarly
portable and lightweight microscopes have been developed,
including tomographic,482 holographic,483 wide-field,"** and
fluorescence™” microscopes, some impressively weighing in at
less than 200 g.*"”***7*** These microscopes have been
applied not only to the detection of tuberculosis**”**>**® but
also to malaria,*®' soil-transmitted helminths,™’ schistosomia-
sis,*” and Hymenolepis nana.*®

The Foldscope is an example of a low-resource microscope
that most embodies the ASSURED criteria."*® Assembled
using the principles of origami, the Foldscope is constructed
from flat paper, copper tape, a button-cell battery, an LED,
polymer filters, and a ball lens (Figure 34B). The entire device
costs less than $1, can achieve magnification up to 2180X, and
was shown to be capable of detecting Giardia lamblia,
Leishmania donovani, Trypanosoma cruzi, E. coli, and
Schistosoma hematobium eggs.**® Despite these accomplish-
ments, when the Foldscope was applied to S. hematobium
detection in a field setting, the diagnostic sensitivity was just
55.9% when compared to conventional light microscopy."
This limited sensitivity was likely a result of challenges with
physical manipulation of the Foldscope when integrated with a
smartphone display. In other words, the Foldscope failed to
satisfy the “U” for user-friendly in the ASSURED criteria for
this particular use-case. This example demonstrates the
importance of rigorous field evaluation of novel diagnostic
devices and indicates that improvements to the Foldscope
must be made before implementation for case management.

Recently, mobile phone-based microscopy has emerged as a
potential alternative to conventional microscopes for infectious
disease diagnostics. Phone-based bright-field, fluorescence, and
dark-field microscopy devices have been developed, often
employing compact, pocket-sized attachments (Figure
34C)."° These devices have been applied to the detection
of a myriad of infectious diseases, including malaria, 1492
tuberculosis,"”> schistosomiasis,"””*** human papillomavirus
(HPV),** soil-transmitted helminths,**® filarial diseases,*””**
and intestinal protozoa.*”**”” Repurposing mobile phones is
advantageous due to their widespread adoption and growing
connectivity in low-resource settings. Additionally, the
acquisition of digital images could allow for image-processing
(locally or remotely), automated diagnoses, and near real-time
data transmission. These advantages, coupled with disease-
specific software applications, could potentially decrease the
user variability typically associated with microscopy, improving
case management and epidemiological studies.

One example that leverages these advantages is the
LoaScoge, developed by the Fletcher group (Figure
34D).*%*"7%% The LoaScope is a smartphone-based device
that combines video microscopy and automated software with
onboard quantitative detection based on the movements of
filarial parasite Loa loa in whole blood. An application
downloaded to the smartphone is used for stage control,
video capture, image analysis, and data reporting of
quantitative L. loa microfilaria densities. Detection of L. loa
is important because high levels of microfilariae are associated
with potentially fatal adverse events after treatment with
ivermectin, a drug frequently used in mass drug administration
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efforts against onchocerciasis and lymphatic filariasis (LF).
These adverse events have led to the suspension of mass drug
administration campaigns and subsequent major setbacks in
onchocerciasis and LF elimination efforts. Rapid, point-of-care
measurement of L. loa infection intensity could allow for these
elimination campaigns to resume.

This device was validated in a field setting and yielded
results similar to those of thick smears.*” It was then applied
in a large-scale (16,259 participants) test-and-not-treat
approach for onchocerciasis in an area with high prevalence
that had not participated in mass drug administration
campaigns since 1999 due to the prevalence of L. loa.*”®
Each patient was screened for L. loa burden using the
LoaScope, and those with high counts were not given
ivermectin but were treated for L. loa with albendazole. This
is a striking example of mobile phone-based microscopy in the
field; all LoaScope measurements were performed by operators
with only one hour of training, and the application-specific
software significantly decreased the probability of user error by
eliminating the need for subjective interpretation of results. In
total, the LoaScope enabled ivermectin delivery to 15522
participants that otherwise would not have received treatment
for onchocerciasis, demonstrating the incredible impact mobile
phone microscopy can have when applied to detection of
infectious diseases.”””

Despite the fact that many mobile phone-based microscopes
lack the analytical and diagnostic sensitivity of conventional
microscopes, the LoaScope is an excellent demonstration that
mobile phone microscopy can be highly impactful if applied in
an appropriate use-case scenario. Because this particular study
focused on identifying patients with very high L. loa burdens, it
is unclear to what extent this device could detect low-burden
infections. Generalization of this technology to other filarial
diseases will also require further study. Additionally, potential
interference from other filarial parasites needs to be studied. As
work continues in the field of low-resource microscopy, it will
be important to develop new tools with specific use-case
scenarios in mind. One potential avenue for application-based
innovation involves development of low-resource sample
preparation methods coupled with novel probes, such as the
inorganic complexes and nanoparticles discussed in section 4.

5.1.2. Lateral Flow Analysis. While much progress has
been made in the development of rugged, field-applicable
microscopy devices, lateral flow assays currently remain the
most field-friendly format for infectious disease diagnosis.
However, the simple, direct visual readout of lateral flow
assays, often cited as one of the primary advantages of this
format, is also considered its Achilles heel; difficulties in
interpretation resulting from visual impairment and operator
bias can result in user-to-user variation. After tests are
interpreted, maintaining accurate records and communicating
test results to local and national health organizations remain
substantial challenges. To overcome these challenges, a
number of optical readers have been developed and
commercialized to provide rapid, objective, and quantitative
measurements of signal on lateral flow assays. The underlying
instrumentation within these readers can generally be grouped
into two categories: (1) optomechanical scanning and (2)
imaging.

For scanning readers, the primary optical components
include a light source (LED or laser) and photodiode.””!
The specifications of these components are tailored to the
specific detection element used in a particular assay. Light

DOI: 10.1021/acs.chemrev.8b00136
Chem. Rev. 2019, 119, 1456—1518


http://dx.doi.org/10.1021/acs.chemrev.8b00136

Chemical Reviews

-

HRP2.01.20161231
[E—'

- Module

- Quiet Zone
Positioning Pattern

- Timing Pattern
Error Correction

TE  4:43PM 7 0 100% -

Q-beRDT

40 mm

Direction
of flow

> Test Type: HRP2 Image
———> Lot Number: 01
Expiration Date: 12/31/2016
19 mm
Sample ID: 50 nM (1)
Test Type: HRP2

Test Signal: 0.3916

o —7 3
EEEC Y ) e o
piiey -;‘ \ Exp. Date: 20161231
el REDCap Connection: [
—— REDCap Record ID: 22

Upload To REDCap

Figure 35. Devices for reading lateral flow assays. (A) The ESEQuant reader scans lateral flow assays with a confocal optics setup. Image adapted
with permission from ref 313. Copyright 2013 Elsevier. (B) The Deki ReaderTM for imaging lateral flow assays. Image adapted with permission
from ref 507. Copyright 2013 BioMed Central Ltd. (https://creativecommons.org/licenses/by/2.0/legalcode) (C) Barcode-embedded lateral flow
assays enable facile data aggregation and communication. Figure adapted with permission from ref 513. Copyright 2017 Royal Society of

Chemistry.

source power and wavelength are determined by the
absorbance or excitation wavelength of the labels employed
in each specific test. The light source is rastered along the
lateral flow strip, and a photodiode then detects reflectance or
emission, depending on whether colorimetric or fluorescent
labels are used. Measurements are typically recorded with
millivolt (mV) units, though biomarker concentration can be
obtained if a calibration curve is established. When colored
particles are present at the control and test lines, they absorb
incident light, resulting in a quantifiable decrease in reflectance.
For fluorescent labels, the intensity of emitted light increases as
the light source passes over the control and test lines.

Optics are configured in either a specular or confocal
arrangement.”’’ In the specular arrangement, which is
primarily used for colorimetric labels, the photodiode is
positioned such that it collects light that is reflected from the
test at the same angle as the incident light from the source.
Confocal scanning systems can be used to measure reflectance
or fluorescence. In this case, incident light is focused to a point
on the lateral flow strip, and the photodiode is placed above
this focal point. Light returning from the strip, whether
reflected or emitted, passes through an aperture that excludes
rays that were not directly from the focal point, eliminating
background scattering.’®” In the case of fluorescent labels, a
dichroic mirror or filter is often placed before the aperture.
Both specular and confocal scanning configurations are
sensitive to the z position of the lateral flow strip. In the
specular arrangement, any small deviation along the z axis can
result in the reflected light completely missing the photodiode
due to misalignment. Confocal systems are slightly more
tolerant to small variations along the z axis, depending on the
size of the pinhole aperture. However, even slight variations off
the focal plane can drastically decrease the number of photons
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reaching the photodiode, altering the quantitative output.
Another challenge associated with confocal and some specular
opto-mechanical scanning strip readers is that a point of
incident light only covers 10—20% of the test and control
lines.>*® This is especially problematic if the concentration of
particles varies along the test or control line due to improper
flow or manufacturing variations.

Despite these challenges, scanning systems are advantageous
due to their low cost and relative simplicity. One of the most
widely used commercial systems is the ESEQuant line of lateral
flow readers manufactured by Qiagen, Inc. (Figure 35A).%%
Qiagen offers customization of optics for colorimetric,
fluorescent, chemiluminescent, and upconverting phosphor
labels. The user should take into account that these systems
often vary in sensitivity. As a general rule, smaller portable
systems rarely perform as well as their benchtop counterparts.
For example, van Dam et al’"’ found that the portable
commercial reader, the UCP-Quant (Qiagen), was at least an
order of magnitude less sensitive than a custom-modified
benchtop reader for evaluating upconverting phosphor-based
schistosomiasis lateral flow assays. Consequently, selecting a
scanning lateral flow strip reader for a particular application
requires consideration of both portability and sensitivity.

Imaging-based lateral flow readers greatly reduce the optical
equipment required for quantifying lateral flow assays. These
systems produce a picture record of a lateral flow assay using a
charge coupled device (CCD) or complementary metal-oxide-
semiconductor (CMOS) detector and rely on image
processing software to detect and/or quantify the intensity of
the test line.””’ Benefits of this format include the ability to
store test images alongside patient records and a lack of
moving parts, making imaging-based readers more robust to
field conditions. Further, image analysis software can identify
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and correct for nonuniform signal, allowing for analysis of the
full test line. Imaging-based readers can be used for detection
of colorimetric and fluorescent labels. In the latter case,
hardware for excitation is required, and filters can be added to
improve image quality. Since test position and illumination can
affect image analysis, many camera-based lateral flow readers
include housing units for run-to-run consistency. Commercial
lateral flow imaging devices include the Deki Reader (Fio),
AX-2X (Axxin Inc.), SkanSmart (Skannex), and the RDS-2500
PRO (Detekt Biomedical LLC) (Figure 35B).°%*7% These
devices have been used for quantification of malaria,”*” "
dengue,sog Burkholderia psemiomallei,509 and Y. pCSti5509 lateral
flow assays, and some, such as the Deki Reader, have been
tested extensively in the field.>"’ "

Image-based lateral flow quantification translates well to
mobile phone technology, especially as smartphone camera
quality improves. Mobile phones have been used to quantify
lateral flow assays for numerous diseases, including ma-
laria,*" ' ~>'* HIV,>"" and tuberculosis.’’' Similar to commer-
cially available imaging-based readers, many of these studies
required external devices to ensure consistent illumination and
distance from the camera in order to maintain consistent image
analysis. Recently, Scherr et al. developed a lateral flow imaging
platform using an unmodified mobile phone as the only
hardware.”'> Relying only on software for image analysis,
lateral flow images were captured under ambient lighting
conditions. The images were sent to a secure web database
(REDCap) and analyzed using a MATLAB-based algorithm.
Quantitative results were sent back to REDCap and delivered
to the phone in real time. This software-based imaging
platform was tolerant to moderate variations in test
orientation, distance, and illumination, making data collection
as easy as taking a cell phone picture. When compared to the
scanning ESEQuant lateral flow reader, this processing
platform was found to have improved detection limits.
Additionally, the algorithm reliably worked for camera
resolutions between 0.5 and 8 megapixels, suggesting that
any modern mobile phone camera could capture images with
sufficient quality for the image processing software to work.”'*

As mobile phones are incorporated into low-resource
diagnostic workflows, it is important to ask whether the
conventional lateral flow format can be redesigned to take full
advantage of potential benefits smartphones can offer. In other
words, what changes can be made to the diagnostic test format
that maintain the simplicity of lateral flow assays but will
enable improved quantification, communication, and aggrega-
tion of test results? One option is to embed quick response
(QR) codes into the lateral flow test. This idea has been
approached in a number of ways, including placing stickers on
lateral flow tests and adding a transparent overlay in which the
test and control lines become part of the QR code.”' "> In
these formats, the embedded barcode is either static, providing
useful information about the brand, lot, and patient ID, or
dynamic, producing a positive/negative read-out. Scherr et al.
developed a novel platform in which the control line of the
lateral flow assay was replaced with a control grid patterned in
the shape of a QR code (Figure 35C).°"> The QR code
functioned as a flow control, appearing on both positive and
negative tests, but not invalid tests. The QR codes also
triggered data analysis and enabled corrections for lighting
effects. When scanned, manufacturing details were quickly and
easily accessed at the same time as the test line was
quantified.”" Tt is not difficult to imagine the impact such a
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test format could have when combined with the data
communication and aggregation abilities of smartphones.
Epidemiological and surveillance studies could account for
variables that are not even currently considered in most
studies, such as manufacturing batch-to-batch variation.
Geographic data could also be coupled to specific rapid tests.

As tools for automated reading of lateral flow assays become
more prevalent, establishing standards for consistent reporting
and data management will be important. Just like with the
lateral flow assays themselves, test-reading instrumentation will
need to be validated to ensure proper and consistent biomarker
quantification across different devices and test brands.
Although optical lateral flow readers may detect test lines
invisible to the human eye, readers alone will not replace the
need for ultrasensitive lateral flow tests.

5.1.3. Other Smartphone-Enabled Optical Measure-
ments. Mobile phones have been adapted for optical
measurements beyond lateral flow quantification. One example
is the mobile phone-based, hand-held microplate reader
developed by Berg et al.”®* This device consists of a 3D-
printed attachment in which an LED array illuminates each
well, and the transmitted light is collected via 96 individual
optical fibers. Results are visualized and delivered to the user in
one minute within a custom mobile phone app. The device was
shown to be more than 98% accurate for immunoassays
detecting mumps IgG, measles IgG, and herpes simplex virus
IgG (HSV-1 and HSV-2) when compared to an FDA-approved
clinical spectrophotometer.”®> While microplate-based immu-
noassays are not feasible in a field setting, this device could
make a true impact in resource-limited clinics as an excellent
alternative to traditional bulky and expensive spectrophotom-
eters. Additionally, because the device is attached to a mobile
phone, it offers the potential to rapidly communicate and
aggregate results, further enabling large-scale epidemiological
studies.

Mobile phone attachments for other optical detection
modalities have been developed as well. In one exciting
example, Long et al.*'® developed the TRI-Analyzer, a trimodal
smartphone attachment capable of measuring transmission,
reflection, and emission intensities. This multifunctional device
leveraged white light from the smartphone’s rear-facing flash
LED or an integrated green laser diode for sample illumination
via optical fibers. The optical fibers collected light transmitted
through or emitted from the sample or light reflected from a
photonic crystal biosensor. This collected light was then
collimated and focused before being dispersed by the
diffraction grating onto the smartphone CMOS sensor. The
intensity at each wavelength was determined by the integration
of pixel intensity at the corresponding position along the
sensor. This clever detection strategy allowed for full
absorbance and emission spectra to be collected with a simple
smartphone-based device. In two proof-of-concept assays, the
developed device could detect analytes at lower concentrations
than those detected using conventional laboratory instrumen-
tation, indicating that the miniaturization of the technology did
not result in a trade-off of sensitivity.”'® Thus, this trimodal
smartphone attachment enables quantitative laboratory-quality
optical measurements at one’s fingertips. Similarly formatted
mobile phone-based spectrophotometers,””*'® surface plas-
mon resonance sensors,” ~ - and flow cytometers®>>*** have
also been developed. The miniaturization and decrease in cost
associated with these smartphone-enabled tools will make
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laboratory techniques possible that would otherwise be
inaccessible in low-resource settings.

5.2. Thermal Readers

Noble metal nanoparticles have extremely high molar
absorptivities, making them ideal visual labels for lateral flow
assays. This intense absorbance occurs when particles are
excited with light that matches the resonant oscillation of their
free electrons. As these electrons relax down to the ground
state, they release energy in the form of heat to the
surroundings.”** The amount of heat generated is equal to
the product of the number of noble metal nanoparticles, the
cross-sectional area of the nanoparticles, and the intensity of
the incident light.”** Recently, Bischof’s group took advantage
of these unique thermophysical properties to develop a novel
method for lateral flow quantification based on the thermal
contrast of gold nanoparticles.”>*™">° In this method, a high-
powered green laser was used to excite the gold nanoparticles,
and an infrared-detecting camera was employed to measure the
resulting thermal contrast. An early benchtop prototype of the
device demonstrated a 32-fold improvement in detection limits
of an FDA approved lateral flow assay for cryptococcal capsular
polysaccharide glucuronoxylomannan antigen (CrAg).’** CrAg
is a biomarker for cryptococcal infections, which are
opportunistic fungal infections that are among the leading
causes of death for patients with AIDS and a common cause of
adult meningitis in sub-Saharan Africa.’®> The thermal
contrast-coupled CrAg lateral flow assay was further validated
in a second study, displayi 8 92% accuracy in quantifying CrAg
levels in patient samples.>”

After successful validation of their prototype device, the
group developed a reader that incorporated a green laser,
infrared camera, and automated control system into a
benchtop box device (Figure 36).°*° The study demonstrated
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Figure 36. Thermal contrast reader. Figure adapted from ref 526.
Copyright 2016 American Chemical Society.

the utility and versatility of thermal contrast as a method for
quantification of lateral flow assays from a variety of vendors
and for multiple diseases. An 8-fold improvement in detection
threshold compared to visual inspection was found for lateral
flow assays for influenza (BD Veritor), malaria (First
Response, SD BIOLINE, and ParaHIT), and Clostridium
difficile (RIDAQUICK).526 In a separate study, the group
found that this enhancement factor was greater as nanoparticle
size increased, suggesting that redesign of lateral flow assays
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could further improve test sensitivity using a thermal contrast
reader.”**

While thermal contrast represents a unique and versatile
method for lateral flow quantification, several issues must be
addressed before large-scale implementation. These include
cost, portability, and background signal reduction from
biological interferences such as blood. Additionally, nitro-
cellulose membranes are highly flammable; while it does not
appear that full strip ignition has occurred in the currently
published studies, visible burn marks along the nitrocellulose
membrane®” suggest that safety studies to determine the
limits of the thermal contrast system should be undertaken
before widespread implementation. Nevertheless, thermal
contrast represents a highly sensitive and promising tool for
lateral flow quantification.

5.3. Surface-Enhanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) is a highly
sensitive vibrational spectroscopy technique for structure-
based analyte detection. In this technique, excited localized
surface plasmons, typically from noble metal (e.g, gold and
silver) substrates with nanoscale features, generate amplified
electromagnetic fields, enhancing the inelastic Raman scatter-
ing signals of analytes of interest up to 10' times.””’
Instrumentation for SERS detection requires a high-powered
laser excitation source, which is typically tuned according to
the resonant frequency of the plasmonic substrate. After
excitation, filters are used to exclude elastic Rayleigh scatterin:

allowing only Raman-scattered light to reach the detector.”

The high sensitivity of SERS makes it an attractive detection
platform for infectious disease diagnostics, particularly for the
detection of low-density infections. Many laboratory-based
bioassays for protein, nucleic acid, and whole-cell biomarkers
that leverage SERS detection have been developed for a myriad
of infectious diseases.”***'7>*° These assays are generally
either performed on the surface of particles in solution or on a
bulk solid substrate. Detection elements typically consist of
nanoparticles functionalized with Raman reporter molecules
and target-specific molecular recognition elements.””” Once a
complex is formed, the nanoparticles provide the plasmonic
surface for Raman signal enhancement of the reporter
molecule. Nanoparticles are typically gold, silver, or Au@Ag
particles and come in a variety of shapes that provide
optimized signal enhancement.””” Small-molecule Raman
reporters, such as 4-mercaptobenzoic acid, malachite green,
and 4-aminothiophenol, are often employed because bio-
molecule targets typically have complex vibrational signatures
and are frequently too far away from the plasmonic surface for
sensitive detection and identification.”*”

The bulky nature and resource requirements of SERS
detection remain its primary barrier to implementation in
point-of-care settings. Several hand-held Raman spectrometers
have been developed and commercialized, including the
FirstDefender (ThermoFisher Scientific, Inc.),>****’ Nano-
Ram (B&W Tek),”****' and Progeny (Rigaku Corp.). These
devices are advertised for identification of unknown substances
in forensic, environmental, military, and first-response contexts
and for quality control in industrial settings. While many
studies that utilize SERS-based detection for infectious disease
biomarkers suggest that these commercially available portable
devices could be utilized for analysis of a SERS-based lateral
flow assay, none of the studies have actually implemented a
hand-held device.”**™>*" Accordingly, it is unknown whether
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such devices have sufficient sensitivity or spatial resolution to
use effectively with low-resource diagnostics. These parame-
ters, along with cost analysis, should be studied to determine
whether current commercial devices could be implemented.

5.4. Magnetic Detection

Magnetic nanoparticles possess advantages over optical lateral
flow labels because their signal is rarely hindered by test
opacity or biological interferents. A detailed discussion of these
qualities as well as examples of specific assays that employ
magnetic nanoparticles are provided in section 4.2.6. Here, we
discuss instrumentation required for magnetic particle
detection.

There are a variety of methods for detecting paramagnetic
and superparamagnetic nanoparticles on lateral flow assays
based on either the inductive effect or magnetoresistance. For
example, MagnaBioSciences (USA) has developed an
induction-based device that has been used extensively in the
literature for detection of infectious diseases such as
anthrax,*°**%” T. solium,>** HIV,>°**°! V. parahen1olyticus,364
and L. monocytogenes.”®® In this format, the lateral flow assay is
placed inside an oscillating magnetic field on a set of induction
coils, and the instrument measures the induced electromotive
force (V) on the coils. Assays quantified by this technology
generally had a greater sensitivity compared to visual detection
of iron oxide particles.”*® While the current iteration of the
MagnaBioSciences reader is a relatively large benchtop device
that is unsuitable for use in low-resource settings, a more
portable version is being developed.”*”**” Other companies,
such as Magnasense (Finland) and Magnisense (France), have
developed portable, hand-held devices based on inductive
detection of paramagnetic particles, though these devices have
not been as extensively tested in the literature.

Several groups have developed lateral flow assay readers
using magnetoresistive sensors. These devices are based on the
principle that the electrical resistance of certain materials,
which are incorporated in the sensors, can change upon
application of an external magnetic field.”*" There are several
types of sensors based on magnetoresistance, but the most
common are giant magnetoresistive (GMR) sensors, which
were once used in the reading heads for hard disk drives.”’
When applied to lateral flow assays, GMR sensors are placed in
close proximity to the test and control lines, and an external
magnetic field is applied to the test. This external field aligns
the magnetic moments of paramagnetic or superparamagnetic
lateral flow detection reporters. This alignment then produces
a fringe field that is detectable by a change in resistance when a
constant current is applied across the GMR sensor.””'
Magnetoresistive sensors have been applied extensively by
researchers to the detection of magnetic particle labels on
lateral flow assays; however, most have been proof-of-principle
studies using imitative lateral flow assays or tests for
biomarkers such as hCG, cardiac troponin 1, and IFN-
357552855

The high sensitivity of magnetic detection on lateral flow
assays makes this technique attractive for infectious disease
diagnosis. While magnetic detection necessitates instrumenta-
tion for result readout, iron-containing magnetic nanoparticles
also have the added advantage of being highly absorbent visual
labels.”*” Thus, magnetic nanoparticles can potentially be
applied to different use-case scenarios with differing sensitivity
requirements. In a use-case scenario such as morbidity control,
where it is most important to identify high-intensity infections
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in the field, the visual detection of magnetic particles would be
sufficient. When improved sensitivity is desired to detect low-
intensity infections for epidemiological or surveillance
purposes, analysis using the current instrumentation for
reading magnetic nanoparticle labels could be performed in a
district hospital or laboratory. However, further work on
miniaturization of instrumentation and validation of hand-held
readers will be required for field application of magnetic
detection on lateral flow assays.

5.5. Electrochemical Instrumentation

As discussed in previous sections, electrochemical detection
offers several benefits for POC infectious disease detection,
namely that it is inexpensive, sensitive, rapid, and quantitative.
The electrochemical detection systems previously discussed
were largely proof-of-concept diagnostics for detection of
protein or nucleic acid biomarkers; the infrastructure required
to carry out these assays would limit their utility in a primary
healthcare setting in low- and middle-income countries.
Integration of validated and field-ready electrochemical
detection systems with developed electrochemical assays
represents a viable strategy for implementing the next
generation of POC diagnostics.

The blood glucose biosensor is a remarkably successful
electrochemical device that is ubiquitously applied at the point
of care. Generally, electrochemical glucose meter kits consist of
three components: a lancet for sample collection, plastic test
strips for wicking of the glucose-containing sample and
generation of current, and a device for digital readout of the
generated current.’*® The test strips house an electrochemical
cell that contains a counter-reference electrode, fill-detection
electrode, enzyme-coated working electrode, and mediators
(Figure 37A). In these devices, the working electrode is coated
with the enzyme glucose oxidase (GOx) or glucose
dehydrogenase (GDH), and the enzyme oxidizes the glucose
present in a blood sample. Ferrocene derivatives or other
Group VIII metal complexes act as mediators to facilitate
electron transfer from the enzyme redox center to the
electrode surface, thereby producing a measurable current.**
Since the development of the first commercial blood glucose
biosensor in 1987, the use of this technology has drastically
expanded with the current market now offering numerous
blood glucose meters that are portable, rapid, sensitive, and
quantitative.”” The blood glucose biosensor has had an
enormous impact on management of types I and II diabetes
where constant monitoring and a rapid time to result are
critical to preventing incidences of hyper- and hypoglycemia.
Successful adaptation of this technology for field detection of
infectious diseases would have a profound impact in disease
surveillance and elimination campaigns, where sensitive and
quantitative results are desired to best inform healthcare
professionals about disease distribution.*>***’

Several groups have repurposed commercial blood glucose
meters for detection of a variety of targets.'*”***”*** Xiang and
Lu>® developed a platform that utilized a personal glucose
meter for signal output to detect protein (IFN-y), nucleic acid
(adenosine), small molecule (cocaine), or toxic ion (uranium)
targets. Their strategy employed a magnetic bead-conjugated
aptamer specific for the biomarker of interest. The aptamer was
initially prehybridized to a partially complementary DNA
strand that was linked to invertase, an enzyme that catalyzes
the hydrolysis of sucrose into its fructose and glucose subunits.
In biomarker-containing samples, the aptamer bound to the
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Figure 37. Point-of-care electrochemical diagnostics. (A) Layers
comprising a test strip for amperometric measurement of blood
glucose using a blood glucose meter. Adapted from ref 556. Copyright
2008 American Chemical Society. (B) Components of the universal
mobile electrochemical detector (uMED) that enables point-of-care
detection of analytes and subsequent connection to a mobile network.
Adapted with permission from ref 173. Copyright 2014 National
Academy of Sciences.

biomarker, releasing the invertase-conjugated complementary
DNA into solution. The magnetic beads were then removed
from solution using an external magnet, and the addition of
sucrose to the supernatant resulted in glucose production that
was readily detectable by a personal glucose meter. While this
creative application of an extant platform expanded its
functionality, it also increased the number of assay steps,
potentially limiting its use directly at the point of care. To
address this concern, the Lu group®®” has since integrated this
solution-based assay into a lateral flow strip with dried
reagents, eliminating several user steps and further simplifying
the platform such that it could be applied at the point of care.
This innovative approach is an excellent example of how metal-
based sample preparation using magnetic beads can be
combined with an existing electrochemical platform for rapid
detection of a variety of disease targets.

As the blood glucose meter clearly demonstrates, portable
electrochemical instrumentation has enabled minimally trained
users to measure analytes at the point of care and rapidly
obtain information regarding their health status. Mobile health
technologies (i.e., mobile phones and telemedicine) augment
these advances in instrumentation, connecting individual users
to an entire healthcare infrastructure. Mobile health
technologies are useful for tracking patient information and
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facilitating communication between the patient and the care
provider. As these technologies mature, they are becoming
increasingly important for modeling diseases and disease
trends throughout various populations.’®® Integration of
portable electrochemical diagnostics with mobile health
technologies in so-called “connected” diagnostics has been
pursued by interfacing electrochemical devices with mobile
phones.'”**** Nemiroski and colleagues'”” developed a
universal mobile electrochemical detector (uMED) that
combined a potentiostat with virtually any mobile phone
using audio-based data transmission (Figure 37B). The device
could accommodate several electrochemical techniques
(amperometry, coulometry, voltammetry, and potentiometry),
and the voice system-based data ensured broad compatibility
with a variety of mobile phones and networks. The authors
employed the uMED to detect blood glucose, heavy metals in
water, electrolytes, and malarial biomarker HRP2. Following
sample collection and measurement using the potentiostat, the
user placed a phone call to a Skype number in a remote
location to vocally report the value of the analyte measured.
The remote application then extracted the value from the
audio data and sent an SMS message back to the user with
additional diagnostic information (e.g., “LOW” if the reported
blood glucose level was low). Although the uMED was applied
to detect an infectious disease biomarker (HRP2), it is limited
by the availability of existing compatible testing technology.
For instance, HRP2 detection required an offline 96-well plate
ELISA to be conducted prior to analysis on the uMED and
transmission over a mobile network. As more progress is made
in electrochemical diagnostic design, the uMED and other
similar devices will be able to reach their full potential as
“connected” diagnostics.

As battery-operated and portable devices become more
robust, electrochemical detection devices are becoming
increasingly viable as POC platforms. The success of the
personal glucose meter is a testament to the effective and
reliable diagnostic performance that is possible with electro-
chemical measurements. With the concurrent expansion of
information technologies, “connected” electrochemical diag-
nostics could serve as the link between the chemistries utilized
at the point of care and the remote higher level healthcare
systems that map disease trends and inform treatment
decisions.

5.6. Wearable Diagnostics

In high-income countries, advances in portable electronics and
instrumentation have enabled live health tracking at consum-
ers’ fingertips. Wearable commercial health diagnostics such as
Apple Watch, Garmin, and FitBit are simple to use and provide
real-time updates of heart rate, activities completed, or calories
burned. In a similar vein, there are several emerging health-
centered tools, such as press-on tattoos, % skin patches,‘%7
and face masks,”*® capable of detecting changes in human
physiology at the point of use. In addition, the advent of
technologies such as Google Glass have allowed for
“connected” interpretation of rapid diagnostic tests.”"> Overall,
wearable instruments combine sample collection, sample
preparation, analysis and readout, and data transmission into
one device, representing significant progress in diagnosis and
health management at the point of care.

Small electrochemical instrumentation has become a focus
of innovation, and research in this field has led to a number of
skin-based wearable diagnostics. Jia et al’®® developed a
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noninvasive tattoo biosensor capable of monitoring lactate
levels in human sweat while another tattoo sensor produced
by Bandodkar et al.**° detected glucose in the interstitial fluid

of the skin (Figure 38A). These technologies are extraordi-
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Figure 38. (A) Press-on tattoo sensors for monitoring lactate levels in
sweat. Adapted from ref 565. Copyright 2013 American Chemical
Society. (B) Paper surgical mask with embedded electrical sensor for
monitoring respiration. Adapted with permission from ref S568.
Copyright 2016 Wiley-VCH Verlag GmbH & Co. (C) Google Glass
used for analysis of an RDT. Adapted from ref 515. Copyright 2014
American Chemical Society.

narily promising for future diagnostic devices, particularly as
new biomarkers of infectious diseases are discovered in surface
biofluids such as sweat.”*

Recent advances in microprojection and micro-
needle’”>*”* technology have allowed researchers to expand
the use of skin-based wearables beneath the surface of skin. In
several applications, patches consisting of many micro-
projections were easily applied to the skin with a gentle
press and could draw hundreds of microliters of blood with
little-to-no pain.**”*7*7>7® In 2014, Lee et al.>*” outlined the
design of a multiplexed patch that captured both IgG and
malarial biomarker HRP2 from the skin of inoculated mice.
The patch consisted of microprojection arrays (MPAs) that
were subsequently functionalized with anti-HRP2 antibodies,
Fc-specific antimouse IgG antibodies, and antidengue anti-
bodies. The anti-HRP2-functionalized MPAs detected the
biomarker, while the anti-IgG-functionalized MPAs acted as a
positive control for skin penetration, and the antidengue-
functionalized MPA served as a negative control. Though
sample collection and preparation were applicable at the point
of use, the assay required an ELISA for colorimetric readout of
the captured antigen. Further research into integration of this
technology with a diagnostic such as a stacked paper-based
assay would allow for real-time skin-based monitoring of
infectious diseases.

Another forthcoming application for wearable instrumenta-
tion is in breath analysis via paper masks. Giider et al.’*®
developed an electrical sensor to monitor respiration. The
sensor consisted of a paper surgical mask printed with graphite
electrodes that were attached to a battery and signal amplifier.
As a user breathed, the humidity changes from the inhalation
and exhalation generated a measurable current across the
electrode, which was then detected using a Bluetooth-
connected mobile device (Figure 38B). As this technology
evolves, it may be possible to adapt it for analysis of breath-
based biomarkers, particularly for respiratory infectious
diseases such as tuberculosis and influenza. In addition,

570,571
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incorporating the external battery/amplifier pack into the
material of the mask may open avenues for broader
distribution, particularly to low-resource areas.

Likewise, personal computer displays such as Google Glass
have enabled users to harness the power of a technological
workstation in a hands-free glasses format. This capacity could
significantly 1mprove diagnostic capabilities and effectiveness.
In 2014, Feng et al.”" developed a method of lateral flow assay
analysis which combined visual examination of a lateral flow
test with computerized image analysis and wireless storage
capability (Figure 38C). This wearable imaging technique
allowed users to collect images of tests and store them in a
cloud-based system or locally on the Google Glass headset if
Internet access was unavailable. Once the Google Glass
headset was connected to a wireless network, the test images
could be sent to a secure server to be analyzed, and then the
test’s results and analysis were sent back to the viewer’s
eyepiece. This method has been demonstrated using rapid
diagnostic tests for both HIV antibodies and prostate specific
antigen (PSA),”"” though it has the potential to be adapted for
any lateral flow assay with visual labels. While the use of
computer-based imaging may remove some of the inaccuracies
that arise from subjective human-based interpretation of
results, it must also be noted that there are a number of
technological hurdles that should first be addressed. The
Google Glass is not capable of autofocusing, and the images
were taken under good lighting against white and universally
solid, simple backdrops. Thus, this technology is limited in its
field application. In addition, test recognition was dependent
on preprinted QR codes that were prepared and attached to
the tests by researchers before use. In order to more efficiently
utilize this technology, the Google Glass application could be
adapted to identify test features without the need for a user-
supplied QR code and web-based test input. This would
simplify the workflow and allow for more high-throughput
analysis of diagnostic tests.

Overall, there is significant room for growth and develop-
ment in the field of wearable instrumentation. Wearable
diagnostics, which may have previously seemed more at home
in the world of science fiction, are becoming commonplace in
health-related research efforts. The development of wearable
diagnostic technologies could drastically improve the simplicity
of diagnostic measurements and interpretation in regions with
little or no laboratory infrastructure. As these technologies
continue to be developed for applications in high-resource
areas of the world, the scientific community would be remiss
not to consider the impact they could have on infectious
disease diagnosis in resource-limited settings.

6. EMERGING APPLICATION: LEVERAGING
INORGANIC CHEMISTRY FOR NUCLEIC ACID
DETECTION

Thus far, we have highlighted innovative examples of metal-
based strategies for improving point-of-care diagnosis of
infectious diseases based primarily on protein and inorganic
disease biomarkers. In most cases, leveraging inorganic
chemistry for sample preparation methods and detection
probes would require minimal modification for application at
the point of care. It is clear that, despite the potential trade-ofts
in complexity of workflow and instrumentation, the increased
sensitivity offered by these metal-based strategies for biomarker
detection could significantly improve morbidity control and
elimination efforts.
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In many instances, though, sensitive and quantitative
detection of the presence or absence of a disease does not
paint the full picture needed to implement successful control
or elimination campaigns. In some cases, the pathogen’s own
genetic material must be detected and extensively studied on a
population scale in order to inform strategy. This research
provides valuable information on pathogen species and strain
distribution and drug resistance, which can inform treatment
and diagnostic strategies in a control or elimination
campaign.579

The information-rich and highly specific nature of nucleic
acid detection makes these biomarkers attractive targets for
point-of-care diagnostics. In fact, several groups have begun to
apply some of the metal-based detection strategies for proteins
and inorganic biomarkers discussed in the preceding sections
to the detection of pathogenic DNA or
RNA,>?123%239,273,5807587 B instance, many metal-containing
nanoparticle probes have been functionalized to detect
pathogen-specific nucleic acid sequences in a variety of
formats. The size-dependence of SPR for noble-metal
nanoparticles has been leveraged in an aggregation assay for
multiplexed detection of Middle East respiratory syndrome
coronavirus, M. tuberculosis, and HPV in a uPAD format.**'
The high conductivity of AgNPs has been exploited for
electrochemical detection of M. tuberculosis and HIV.>****
Luminescent particles (i.e., quantum dots, europium chelate-
doped particles, and upconverting phosphors) have been
functionalized for the detection of a myriad of diseases,
including HIV,”">**°7>> HBV,*”” HCV,””® HPV,”** P.
falciparum malaria,”® Bacillus cereus,”*">*> sdo,ss7 and Strepto-
coccus pyogenes.”®' Moreover, these nanoparticle-based meth-
ods occur in a variety of formats, including lateral flow assays.

Because specific nucleic acid sequences are typically present
at much lower concentrations than protein biomarkers in
patient samples, a target amplification step is often required
before the detection method can be applied. The most
common target amplification technique is PCR, a time-
consuming enzyme-based method that requires technical
expertise, expensive equipment, and significant laboratory
infrastructure. These requirements are the primary barriers to
sensitive detection of pathogen genetic material in the field.
Fortunately, alternative target amplification techniques with
potential point-of-care applications have emerged. For
example, the biobarcode signal amplification strategy discussed
in section 4.4.4 has been adapted for amplification of nucleic
acid targets.””* However, in general, isothermal enzymatic
amplification techniques have demonstrated the most
sensitivity and promise for point-of-care diagnostic applica-
tions.

Isothermal amplification techniques do not require any
thermal cycling, are simpler to operate, and require fewer
resources when compared to traditional PCR. This class of
enzymatic amplification techniques includes loop-mediated
isothermal amplification (LAMP), helicase-dependent amplifi-
cation (HDA), rolling circle amplification (RCA), multiple
displacement amplification (MDA), recombinase polymerase
amplification (RPA), and nucleic acid sequence-based
amplification (NASBA).”*® Among these strategies, LAMP is
one of the most widely validated, having been employed for
amplification of nucleic acid targets for a variety of diseases and
infections. These include tar ets for malaria,”® %% HIV,>”
HPV,*** Bordetella pertussts, > C. trachomatis,”®>"°
gonorrheae,””> HINI influenza,””>*”” E. coli,””®

Neisserie
and several
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filarial parasites.”” In addition to malaria diagnosis, LAMP has
also been used to detect artemisinin resistance in P. falciparum
malaria.”” This technique consists of iterative elongation and
recycling of stem-loop DNA structures, usually requiring a
constant temperature between 60 and 65 °C.*** The relatively
simple workflow of LAMP (when compared to other
enzymatic amplification techniques) and its potential for
colorimetric visual readout have led to the development of
several low-resource devices for nucleic acid detection. One
example is the noninstrumented nucleic acid amplification
device (NINA), which relies on an exothermal chemical
reaction (MgFe powder, saline, and oxygen) coupled to a
phase change material for prolonged and precise heating inside
a Thermos cup. 589,601 Despite its streamlined workflow, the
NINA device does not account for sample preparation. The
preamplification nucleic acid extraction step still requires
laboratory equlpment such as a heated water bath and a
centrifuge.”® Although the amplification step itself has been
modified for use at the point of care, the complete protocol
relegates it to the laboratory environment.

In an effort to mitigate these limitations, the Klapperich
group ”* has developed an inventive method in which nucleic
acid extraction, amplification, and detection are fully integrated
into a single paper fluidic device. To accomplish this, DNA
from clinical samples was precipitated from solution and
applied to a paper membrane, which was washed with ethanol
to remove impurities. LAMP reaction reagents, which included
FITC-conjugated forward and biotinylated reverse loop
primers, were then applied to the sample port, which was
sealed for a 30 min heating step on a hot plate. The amplified
solution was then wicked onto a lateral flow assay equipped
with anti-FITC antibodies on the test line and streptavidin-
coated AuNPs for detection (Figure 39). In the presence of the
target, both primers hybridized to the amplified genetic
material, forming a “sandwich” on the lateral flow assay and
resulting in a visible test line signal.’”*

This all-in-one paper-based nucleic acid test is a perfect
example of how target extraction and amplification can be
innovatively combined with metal-based detection elements.
This integration will allow for complex nucleic acid detection
protocols to be performed at the point of care that previously
were only possible in well-equipped laboratories. Moving
forward, several considerations must be addressed, including
integration of laboratory-free heating elements, reducing the
number of user steps, and large-scale manufacturing feasibility.
Nonetheless, combination of the paper-based devices devel-
oped by the Klapperich group with simple, integrated heating
elements similar to the NINA device could allow for sensitive
and information-rich nucleic acid detection in low resource
settings. This would enable case management and elimination
strategies to be precisely carried out in nearly any healthcare
setting.

7. CONCLUSION

The application of inorganic chemistry and nanomaterials to
point-of-care infectious disease diagnosis has enhanced the
sensitivity and specificity of diagnostic tests, leading to
improved outcomes and reduced transmission. The sample
preparation and detection methods presented herein are
promising examples of how metal-based strategies can expand
the use-case scenarios of diagnostic tests, resulting in access to
care that would otherwise be unattainable. However, we have
also seen that these same metal-based strategies that improve
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Figure 39. Workflow for detecting nucleic acids on a paper fluidic
device. Different dyes were used to illustrate the various components
of the assay. (A) The DNA-containing sample (blue dye) is added to
the sample port, where it wicks down the test by capillary action (B).
The test is then washed twice with ethanol (yellow), which also flows
down the test (C—F). (G) The absorbent pad is then removed and
discarded. (H) The LAMP reaction mix is then added to the sample
port, and the test is folded to protect the sample/LAMP mixture from
evaporation. (I) Once the test has been heated on a hot plate for 30
min, the hydrophobic barrier is removed so that the sample port is
exposed on top and bottom, allowing it to come into contact with the
LFD strip for DNA elution. (J) The sample, once eluted, can then
wick down the length of the test strip to generate a signal. Adapted
with permission from ref 594. Copyright 2016 Royal Society of
Chemistry.

diagnostic sensitivity and specificity can lead to more complex
tests, potentially requiring more user steps, expertise, and time
to complete.

These trade-offs of complexity, cost, and speed must be
weighed against the potential impact that improved sensitivity
and specificity could have in a given use-case scenario. For
example, in the case of morbidity control, where the goal is to
reduce the prevalence of high-intensity infections, the demand
for simple, affordable, and rapid tests likely outweighs the need
for highly sensitive tests. Once in the elimination phase,
however, where the goal is to completely interrupt local
transmission, high sensitivity tests are imperative for detecting
and treating low-density infections. Consequently, the need for
more sensitive diagnostics likely outweighs small increases in
test complexity or cost for elimination campaigns.

In our evaluation of various inorganic complexes and
nanomaterials, advantages and caveats became apparent for
different classes of materials. The properties of these materials
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directly affect how they can be applied in diagnostics. Noble
metal nanoparticles have frequently been incorporated into
paper-based assays, such as lateral flow assays, with visual
signal readout because of their stability and superior molar
absorptivities.”' **"****! Despite the strong optical signal
that noble metal nanoparticles afford, these colorimetric assays
are often still limited by poor sensitivity. This potentially limits
their impact in a use-case scenario such as an elimination
campaign.

If better sensitivity is needed, there are essentially three
metal-based strategies that we have discussed in this review for
further improvement: (1) sample preparation for biomarker
enrichment, (2) luminescent detection probes, and (3) signal
amplification techniques. The IMAC-functionalized materials
used for sample preparation collectively represent one
approach for improving assay sensitivity by enriching the
biomarker concentration. While some of the sample prepara-
tion methods demonstrated increased diagnostic sensitivity,
these methods did add to the number of user
steps.* V771 3T ST Metal-based sample preparation  is
perhaps the simplest of the three metal-based approaches to
increasing sensitivity; however, for it to be truly impactful, it
will need to be incorporated into diagnostics that are
developed with the end user in mind such that the overall
workflow is considered and the assay steps are minimized.

Alternatively, noble metal nanoparticles can be replaced with
luminescent detection probes to afford greater sensitivity.
Quantum dots, lanthanide chelate-doped nanoparticles, and
up-converting phosphor nanoparticles all potentially offer
improvements in sensitivity over colorimetric labels, albeit
through different mechanisms.”*”***°>3% While luminescent
inorganic complexes were incorporated into proof-of-principle
assays for the detection of infectious disease biomarkers, they
have yet to be utilized in a field-deployable format and lack the
sensitivity of the aforementioned nanomaterials."**"** Quan-
tum dots and up-converting phosphor nanoparticles also have
the capability for multiplexing that could be beneficial for case
melnagement.252’253’310 Although the various luminescent
nanoparticles offer improvements in sensitivity, they also
require more instrumentation for signal readout. The increased
cost and complexity of signal readout for luminescent
nanoparticles must therefore be considered when developing
diagnostic strategies to combat infectious diseases.

Lastly, metal-based signal amplification techniques could be
incorporated to improve sensitivity. Almost all of the signal
amplification techniques discussed in this review (metal-
loenzyme-based amplification, nanoparticle dissolution, nano-
particle enzyme mimics, reductive nanoparticle enlargement,
and biobarcodes) offer colorimetric readouts with improved
sensitivity. However, these improvements come at the cost of
an increased number of assay steps and thus longer total assay
times. While some efforts, such as the p24 LFAs developed by
Loynachan et al, "> demonstrated progress toward more field-
friendly signal amplification methods, further improvements in
the ease of use and time to result must be made to translate
these methods to primary healthcare facilities.

For these metal-based strategies that improve sensitivity, it is
clear that simplifying the user interface is a significant challenge
that remains. Aside from the user interface, there are several
other challenges to translating novel diagnostic strategies that
must be considered before implementation. These include: (1)
the need for clinical validation, (2) the potential for large-scale
manufacturability, (3) the availability of distribution channels,
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and (4) integration into current health systems. Most of the
metal-based strategies for improved infectious disease diag-
nostics presented in this review have demonstrated some level
of feasibility in a small set of patient or mock clinical samples.
However, new technology must be clinically validated on a
large set of patient samples from endemic regions before
implementation. Such studies provide insight into the
diagnostic performance and tolerance of day-to-day and
interpatient variation in the appropriate clinical context. This
rigor can draw attention to challenges and weaknesses that
would otherwise go unnoticed in a research laboratory setting.

Production scalability of novel diagnostic technology is
another important consideration for successful translation.
Even in the research phase of diagnostic development, material
choice, device design, and fabrication should be based, in part,
on manufacturing scalability in order to streamline implemen-
tation. Many of the metal-based strategies presented in this
review, particularly the diverse inorganic nanoparticle
detection probes used in lateral flow assays, are advantageous
in this context because they are easily integrated into existing
LFA manufacturing infrastructure.

Beyond the laboratory, it is important to consider
distribution channels and how novel tools will be integrated
into existing health systems. Region-specific health delivery
systems and their respective regulatory approvals are ultimately
what define a novel diagnostic device’s implementation. For
example, in one region, most rapid testing for infectious
diseases may be performed at local health clinics run by a
national ministry of health, whereas in another area, privately
run dispensaries may be the most common source of primary
health care. Understanding the structural differences between
such health delivery systems as well as the respective
availability of resources could impact device design in the
research phase.

Although there are many considerations and barriers to
translating novel technologies to the clinical setting, we are
optimistic that the continued development of metal-based
point-of-care diagnostic strategies will have a profound impact
on global health. Returning to the example presented in the
introduction, if some of the ultrasensitive p24 detection
methods presented in this review’”**** were adapted for use at
primary healthcare facilities, the time to result for infant HIV
diagnosis at the point of need would be significantly reduced.
In areas like Burkina Faso, this would enable earlier initiation
of very effective antiretroviral therapies and drastically reduce
infant mortality stemming from opportunistic infections.

Finally, the continually increasing connectivity in low- and
middle-income countries coupled to sensitive diagnostics will
allow for real-time disease surveillance, intervention analysis,
and epidemiological studies. “Connected” diagnostics have the
potential to accelerate communications between field workers,
local health outposts, district hospitals, and national health
ministries. The ability to rapidly convey diagnostic results
could not only enable active case detection strategies but also
would provide faster responses to epidemics such as the 2014—
2016 Ebola and 2015-2016 Zika outbreaks. These faster
responses could potentially reduce mortality and improve
clinical outcomes.

Metal-based strategies for sample preparation and signal
generation show great promise for use in the development and
improvement of sensitive diagnostic devices for low-resource
settings. These devices, coupled with connected, field-
deployable instrumentation, will empower rapid response,
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effective control, and successful elimination of infectious
diseases worldwide, ushering in an era of sustainable and
improved global health.
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