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Abstract: Infectious diseases caused by bacteria and viruses are highly contagious and can easily
be transmitted via air, water, body fluids, etc. Throughout human civilization, there have been
several pandemic outbreaks, such as the Plague, Spanish Flu, Swine-Flu, and, recently, COVID-19,
amongst many others. Early diagnosis not only increases the chance of quick recovery but also
helps prevent the spread of infections. Conventional diagnostic techniques can provide reliable
results but have several drawbacks, including costly devices, lengthy wait time, and requirement of
trained professionals to operate the devices, making them inaccessible in low-resource settings. Thus,
a significant effort has been directed towards point-of-care (POC) devices that enable rapid diagnosis
of bacterial and viral infections. A majority of the POC devices are based on plasmonics and/or
microfluidics-based platforms integrated with mobile readers and imaging systems. These techniques
have been shown to provide rapid, sensitive detection of pathogens. The advantages of POC devices
include low-cost, rapid results, and portability, which enables on-site testing anywhere across the
globe. Here we aim to review the recent advances in novel POC technologies in detecting bacteria
and viruses that led to a breakthrough in the modern healthcare industry.

Keywords: infectious diseases; diagnostics; point-of-care devices; microfluidics; plasmonics;
smartphone; lensless imaging

1. Introduction

Throughout human history, there have been several epidemics and pandemics, worldwide, due to
the emergence and re-emergence of disease causing microorganisms, such as bacteria and viruses [1–4].
These pathogens cause diseases that are contagious and can be transmitted easily via aerosols,
food, physical contact, body fluids of the infected person in a short period of time [5]. Infectious
diseases like HIV (Human immunodeficiency virus), SARS (Severe acute respiratory syndrome),
COVID-19 (coronavirus disease 2019 caused by SARS-CoV-2), influenza flu, Ebola, Herpes, Hepatitis,
and tuberculosis are some of the top global health challenges at present [6,7]. For example, acquired
immunodeficiency syndrome (AIDS) caused by HIV, had affected nearly 37 million people (including
1.8 million new infections) across the globe by the end of 2017 [8]. Currently, there is no cure for AIDS;
early detection and prevention of transmission is the only way to defeat this disease. Some of the other
pandemics include the 2009 swine flu, caused by the H1N1 Influenza virus that affected approximately
61 million people in the US alone; the 1918 Spanish flu, which resulted in the loss of almost 50 million
lives worldwide [9,10]; and, more recently, COVID-19, which has infected more than 25 million people
to date, with nearly ~0.8 million deaths worldwide [11,12]. The rapid spread of this infection across
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the continents brought life to a complete standstill. Additionally, these epidemics and pandemics
have a severe impact on the economy. The COVID-19 pandemic also resulted in a severe decline of
the world economy, including a 5% reduction in the GDP of the US [13]. Among bacterial infections,
tuberculosis (TB) is one of the deadliest diseases caused by a bacteria Mycobacterium tuberculosis, which
has resulted in over 1.2 million deaths in 2018 alone. It is more prevalent in countries like India, Nigeria,
Indonesia, and Philippines, which account for half of the ~10 million global cases [14]. According to
WHO, the estimated treatment coverage rate in 2018 was 69%, and the major challenge lies in its rapid
diagnosis [14–18]. Foodborne pathogens, such as some virulent strains of Escherichia coli, are known to
cause many diseases like colitis, urinary tract infections, meningitis, sepsis, and many more [19–21].
Every year, more than five million deaths occur worldwide due to these diseases especially in low- and
middle-income countries [22]. The elderly population and children with underdeveloped immunity
are particularly vulnerable to these infections.

Thus, there has been a constant focus on early detection of these pathogens with high sensitivity
and specificity, in order to prevent the spread of these infections. Some of the commonly used techniques
for detection of bacteria and viruses include blood culture, high-throughput immunoassays, e.g.,
enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction (PCR), mass spectrometry
(MS), etc. [23–25]. Although the conventional diagnostic methods provide accurate results, they
often lack sensitivity, are-time consuming, expensive, require intensive labor for sample preparation,
and need trained laboratory personnel to carry out the tests. Availability of these diagnostic tests to
the general population is a major issue, which has been highlighted during the COVID-19 pandemic.
At present due to lack of resources, there is a strong preference to mainly test people with COVID-19
symptoms, thereby bypassing a majority of the asymptomatic population [26]. Additionally, it takes
several days to get the results back from the clinic. This problem is particularly severe in developing
countries, where patients usually need to travel to diagnostic centers and wait long hours in hospitals
to get the test done. It has been previously reported that in developing nations over 95% deaths occur
due to lack of proper diagnosis and treatment [27].

In order to address the aforementioned shortcomings, a herculean effort has been directed towards
developing point-of-care (POC) devices. These devices are able to provide diagnosis at the point of care,
without the need to go to a clinical laboratory [28–30]. An ideal POC device, such as the glucometer,
can be used for testing patients at the comfort of their home, with minimal or no supervision, and
should be able to provide results rapidly. These devices are designed to be low in cost, portable,
and easy to use [28]. A simple POC device relies on a (i) biological recognition element (enzyme,
proteins, antibody, and aptamer) that selectively interacts with the target molecules (antigen), and (ii) a
transducer that monitors the interaction and provide information both qualitatively and quantitatively.
Typically, the POC devices or biosensors are developed by integrating plasmonic or microfluidic
devices, and an electrochemical or optical readout system into a single miniaturized platform for
real-time detection of pathogens, as shown in Figure 1 [31–34]. In resource-limited settings, a POC
device promises (ASSURED) Affordable, Specific, Sensitive, User-friendly, Rapid, Equipment-free
analysis of immunoassays (antigen and antibody reaction) and Delivery to remote areas for ‘on-site’
analysis of samples, according to the guidelines set by WHO for developing diagnostic tools for
economically underdeveloped nations, to enhance global healthcare quality [35].

In this review, we focus on some of the commonly used technologies utilized for developing
POC devices for the detection of bacteria and viruses. These include microfluidics, plasmonics,
smartphone-based imagers and lensless microscopes (Figure 1). We focus mainly on photonics-based
technologies as they are capable of extremely sensitive measurement at a very high resolution and the
ability to operate in multiple different modalities, e.g., colorimetric, transmission, scattering, reflection,
fluorescence, interferometry, etc. Diagnosis of the diseases involves either direct detection of the
pathogen or indirect detection of the antibodies produced in the body in response to a particular
microorganism. We discuss some of the specific examples in detail and highlight the current state of
various POC devices developed over the past decade.
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resulting in a colored line. Vertical flow immunoassays (VFIA) are alternate paper-based assays that 
are based on the vertical flow of sample due to gravity and capillary action, and they tend to have a 
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2. Microfluidics-Based Platforms

Ever since the development of the first commercial devicesµ-TAS in 1990, microfluidic technologies
have evolved significantly and has been used for a large number of medical diagnostic applications [34].
Microfluidics is a field of research that deals with the manipulation of fluids at the microscale inside
channels of dimension less than 1000 micron [36]. It provides the advantage of setting up experiments
that require rapid diffusion, laminar flow, small sample volume, and large surface-area-to-volume
ratio. The miniature size of the devices and the requirement of small sample volume makes it ideal for
point of care applications. Additionally, these platforms can be used to support many different assays
including immunoassays, nucleic acid amplification assays, and biochemical reactions. Therefore,
microfluidics is frequently incorporated in point-of-care diagnostic devices [37,38].

A microfluidic (MF) platform is usually developed by using materials that are lightweight,
inexpensive, portable, and disposable, such as polymers, glass, paper, and textiles, among others.
Each of the materials has its own unique advantages [39–42]. For example, paper microfluidics is one
of the most extensively used platforms that has been used for a variety of bio-analyte detection, due to
its easy availability, low cost, biodegradability, portability, lightweight nature, and self-capillary action
that eliminates the need for an external pump. The paper-based MF device is a common candidate for
lateral flow immunoassays (LFIA)/test strip/rapid test/dipstick device for the detection of pathogens,
antigens, and antibodies [43–45]. LFIAs generally consists of a sample loading pad, absorbent pad,
conjugate pad, a test line, and a control line on a membrane (commonly used nitrocellulose membrane).
One example of the LFIA is the recently developed tuberculosis detection, where the sample is
deposited on the loading pad and flows laterally to meet the conjugate pad that contains immobilized
gold nanoparticles (AuNPs) tagged with antibody (Ab) that specifically captures the CFP10-ESAT6
antigen of M. tuberculosis in the sample [46]. The AuNP-Ab-Antigen complex then flows along the
membrane laterally due to the self-capillary action of the membrane and meets the test line, which has a
second antibody that captures the AuNP-Ab-Antigen complex, resulting in a colored line. Vertical flow
immunoassays (VFIA) are alternate paper-based assays that are based on the vertical flow of sample
due to gravity and capillary action, and they tend to have a faster detection time [45]. In addition to
papers, glass-based MF devices are also quite common due to their excellent optical properties, chemical
inertness, surface stability, and solvent compatibility; thus, glass is used for fabricating devices for the
detection of enzymes, antibodies, and whole cell [47]. Polymer-based MF devices fabricated by using
polydimethylsiloxane (PDMS), polyethylene, polypropylene, etc., are extensively used in commercial
devices due to their low cost, compared to glass and silicon, high transparency, and chemical/electrical
resistance which is particularly desirable for electrochemical immunosensors [42]. Other polymers
such as thermoplastics (polystyrene, cyclin olefin copolymer (COC), polyethylene terephthalate (PET),
poly (methyl methacrylate) (PMMA), and polycarbonate) are also used for large scale microfluidic
chip fabrication. These polymers are rigid, have good mechanical strength with no deformation
issues, low water absorption, high chemical resistivity, and excellent optical properties with high
UV transparency [48]. Microfluidic devices can be fabricated by using several different techniques,
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depending on the material. Photolithography is the common method for fabricating microfluidic
devices; other methods include micromachining, plasma etching, hot embossing, injection molding,
3D printing, laser ablation, and, recently, nanofabrication [47,49]. The type of fabrication depends on
the material, as well as the specific application. PDMS-based microfluidic devices are fabricated by
using a soft lithography technique where liquid PDMS is poured in a micro-mold (SU-8), followed by
curing at high temperature (60–80 ◦C) for 2 h. Meanwhile, thermoplastic polymer-based chips are
fabricated in two ways: rapid prototyping and replication methods. In rapid prototyping, computer
numerical controlled (CNC) machine and laser ablation techniques are employed. For large-scale
production of microchannels with thermoplastic substrate, replication methods such as hot embossing,
imprinting, and injection molding are commonly used. Unlike PDMS, the bonding step in thermoplastic
microfluidic devices is critical. Typically, direct bonding includes thermal fusion bonding, ultrasonic
bonding, and surface modification, whereas indirect bonding involves the use of chemical reagents,
such as epoxy, and adhesive tape, to assist the bonding. Recent advancement in microfluidic technology
includes the development of ‘hybrid devices’, i.e., integrating PDMS or paper with thermoplastic such
as PDMS–PET/PDMS–PMMA [49].

Microfluidic platforms have been used for the detection of a variety of different pathogens that
causes some of the deadliest bacterial and viral diseases such as influenza, human immunodeficiency
virus (HIV), tuberculosis, Hepatitis B, Ebola, Hepatitis C, and food poisoning [50–57]. The use of
microfluidic technologies is heavily featured in the newly developed POC devices for COVID-19.
These include the Accula system (Mesa Biotech), which utilized the RT-PCR process; Talis One
(Talis Biomedical), which is based on the loop-mediated isothermal amplification (LAMP) technology;
and the Sofia 2 (Quidel), which is based on the detection of viral proteins using fluorescence [58]. Another
lateral flow test for POC detection of SARS-CoV-2 was developed by combining isothermal amplification
and CRISPR mediated detection method (SHERLOCK: Specific High-Sensitivity Enzymatic Reporter
UnLocking) [59]. The SHERLOCK technology involves the detection of DNA or RNA by amplification
of viral genome by an isothermal amplification assay and detection of the amplicon by CRISPR
mediated reporter unlocking. This test called STOP (SHERLOCK Testing in One Pot) was developed
to eliminate the need for sample extraction and complex reagent handling, and it can be operated
at a single temperature. The best LAMP primers are designed for optimal amplification targeting N
(nucleoprotein) gene. Cas12b enzyme from Alicyclobacillus acidiphilus (AapCas12b) was explored and
operated at an optimum temperature of 55 ◦C for the one-pot reaction. As AapCas12b did not contain
CRISPR array; 18sgRNA AacCas12b which has 97% identical sequence was combined with AapCas12b.
The one-pot reaction generated faster results with higher collateral activity. The test results were
generated within one hour and comparable to the standard RT-PCR technique with a limit of detection
(LOD) of 100 copies of the viral genome and have been validated, using COVID-19 patient samples.

A different microfluidic platform was developed for the detection of the influenza A (H1N1)
virus by using an electrochemical approach, involving an electrochemical immunosensor coated with
reduced graphene oxide (RGO) [60]. A PDMS microfluidic channel was fabricated with a thickness of
200 µm and height of 100 µm and has three electrode settings with Au-WE (gold working electrode),
where the immunobinding takes place; Pt-RE (platinum reference electrode) as a stable potential
reference; and Au-CE (gold counter electrode), which collects the current between WE and itself.
Glass coverslips were used as a support for the three electrodes. The electrodes were coated with RGO,
using dip-coating method, and, subsequently, a monoclonal Ab (mAb) specific to H1N1 virus was
attached to the carboxyl group (COOH) of RGO via EDC/NHS (1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide) coupling. The binding of the H1N1 virus with the mAb attached
on the electrode resulted in a voltage change, which was monitored by using cyclic voltammetry.
The limit of detection (LOD) of this approach was 0.5 PFU/mL, with a linear concentration range of
1–104 plaque forming unit/mL (PFU/mL), which is better than most other immunosensors developed
so far.
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The detection of the Zika virus (ZIKV), which became a major global health concern in the year
2015/2016, was another challenge that was addressed using a smartphone-based fluorescent lateral
flow immunoassay POC device for the detection of the non-structural protein (NS1) of ZIKV [61].
Fluorescent quantum dots (QDs) conjugated with the ZIKV NS1 antibody were used as the detection
antibody in the absorption pad, mouse monoclonal ZIKV NS1 antibody in the test line as the capture
antibody, and polyclonal goat anti-mouse IgG antibody in the control line of the LFIA. In presence
of NS1 antigen, fluorescent QDs-ZIKV NS1 antibody captured the antigen and then flowed laterally
along the nitrocellulose membrane and form QD-Ab-NS1-Ab sandwich complex on the test line.
The luorescence signal was recorded using a smartphone, under a hand-held UV lamp at 365 nm,
and analyzed for quantitative detection of ZIKV NS1 antigen. The assay could detect up to 0.15 ng/mL
NS1 in serum in under 20 min. Another type of automated POC microfluidic device was developed
based on the colorimetric detection of ZIKV NS1 protein using ELISA assay as shown in Figure 2 [62].
A 3-layer disposable POC microfluidic chip was fabricated using polymethylmethacrylate (PMMA)
and double-sided adhesive tape. The 750 µm thick top layer have inlets and outlets for sample
loading. The 1.5 mm thick middle layer contained all the reagents and aqueous solution followed by
the solid bottom layer which acted as the base support for the microfluidic chip. The microfluidic
chip was loaded with all the reagents (Phosphate buffer, washing buffer, blocking buffer, and 3,3′,5,5′

tetramethylene blue (TMB) solution) in different chambers. The magnetic microfluidic ELISA (M-ELISA)
assay involved the use of magnetic particles which were coated with biotinylated ZIKV NS1 capture
antibody via neutravidin, present on the particles. The ZIKV NS1 antigen was captured using the
antibody conjugated magnetic beads and transferred onto the chip. The chip was placed in a magnetic
actuator platform to automatically perform washing, binding to horseradish peroxidase (HRP) tagged
anti-ZIKV NS1 antibody, which completed the sandwich structure. TMB was used to generate a blue
colored product and quantify the viral concentration. The magnetic actuator platform consisted of
an Arduino controlling unit and a 3D printed platform that accommodated the microfluidic chip as
shown in Figure 2. An iPhone X was used to capture the video, which was used for analysis based on
color intensity. The limit of detection, when using this M-ELISA on-chip technique, was found to be
62.5 ng/mL in whole plasma, which is better than any other reported ELISA-based POC devices for
ZIKV NS1 detection.
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Figure 2. (A) Schematic of the enzyme-linked immunosorbent assay (M-ELISA) inside the microfluidic
chip; (B) Magnetic actuation platform holding the microfluidic chip controlled by Arduino controller
allowing bi-directional movement of the magnets; (C) Colorimetric changes in the chip were recorded
using a smartphone; (D) Histogram plot of the saturation maximum pixel intensity (MPI) of the color
following the M-ELISA assay on chip [62].
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Recently, loop-mediated isothermal amplification technique has been used for simple, rapid and
accurate detection of positive sense single-stranded RNA virus ZIKV [63,64]. Kaarj et al. demonstrated
the RT-LAMP technique on a simple disposable platform that included ‘paper microfluidics’ coupled
with pH-indicator-based colorimetric assays integrated with a smartphone reader [55]. Cellulose paper,
owing to its negative polarity, can be used for separating target RNA fragments from other proteins
present in blood plasma of infected samples, based on their size and charge, thereby minimizing the
need for pretreatment of the samples. The paper microfluidic chip was developed by using various
types of material with different pore sizes, e.g., nitrocellulose (NC) paper, and grade 4 (G4) and grade
1 (G1) cellulose paper. The sample loading area (5 × 5 mm) was connected to the main channel
(3 × 30 mm), where filtration occurred, and was followed by the detection zone (5 mm diameter), where
the target RNA fragments were collected. After collecting the target RNA fragments the detection
zone was cut out, loaded with RT-LAMP reagent mixture, sandwiched between two glass slides,
and sealed with parafilm, to prevent sample evaporation. The RT-LAMP mixer had the primer and
colorimetric dye, a pH indicator phenol red. The primer was designed to bind specifically to only the
NS5 gene of ZIKV. The detection zone was then placed on a hot plate (68 ◦C) for 30 min, resulting
in the amplification of the RNA, which led to a change in color from yellowish red to yellow (in the
presence of the ZIKV). A smartphone-based reader was used to monitor the color change and analyze
the images by using the ratio of red to green pixels. This RT-LAMP assay, using a paper microfluidic
chip, can detect ZIKV with limit of detection (LOD) as low as 1 copy/µL.

HIV, which is one of the most severe global healthcare challenges over the past few decades,
has attracted a lot of attention, and several commercially available rapid diagnostic tests have been
developed. One of the first commercially available FDA-approved rapid diagnostics test for HIV was
the Murex single-use diagnostic system (Abbott Laboratories). However, the test generated too many
false results when compared to the conventional ELISA technique [65]. A similar study was conducted
using five commercially available fourth and fifth generation ELISA kits for HIV detection, using
different batches of confirmed number of positive and negative samples (100 in total) to evaluate the
testing quality. None of the evaluated ELISA kits were able to identify all the samples correctly with
100% efficiency across all the batches, but showed high sensitivity; however, they have low specificity,
particularly in the initial phases of the infection [66]. There are portable LFIA-based POC devices
available in the market, such as Ora Quick Rapid in home HIV1/2 Antibody test, which can detect HIV
antigen, even at low concentrations, from oral fluid, and suitable is for on-site analysis. Despite having
high specificity, the test has a sensitivity of only ~92%, thereby generating few false-negative results [67].
The gold standard method for detecting HIV antigen is RT-PCR, but it can only be performed in a
laboratory [68]. Recently, Phillips et al. developed a fully microfluidic rapid and autonomous analysis
device (micro-RAAD) for the detection of HIV from whole-blood sample, based on loop-mediated
isothermal amplification (LAMP) of HIV RNA [69]. The microfluidic device consisted of two different
paper membranes: The first was the blood-separation membrane, and the second was an amplification
membrane that isolated the HIV viral proteins present in blood. RNA from the isolated viral particle
was amplified by using RT-LAMP reagents coated on the paper membrane which target the gag gene
of the HIV-1 and presented the amplicons to the attached LFIA for visualization. The device was
connected to a reusable temperature circuit and could be operated using a laptop or smartphone.
The sensitivity of this integrated prototype was 3 × 105 virus copies per reaction, or 2.3 × 107 virus
copies per mL of whole blood, which is comparable to clinically reported HIV-1 concentration at the
peak of infection [70].

A different microfluidic diagnostic assay platform containing multiple detection modalities was
developed by Shafiee et al., for the detection of different bio-analytes (both viruses and bacteria) from
whole blood, serum, and other bodily fluids, with high specificity and sensitivity [71]. For HIV-1
detection, a microfluidic channel was fabricated by using a flexible substrate polyester film with two
silver electrodes, using silver ink for detection of the virus, using viral lysate impedance spectroscopy,
as shown in Figure 3A. The platform has three layers: top and bottom transparent substrate (polyester)
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layers and double-sided adhesive (DSA) film between the channel layer. The inlets and outlets were
cut on the polyester film, with a diameter of 0.6 mm, and channels were cut on the DSA, using a
laser cutter. The ink was poured through the polyester inlets, to fill the openings evenly on the DSA,
using a glass coverslip. After the ink dried, the DSA was removed, leaving the electrodes on the
polyester film substrate. The dimension of the electrodes was 2 mm × 1 mm. For the assay, polyclonal
anti-gp120 antibody-conjugated magnetic beads were used. The HIV-1 virus was first isolated and
captured by using the Ab-coated magnetic beads and detected by using the impedance magnitude
measurement of the viral lysate samples. Viral lysis increased the electrical conductivity and decreases
the bulk impedance magnitude of the solution. Impedance magnitude and signals were measured at
1 V with pre-evaluated frequencies between 100 Hz and 1 MHz. An electronic circuit was developed
that generated an electrical response of the viral lysate in the microfluidic channel. The viral load
of different subtypes was predetermined. The test samples were prepared by spiking whole blood
with a cocktail of HIV-1 subtypes (A, B, C, D, E, and G). The control samples were prepared with
HIV-free phosphate buffer and magnetic beads. The system could effectively detect HIV-1 virus at
concentrations upwards of ~106 copies/mL.
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Figure 3. (A) Schematic of the flexible polyester film-based electrical sensing platform for HIV detection,
including the capture of HIV through the use of anti-gp120 antibody coated magnetic beads, washing
and lysis steps, and measurement of electrical impedance; (B) Detection of bacteria on cellulose paper,
using a smartphone, based on nanoparticle aggregation assay. The following schematics depict the
gold nanoparticle surface modification steps and the resultant aggregation assay which is detected by
using a smartphone [71].

In addition to the HIV-1, they also fabricated a paper-based nanoparticle aggregation assay
system incorporated with a smartphone reader platform for detection of E. coli in whole blood, serum,
and other bodily fluids with high specificity and sensitivity [71].

The device for E. coli detection involves the use of cellulose paper modified with nanoparticle
and subsequent imaging with a smartphone as shown in Figure 3B. For E. coli detection, gold
nanoparticle (AuNP) was modified with 11-mercaptoundecanoic acid (MUA), and succinimide groups
were generated by using EDC/NHS mixture for attachment of the amine-terminated proteins on the
MUA-AuNP surface. For effective binding of E. coli to AuNP, liposaccharide binding protein (LBP)
was added to the AuNP-MUA solution. The E. coli spiked samples along with AuNP solution was then
added to the cellulose paper, using the drop method and dried. The dried paper was then placed in a
black box and illuminated with LED light. This test was based on the nanoparticle aggregation assay.
The presence of E. coli resulted in the aggregation of the AuNPs, causing a visual color change of AuNP
from red to blue. Images were captured, using a smartphone, and the individual RGB values were used
for analysis. The limit of detection of this assay was reported to be 8 colony forming unit/mL (CFU/mL).
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Tuberculosis (TB) is another deadly bacterial disease that has attracted a lot of attention.
Commercially available ELISA systems for the detection of tuberculosis are based on the interferon
gamma release assay (IGRA). The T cells in TB infected patients produces a pro-inflammatory cytokine,
interferon-gamma (IFNγ) in response to TB specific antigens, which is used for diagnosis purpose.
These IFNγ producing T cells are quantified by using ELISA spot [72,73]. However, the process (IGRA)
is time-consuming and requires pre-incubation of blood with TB antigens before sample preparation.
Modifying this technology, Evans et al. fabricated a low-cost ELISA amperometric detection unit,
using commercially available lab-on-a-chip printed circuit board (PCB) integrated with a microfluidic
channel and electrodes attached to the PCB surface for the detection of cytokine IFNγ, with high
sensitivity [74]. The device consists of a gold (Au) electrode sensor chip surface in the microfluidic
channel that was immobilized with capture antibody anti-IFNγ Fab′(Cys)3. Samples with IFNγ was
then flowed (flow rate 25 µL/min, 4 min) across the channel over the sensor chip and plasmon resonance
unit (RU) spectra were recorded. The assay involves the use of 3,3′,5,5′ tetra-methylene blue (TMB) as
the chromogenic substrate as it is both electrochemically and optically active molecule. TMB acts as a
hydrogen donor by enzymatic reduction of hydrogen peroxide by the horseradish-peroxidase-enzyme
(HRP) and hydrogen-peroxide-producing free hydroxyl ions and a blue-colored product. TMB is a
colorless substrate, but the resulting product (di-imine) is bright blue in color and as the pH is lowered,
a change in color from blue to yellow was observed. The absorbance, measured at 450 nm by using a
nanodrop spectrophotometer, was used to quantify the change. For the electrochemical assay, fluid
wells (50 µL volume) were fabricated by using polymethyl methacrylate (PMMA) over the two Au
electrodes fixed to the PCB surface, and reference electrode Ag/AgCl was introduced. The change in
current flow due to the electrochemical reactions at the electrode surface was measured by the in-house
electronic unit. This assay was able to detect IFNγ with just 30 µL samples at concentrations ranging
from 10 to 2000 pg/mL.

All the aforementioned studies demonstrated the capability of microfluidics as a powerful tool to
design affordable and disposable POC devices for the detection of a broad range of bacterial and viral
pathogens, with high sensitivity and specificity.

3. Surface-Plasmon-Resonance-Based Platforms

Surface plasmon resonance is another diagnostic platform that has been extensively used
for the detection of viruses and bacteria [75,76]. Surface plasmons are oscillating electrons on
the metallic surfaces that can be excited by shining specific wavelengths of light under certain
configurations. Typically, surface plasmon resonance (SPR) is achieved by exciting electrons using
evanescent waves, via total internal reflection using prisms. The propagation of evanescent waves is
highly dependent on the refractive index of the material (dielectric medium) surrounding the metal
surface. SPR biosensors [77,78] typically employ a thin metal film usually gold, silver or aluminum,
where biorecognition elements (e.g., antibody, aptamers, etc.) are attached, and plasmons are excited
on its surface by the light wave. The binding of the pathogens to the recognition element on the
metallic surface leads to an increase in the refractive index of the medium, thereby changing the
propagation constant of the surface plasmons. This change of refractive index is measured either
by monitoring the change in the resonance angle or the shift in excitation wavelength (Figure 4).
This also enables the study of binding affinity and kinetics in real time. Materials with negative real
permittivity, such as gold and silver, support surface plasmon polariton (photon strongly coupled
to an electric dipole) and thus show the plasmonic activity. The most commonly used material for
SPR-based biosensors is gold, as it can be easily functionalized with thiol (-SH) group for surface
modification and immobilize of antibodies [78]. The materials used can be of different shapes and
sizes, e.g., nanoparticles (spheres, rods, and pyramids), thin films, etc. For localized surface plasmon
resonance (LSPR) (Figure 4), nanoparticles smaller than the wavelength of light is typically used [79].
The use of nanoparticles effectively localizes the surface plasmons, and the evanescent wave can extend
up to a few tens of nanometer into the sensing medium. In planner surface plasmon resonance (PSPR),
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a thin film of metal (sheet) is used instead of nanoparticles [33]. The damping of the evanescent
wave is less; thus, the penetration depth becomes quite large. Therefore, a living organism can also
be studied by using PSPR with a high figure of merit (FOM). However, compared to SPR, LSPR
is more sensitive near the surface because of the localized field. These SPR-based techniques can
be used for label-free real-time detection of analyte without external labeling (e.g., fluorescent dye,
enzymes, etc.) and thus hold extreme potential in POC biosensing [80]. Another approach of utilizing
SPR is by exploiting the surface-enhanced Raman scattering (SERS) signal from the target analytes.
In SERS-based sensors, the analytes are adsorbed on to corrugated metallic surfaces which results
in several orders of magnitude (~routinely 106) enhancement of the Raman signatures from the
analytes [81,82]. The enhancement of SERS signal results from the strong localization and amplification
of the electromagnetic field at the hot-spots on the metallic surface [83–87]. These SERS-based platforms
provide an alternate label-free modality for fingerprinting a range of analytes [87].
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(LSPR)-based biosensors.

The SPR-based sensors are either stand-alone on-chip platforms, with glass or flexible polymer
substrates coated with metallic films/nanoparticle, or they can be integrated with microfluidic platforms
containing nanoparticles. Each has its own advantages. Combining the SPR-based sensors with
microfluidics facilitates automated testing in small sample volumes [88–90]. Among different types of
SPR-based microfluidic devices, flow through SPR sensors are quite popular, particularly in proteomics
and drug discovery [90]. In this platform, an SPR sensor is integrated with continuous flow-through
channels that enable the detection of multiple analytes as they flow through.

Most of the commercialized flow cell systems use a single inlet and outlet, thus only one sample
can be tested at a given time. However, this can be easily addressed by using multiple microchambers
for testing of several different analytes in parallel. However, the requirement of multiple valves to
prevent cross flow makes it a bit complex. This platform can also be miniaturized by using portable
waveguide based SPR sensors where the microfluidic channels are etched on top of the waveguide
cladding. LSPR-based biosensing can also be easily performed using lateral flow test strips (discussed
in Section 2), by coating nanostructures decorated with target antibodies on self-capillary flow sensor
materials, like paper or membrane [33,85,86,91–94]. Digital microfluidics using electrowetting on
dielectric (EWOD) is an alternate for continuous flow system where the surface property is controlled
by applying a voltage and the contact angle of the droplet can be easily manipulated on the SPR sensor.
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This method can be easily employed for automated testing, which includes dispensing, mixing, and
separating with enhanced sensitivity [90].

Another promising SPR biosensor for POC applications is based on optical fibers made of silica
or polymers [89,91,94–96]. Light propagates inside optical fibers via total internal reflection and
the evanescent field on the surface is used to excite the plasmons on the outer metallic coating.
Both multi-mode and single-mode fibers can be used, but the latter has a higher sensitivity [97].
Antibodies or aptamers specific to the target antigen is conjugated to the noble metal coated on
the fiber surface. The advantage of using optical fibers are manifold. Firstly, due to their flexible
nature, they can be used for remote sensing applications and can be designed to operate on a small
sample volume. Secondly, utilizing optical fibers reduces the complexity of the devices, by eliminating
conventional optical components, thus facilitating miniaturization of the biosensors and improving its
portability [97].

Plasmonic platforms have been extensively used for the detection of many pathogens [89,98–105].
The first clinically relevant nano-plasmonic POC platform for the detection and quantification
of intact human immunodeficiency viruses (HIV) from unprocessed whole blood cell, with high
sensitivity and specificity, was fabricated by Inci et al. [106]. The sensor was prepared by using gold
nanoparticles coupled to the anti-gp120 antibody for binding the HIV. Prior to antibody conjugation,
the gold nanoparticles were adsorbed onto a polystyrene surface coated with poly-L-lysine. The gold
nanoparticles were coated with NeutrAvidin and the biotinylated antibody was conjugated to the
particles via the biotin–avidin bond. The presence of the virus in patient blood was detected based
on the shift in LSPR wavelength. This sensor can capture and quantify ~98 ± 39 copies/mL in
around 1 h and could detect several subtypes of HIV in unprocessed whole blood, making it ideal for
POC application.

A bio-plasmonic paper-based device (BPD) was developed for the detection of the ZIKA virus,
by quantifying the amount of anti-ZIKV-nonstructural protein 1(NS1) IgG and IgM antibodies in
serum [107]. The ZIKV-NS1 protein-coated gold nanorod (AuNR of length ~63 nm and diameter
~25 nm) was used to capture the antibodies. Gold nanorod was used as transducer due to its high
refractive index tunability and sensitivity. ZIKV-NS1 was conjugated to the gold nanorod, using a
carbodiimide crosslinker and thiol-terminated bifunctional polyethylene glycol (SH-PEG). The BPD
was prepared by soaking laboratory filter paper in ZIKV-NS1 functionalized AuNRs solution. The SPR
wavelength shift for the ZIKA negative serum (control, n = 5) was observed to be 2 nm due to
nonspecific binding, whereas a shift of 7.3–8.0 nm was observed for ZIKA positive serum samples
(n = 4). The metal–organic framework (MOF)-based preservation method rendered the device stable
for a month, even at room temperature.

A different type of intensity-modulated surface plasmon resonance (IM-SPR) biosensor was
developed by Chang et al. for rapid detection of avian influenza A H7N9 virus [104]. A reaction
spot containing the antibody H7-mAb was used to capture the virus. The antibodies were bound
to the substrate via amine coupling with the self-assembled monolayer of 11-mercaptoundecanoic
acid (MUA) and 6-Mercapto-1-hexanol (MCH) (molar ratio MUA: MCH = 1:9). A reference signal
from a second spot was used to quantify the test signal. A polarized light source (laser), at 635 nm,
was used to illuminate the two spots and the reflected light was measured, using a data-acquisition
device (DAQ). The binding of the antibody-antigen was quantified by using the change in intensity of
the reflected light. This simple system was able to detect ~144 viral copies/mL in less than 10 min.

A different approach of measuring the change in intensity due to antibody-antigen binding was
demonstrated for the detection of bacteria E. coli [108]. In this approach the binding of the bacteria to the
E. coli O157:H7 antibodies on the gold surface was detected by monitoring the change in photoelectric
signal, associated with the SPR shift, using a linear charged coupled devices (CCD). Based on the
calibration curve prepared using known quantities of bacteria, the theoretical detection limit was
calculated to be 1.87 × 103 CFU/mL. This sensitivity is ~4 times greater than the standard ELISA assays
used to detect E. coli bacteria.
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The change of SPR angle due to antigen–antibody binding is another approach which has been
used for the detection of tuberculosis [109]. A portable SPR device was fabricated by Trzaskowski
et al. by surface modification of a miniature SPR sensor Spreeta 2000 (S2k) chip with Mycobacterium
tuberculosis (MTB) antibodies (MPT64 anti-Ag85). The SPR angle was recorded before and after
adding the sample. The change in the SPR angle after the binding of MTB was used to quantify the
concentration of the bacteria. The detection limit was found to be 1 × 104 CFU/mL for cultured cells
but in the sputum sample, it could detect secretory protein at concentration down of ~10 ng/mL.
Other approaches, such as the detection of DNA fragment IS6110 using SPR, have also been used for
the detection of MTB.

Recently, an SPR-based biosensor was used to detect the SARS-CoV-2 virus. Qiu et al.
developed a dual functional plasmonic biosensor combining plasmonic photothermal (PPT) effect
and LSPR. The system consisted of two-dimensional gold nano-islands (AuNIs) functionalized with
complementary DNA receptors for the detection of the selected sequence of the SARS-CoV-2 virus using
nucleic acid hybridization technique. When the system is illuminated, a localized thermo-plasmonic
heat is generated, further facilitating the nucleic acid hybridization process and enhancing the selectivity
of the assay. The limit of detection of this LSPR-based detection platform was found to be ~0.22 pM [110].
Although this is a benchtop system, this technology can be translated for point-of-care application
as well.

Thus, the SPR technique is a very sensitive technique that can be used to detect any bacteria or
virus, with very high sensitivity, and can be integrated into any miniaturized POC device.

4. Smartphone-Based Detection System

Modern smartphones with high-quality cameras and excellent computational power have the
ability to perform complex analyses, making them ideal candidates for use in point-of-care (POC)
devices [111]. Their ease of use and growing popularity in the modern world give smartphone credence
to be used anywhere worldwide. In fact, the emerging field of smartphone-based clinical diagnostic
devices has the potential to decentralize laboratory and clinical testing, as it offers practical features,
such as cost-effectiveness, portability, and building connectivity between patients and healthcare
providers. Modern-day smartphones are capable of detecting minute changes in optical signal resulting
from any assay including immunoassays, colorimetric assays, and nucleic acid amplification.

Advancements in different fields, such as molecular analysis, biosensors, mathematical algorithms,
microfabrication, 3D-printing, and microfluidics, which occur simultaneously with the progress of
cellphones and cameras, make it possible to convert a smartphone to a portable diagnostic device.
Most smartphone-based diagnostic devices are designed to reduce costs and increase portability, e.g.,
smartphone-based microscopes and readers. The addition of an external lens, such as ball lenses,
to the smartphone camera, can convert the smartphone to a brightfield microscope [112,113]. However,
the curved nature of the ball-type lens can cause a distortion around the edge of the image, which
can be corrected by using an objective lens and eyepiece [114]. The construction of the brightfield
microscopes can be further simplified and made cost-effective by inkjet printing of lenses, using
polydimethylsiloxane (PDMS) [115].

Smartphones can be also used as a fluorescent microscope which is an essential tool for modern
biomedical diagnostics. A typical smartphone fluorescence microscope consists of an excitation light
source (LED or laser diode), lenses and an emission filter. The wavelength of the exciting light is shorter
than the emitted light and is filtered out before the detection of the fluorescent photon. Smartphones
have also been used for phase-contrast imaging [116–118]. Similarly, spectroscopic measurements
were performed by integrating dispersive elements, e.g., diffraction gratings, and pinholes or optical
fibers [119].

Over the past decade, these smartphone-based technologies have been widely used for the
detection of different pathogens [57,120–130]. A unique fluorescence-based approach of combining
quantum dot barcode technology with smartphones was used to detect HIV and Hepatitis-B virus [131].
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A schematic of the assay is shown in Figure 5. The patient’s sample was first added to a chip, after
amplifying the genetic target via an isothermal amplification process. The chip was composed of
microbeads barcoded by different colored quantum dots. These quantum dots in turn were coated with
specific recognition molecules (capture DNA). The target DNA in the sample binds to their respective
capture DNA present on the microbeads. A fluorescently labeled secondary targeting agent (detection
DNA) was then introduced, which specifically binds to the other end of the target DNA, thus forming
a sandwich structure. The color of the fluorescence label of the detection DNA was different from
the quantum dots and thus their co-localization confirmed the presence of the target viral DNA. One
of the major advantages of this barcode technology is the ability to simultaneously detect multiple
different viruses. A specially designed smartphone (Apple iPhone 4S) attachment containing two
diode lasers (for chip illumination), a set of excitation and emission (bandpass) filters along with an
objective and an eyepiece, were used as the barcode readout. The limit of detection of this assay was
~1000 viral copies/mL.
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Figure 5. (A) Schematic of the fluorescence assay for detecting multiple pathogens, using a smartphone:
The sample was added to a chip coated with microbeads, which are optically barcoded by quantum
dots and are coated with bio-recognition element to capture a specific target molecule; (B) Photograph
of the microwell chip containing different barcodes in each well; (C) Fluorescence image of the different
quantum dot barcode array (Scale bar—20 µm); (D) Schematic of the smartphone device. Two excitation
sources were used to excite the quantum dot barcoded chip independently. The optical emission is
collected by a set of objective and eyepiece lenses and filtered using a long-pass filter and then imaged,
using a smartphone camera; (E) Photograph of the smartphone device incorporated with the microwell
chip. Used with permission, from Reference [131].

Another smartphone-based technology capable of detecting multiple mosquito-borne viruses,
i.e., Zika (ZIKV), chikungunya (CHIKV), and dengue (DENV), was developed using a loop-mediated
isothermal amplification (LAMP) box [132]. The box consisted of a heating module, a housing module
for the assay, a detector, and an analyzer unit to interpret the data. A heating module was used to
warm the sample to about 70 ◦C. A dry shelf-stable assay was used containing a primer and dyes,
that can be rehydrated with water and amplification buffer, prior to the assay. Furthermore, one primer
was used to test three strains of ZIKV, and different primers were used for both CHIKV and DENV.
Different human samples, such as urine, saliva, and blood, were spiked with the virus and then tested
at various concentrations. The change in fluorescence signal due to the presence of the target virus was
detected by irradiating the sample, using a 3-watt RGB LED coupled to an RGB multiband pass filter.
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The fluorescence images were captured by using a smartphone, and the data were analyzed, using a
custom-built application (app). Furthermore, the app was also used to control the laser and heating
module via a Bluetooth microcontroller.

Recently, a smartphone-based device coupled to a microfluidic chip was used for the detection
of human Kaposi’s sarcoma herpesvirus 8 (KSHV) [133]. The microfluidic chip containing gold
nanoparticles was coated with oligonucleotides (specific to KSHV), that aggregates in the presence of
the target virus. The level of nanoparticle aggregation is proportional to the viral load and results in a
change in its optical (plasmonic) properties. This change was detected by irradiating the microfluidic
channel with a 520 nm LED (peak SPR wavelength) and monitoring the change in voltage across an
optical sensor (photocell) placed opposite to the chip. A direct correlation was observed between the
voltage drop and the optical density of the sample. The data were collected and analyzed, using a
smartphone. The operating range of this device was between 500 pM and 1 µM.

In another approach, Mycobacterium tuberculosis (MTBC), known to cause tuberculosis in human,
was detected by using a paper-based assay and smartphone camera [134]. An array of wells was
fabricated, using wax-based ink and impregnated with magnesium chloride (MgCl2). A solution
containing gold nanoparticles functionalized with thiol-modified ssDNA oligonucleotides [135],
complementary to the RNA polymerase β-subunit gene of (MTBC), was used for the detection of the
MTBC. The presence of MTBC would prevent the aggregation of the gold nanoparticles due to the
presence of MgCl2, thus preserving the red color. This change in color due to the absence of the bacteria
was quantified by imaging the wells, using a mobile camera, and performing a simple RGB analysis on
the images. The limit of detection of this device was reported to be 10 µg/mL MTBC sample DNA [134].
In another study, a smartphone-based fluorescence imaging platform was developed for the detection
of E. coli in liquid samples using a sandwich immunoassay [136]. For this purpose, glass capillaries
coated with anti-E. coli O157:H7 antibody were used to capture the E. coli particles in a contaminated
sample. A secondary anti-E. coli antibody conjugated to biotin was then added in order to make a
sandwich structure. The final step involved introducing streptavidin-conjugated quantum dots, which
would bind to the biotin, tagged with the secondary antibodies, thereby labeling them. The capillary
tubes were used to deliver the liquid into the imaging volume and served as a waveguide for the
excitation light. The fluorescence emission from the quantum dots, attached to E. coli particles, were
imaged and quantified using a cost-effective and lightweight smart-phone microscope. The detection
limit of this platform was measured to be ~5 to 10 CFU/mL.

5. Lensless Digital Holographic Imaging

Lensless holographic imaging is another portable imaging modality that has gained prominence
in the last decade due to its low cost, compactness, and wide field-of-view, which increases the
throughput [93,137–144]. A lensless imaging platform is relatively simple and can be built using
inexpensive light sources, e.g., LED, and a complementary metal-oxide semiconductor (CMOS) imaging
sensor. A partially coherent light source is used to illuminate the sample and the resulting in-line
holograms are recorded in the imaging sensor. The holograms are formed on the imaging chip due to
the interference between the scattered wave from the semi-transparent sample and the transmitted
wave. These holograms are digitally backpropagated to the object plane in order to reconstruct the
image of the sample. Holography, being an interferometric technique, enables the extraction of both
the amplitude and phase information following reconstruction. There are several approaches to
reconstruct the images. One of the most commonly used technique is the angular spectrum approach,
which involves multiplying the Fourier transform of the captured hologram with a transfer function
Hz2

(
fx, fy

)
, and taking the inverse fourier transform of the product to recover the image [128]. This is

expressed as follows [145]:
Er = F−1

{
F
{
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}
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(
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)}
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where Er is the reconstructed optical field of the object, Ei(x, y) is the captured hologram and Hz2

(
fx, fy

)
is the transfer function of the free space (n = 1). The transfer function is defined as [145]:

Hz2

(
fx, fy

)
=

 eikz2

√
1−(

2πfx
k )

2
−(

2πfy
k )

2

, fx
2 + fy

2 < 1
λ2

0, fx
2 + fy

2
≥

1
λ2

(2)

Here, λ is the wavelength of the light, k = 2π
λ ; fx and fy are spatial frequencies; and z2 is the

sample to sensor distance. The sample to sensor distance is kept small (<1 mm), thereby leading to unit
magnification. Thus, the field of view of this imaging system is quite large, compared to a conventional
lens-based imaging system. The resolution of this type of imaging system is typically limited by the
degree of coherence and pixel size of the CMOS sensor, but using different super-resolution techniques
it was possible to achieve resolution sub-diffraction limited resolution (~250 nm) [146].

The small size and low cost of these devices make them ideal for POC applications and several
holographic imaging devices have been used for the detection of different types of viruses and
bacteria [147–150]. In one such example, a digital lensless microscope was used to detect the Herpes
Simplex Virus (HSV-1), using a microparticle clustering assay [151]. In this assay, silica microparticles
(~2 µm) coated with HSV-1 antibodies were mixed with the viral particles in solution and imaged
by using a holographic microscope, as shown in Figure 6. The presence of the virus caused the
microparticles to aggregate, and the level of aggregation was used as the metric to infer the presence
and concentration of the virus in the sample solution. Deep learning approaches were used for
image reconstruction and analysis, which yielded a limit of detection as low as ~5 viral copies/µL
(i.e., ~25 copies/test).
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Figure 6. Schematic of a lensless digital holographic imaging system. A simple imaging system
consists of a light source, complementary metal-oxide semiconductor (CMOS) sensor array, and a
semi-transparent chip/substrate containing the sample.

In another example, a chip for the capture of HSV-1 virus was prepared by first functionalizing the
glass with silane-PEG-biotin and then adding streptavidin to it, as shown in Figure 7 [152]. Non-specific
binding was eliminated by coating the glass coverslip with m-PEG-silane. The virus sample was then
incubated with biotinylated antibodies specific to HSV-1. The virus-antibody-biotin was then added to
the chip, in order to capture them to the surface via the biotin–avidin bond. This chip was then imaged
using a lensless microscope, with pixel super-resolution capability. This was achieved by illuminating
the sample sequentially with 20 different LEDs, in order to record holograms with sub-pixel shifts.
These sub-pixels shifted holograms were then used to synthesize a high-resolution hologram, which
was reconstructed to obtain the phase and amplitude images of the virus. Another salient feature
is the use of nanolens in order to amplify the optical signature of the viral particles. Poly-ethylene
glycol (PEG-400) vapor was condensed onto the chip, resulting in the formation of drop-like structures
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selectively around the viral particles that act as lenses. The peak phase value of the reconstructed
images of the virus and nanolens was used to estimate the size of the particles and thus confirm the
presence of the HSV-1 virus, which has a size of ~150–200 nm. An automated program was used to
count the number of viral particles by digitally filtering out the particles with sizes outside 150–200 nm.
A limit of detection of 120 viral particles per test over a field of view of ~30 mm2 was reported. Another
approach of detecting pathogens was demonstrated by using an acoustically actuated holographic
microscope, which facilitated the detection of virus (HSV-1) and bacteria (Staphylococcus aureus) in
solution. In this approach, an acoustic transducer was coupled to a chip containing the pathogens [153].
The interdigitated transducer was used to generate surface acoustic waves which interacted with
the chip to generate dispersive Lamb-type guided waves. This energy was coupled onto the liquid
layer containing the pathogen and led to the formation of standing waves. The formation of the
standing waves resulted in the displacement of the fluid from the antinode region, thereby exposing
the pathogens and creating localized lens like liquid menisci around it. These lens-like structures
(menisci) enabled the detection of Staphylococcus aureus bacteria and HSV-1 virus, by imaging them,
using a low-cost portable holographic microscope.
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Figure 7. (A) Schematic of the HSV-1 capture assay on a specially prepared chip. (B) Schematic of the
portable lensless microscope with pixel super-resolution capability. The device weighs less than 500 gm
and is about 25 cm in height [152]. Lensless microscopy was also used to detect Staphylococcus aureus
directly in a contact lens [154]. The contact lenses were coated with multiple layers polyelectrolytes
that enables the immobilization of antibody specific to the S. aureus onto them. Simulated experiments
were performed by incubating the antibody-coated contact lens with artificial tear fluid containing the
bacteria. This was followed by the addition of a secondary antibody-coated polystyrene microparticle
(5 µm), which resulted in the formation of a sandwich structure. A portable lensless microscope was
used to directly image and quantify the number of microparticles present on the curved surface of the
contact lens. Up to 16 bacteria/µL could be detected by using this method.

6. Conclusions

In this review, we described some recent point-of-care technologies incorporating plasmonics,
microfluidics, smartphone imagers, and lensless microscopes for simple, sensitive, rapid ‘on-site’
detection of pathogens (summarized in Table 1). Several examples covering a wide range of techniques
such as immunoassays (ELISA, fluorescence, etc.) and nucleic acid amplification were discussed.
Although the POC devices have been able to overcome some of the major drawbacks associated
with conventional diagnostic technologies, particularly in terms of cost, throughput, and portability,
there are still ways to go. A huge amount of effort needs to be dedicated in order to improve
their sensitivity, specificity, ease of use, and storage, which will facilitate the use of these diagnostic
techniques everywhere around the globe daily. These advanced POC devices hold the potential to
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revolutionize the diagnosis of the viral and bacterial pathogens, especially in resource-limited settings,
thereby saving countless more lives.

Table 1. A list of commonly used point-of-care (POC) technologies for the detection of some of the
highly infectious bacterial and viral pathogens.

Pathogens Detection
Platform Detection Device Type of

Assay Used References

SARS-CoV-2 LFIA Visual read RT-LAMP and
CRISPR [59]

H1N1 Microfluidics Amperometry Electrochemical [60]

Zika virus

Zika, Dengue and
Chikungunya

LFIA

Microfluidics

Microfluidics
(Paper)

Plasmonics

Reaction tubes

Smartphone

Smartphone

Smartphone

Spectral shift

Smartphone

Fluorescent
Immunoassay

ELISA

RT-LAMP

Immunoassay

LAMP

[61]

[62]

[55]

[107]

[132]

HIV

HIV and Hep. B

LFIA

Microfluidics

Plasmonic

Barcoded chip

Smartphone

Electric sensing

Spectral shift

Smartphone

RT-LAMP

Immunoassay

Immunoassay

Isothermal
amplification

[69]

[71]

[106]

[131]

H7N9 Plasmonics Immunoassay [104]

Kaposi sarcoma
herpesvirus 8 Microfluidics Smartphone Nanoparticle

aggregation [133]

HSV1

Glass Chip

Surface
functionalized

glass Chip

Lensless
Holographic
microscope

Lensless
Holographic
microscope

Microparticle
clustering

Size-based
Immunoassay

[151]

[152]

S. aureus Contact Lens Holographic
microscope Immunoassay [154]

E. coli

Paper microfluidic

Plasmonics

Glass capillaries

Smartphone

CCD

Smartphone

Nanoparticle
aggregation

Immunoassay

Sandwich
Immunoassay

[71]

[108]

[136]

M. tuberculosis

Microfluidic

Plasmonics

Paper/plasmonics

Amperometry

Optical Sensor
Array

Smartphone

Electrochemical
ELISA

Immunoassay

Nanoparticle
aggregation

[74]

[109]

[134]
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4. Huremović, D. Brief History of Pandemics (Pandemics Throughout History). In Psychiatry of Pandemics;
Springer: Cham, Switzerland, 2019; pp. 7–35. [CrossRef]

5. van Seventer, J.M.; Hochberg, N.S. Principles of Infectious Diseases: Transmission, Diagnosis, Prevention,
and Control. Int. Encycl. Public Health 2017, 22–39. [CrossRef]

6. Fauci, A.S.; Touchette, N.A.; Folkers, G.K. Emerging Infectious Diseases: A 10-Year Perspective from the
National Institute of Allergy and Infectious Diseases. Emerg. Infect. Dis. 2005, 11, 519–525. [CrossRef]

7. Lemon, S.M.; Hamburg, M.A.; Sparling, P.F.; Choffnes, E.R.; Mack, A.; Rapporteurs Institute of Medicine
(US) Forum on Microbial Threats. Global Infectious Disease Surveillance and Detection: Assessing the
Challenges—Finding Solutions, Workshop Summary; National Academies Press (US): Washington, DC, USA, 2007.
[CrossRef]

8. Tran, B.X.; Phan, H.T.; Latkin, C.A.; Nguyen, H.L.T.; Hoang, C.L.; Ho, C.S.H.; Ho, R.C.M. Understanding
Global HIV Stigma and Discrimination: Are Contextual Factors Sufficiently Studied? (GAP(RESEARCH)).
Int. J. Environ. Res. Public Health 2019, 16, 1899. [CrossRef] [PubMed]

9. Taubenberger, J.K.; Morens, D.M. The Pathology of Influenza Virus Infections. Annu. Rev. Pathol. 2008, 3,
499–522. [CrossRef] [PubMed]

10. Morens, D.M.; Taubenberger, J.K.; Harvey, H.A.; Memoli, M.J. The 1918 Influenza Pandemic: Lessons for
2009 and the Future. Crit. Care Med. 2010, 38 (Suppl. S4), e10–e20. [CrossRef] [PubMed]

11. Palacios Cruz, M.; Santos, E.; Velázquez Cervantes, M.A.; León Juárez, M. COVID-19, a Worldwide Public
Health Emergency TT—COVID-19, Una Emergencia de Salud Pública Mundial. Rev. Clin. Esp. 2020.
[CrossRef]

12. CDC COVID Data Tracker. Available online: https://covid.cdc.gov/covid-data-tracker/ (accessed on
20 August 2020).

13. Gharehgozli, O.; Nayebvali, P.; Gharehgozli, A.; Zamanian, Z. Impact of COVID-19 on the Economic Output
of the US Outbreak’s Epicenter. Econ. Disasters Clim. Chang. 2020, 4, 561–573. [CrossRef]

14. Global Tuberculosis Report; WHO: Geneva, Switzerland, 2019; ISBN 978-92-4-156571-4.
15. Al-Humadi, H.W.; Al-Saigh, R.J.; Al-Humadi, A.W. Addressing the Challenges of Tuberculosis: A Brief

Historical Account. Front. Pharmacol. 2017, 8, 689. [CrossRef]
16. Blumberg, H.M.; Ernst, J.D. The Challenge of Latent TB Infection. JAMA 2016, 316, 931–933. [CrossRef]
17. Sudre, P.; ten Dam, G.; Kochi, A. Tuberculosis: A Global Overview of the Situation Today. Bull. World

Health Organ. 1992, 70, 149–159.
18. Harries, A.D.; Kumar, A.M.V. Challenges and Progress with Diagnosing Pulmonary Tuberculosis in Low-

and Middle-Income Countries. Diagnostics 2018, 8, 78. [CrossRef] [PubMed]
19. Fenwick, A. Waterborne Infectious Diseases—Could They Be Consigned to History? Science 2006, 313,

1077–1081. [CrossRef]
20. Shannon, M.A.; Bohn, P.W.; Elimelech, M.; Georgiadis, J.G.; Mariñas, B.J.; Mayes, A.M. Science and Technology

for Water Purification in the Coming Decades. Nature 2008, 452, 301–310. [CrossRef] [PubMed]
21. Bintsis, T. Foodborne Pathogens. AIMS Microbiol. 2017, 3, 529–563. [CrossRef]

http://dx.doi.org/10.1111/j.1541-1338.2008.00346.x
http://dx.doi.org/10.5001/omj.2020.41
http://www.ncbi.nlm.nih.gov/pubmed/32328297
http://dx.doi.org/10.17226/24737
http://dx.doi.org/10.1007/978-3-030-15346-5_2
http://dx.doi.org/10.1016/B978-0-12-803678-5.00516-6
http://dx.doi.org/10.3201/eid1104.041167
http://dx.doi.org/10.17226/11996
http://dx.doi.org/10.3390/ijerph16111899
http://www.ncbi.nlm.nih.gov/pubmed/31146379
http://dx.doi.org/10.1146/annurev.pathmechdis.3.121806.154316
http://www.ncbi.nlm.nih.gov/pubmed/18039138
http://dx.doi.org/10.1097/CCM.0b013e3181ceb25b
http://www.ncbi.nlm.nih.gov/pubmed/20048675
http://dx.doi.org/10.1016/j.rce.2020.03.001
https://covid.cdc.gov/covid-data-tracker/
http://dx.doi.org/10.1007/s41885-020-00069-w
http://dx.doi.org/10.3389/fphar.2017.00689
http://dx.doi.org/10.1001/jama.2016.11021
http://dx.doi.org/10.3390/diagnostics8040078
http://www.ncbi.nlm.nih.gov/pubmed/30477096
http://dx.doi.org/10.1126/science.1127184
http://dx.doi.org/10.1038/nature06599
http://www.ncbi.nlm.nih.gov/pubmed/18354474
http://dx.doi.org/10.3934/microbiol.2017.3.529


Diagnostics 2020, 10, 841 18 of 24

22. Michaud, C.M. Global Burden of Infectious Diseases. Encycl. Microbiol. 2009, 444–454. [CrossRef]
23. Srivastava, S.; Singh, P.K.; Vatsalya, V.; Karch, R.C. Developments in the Diagnostic Techniques of Infectious

Diseases: Rural and Urban Prospective. Adv. Infect. Dis. 2018, 8, 121–138. [CrossRef]
24. Desselberger, U.; Collingham, K. Molecular Techniques in the Diagnosis of Human Infectious Diseases.

Genitourin. Med. 1990, 66, 313–323. [CrossRef]
25. Murray, P.R.; Masur, H. Current Approaches to the Diagnosis of Bacterial and Fungal Bloodstream Infections

in the Intensive Care Unit. Crit. Care Med. 2012, 40, 3277–3282. [CrossRef]
26. Tang, Y.-W.; Schmitz, J.E.; Persing, D.H.; Stratton, C.W. Laboratory Diagnosis of COVID-19: Current Issues

and Challenges. J. Clin. Microbiol. 2020, 58, e00512-20. [CrossRef] [PubMed]
27. Bloom, D.E.; Cadarette, D. Infectious Disease Threats in the Twenty-First Century: Strengthening the Global

Response. Front. Immunol. 2019, 10, 549. [CrossRef] [PubMed]
28. St John, A.; Price, C.P. Existing and Emerging Technologies for Point-of-Care Testing. Clin. Biochem. Rev.

2014, 35, 155–167.
29. Christodouleas, D.C.; Kaur, B.; Chorti, P. From Point-of-Care Testing to EHealth Diagnostic Devices

(EDiagnostics). ACS Cent. Sci. 2018, 4, 1600–1616. [CrossRef] [PubMed]
30. Vashist, S.K. Point-of-Care Diagnostics: Recent Advances and Trends. Biosensors 2017, 7, 62. [CrossRef]

[PubMed]
31. Alawsi, T.; Al-Bawi, Z. A Review of Smartphone Point-of-Care Adapter Design. Eng. Rep. 2019, 1, e12039.

[CrossRef]
32. Moon, S.; Keles, H.O.; Kim, Y.-G.; Kuritzkes, D.; Demirci, U. Lensless Imaging for Point-of-Care Testing.

In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, Minneapolis, MN, USA, 3–6 September 2009; pp. 6376–6379. [CrossRef]

33. Tokel, O.; Inci, F.; Demirci, U. Advances in Plasmonic Technologies for Point of Care Applications. Chem. Rev.
2014, 114, 5728–5752. [CrossRef]

34. Mejía-Salazar, J.R.; Cruz, K.R.; Vásques, E.M.M.; de Oliveira, O.N. Microfluidic Point-of-Care Devices:
New Trends and Future Prospects for Ehealth Diagnostics. Sensors 2020, 20, 1951. [CrossRef]

35. Chin, C.D.; Laksanasopin, T.; Cheung, Y.K.; Steinmiller, D.; Linder, V.; Parsa, H.; Wang, J.; Moore, H.;
Rouse, R.; Umviligihozo, G.; et al. Microfluidics-Based Diagnostics of Infectious Diseases in the Developing
World. Nat. Med. 2011, 17, 1015–1019. [CrossRef]

36. Gale, B.K.; Jafek, A.R.; Lambert, C.J.; Goenner, B.L.; Moghimifam, H.; Nze, U.C.; Kamarapu, S.K. A Review
of Current Methods in Microfluidic Device Fabrication and Future Commercialization Prospects. Inventions
2018, 3, 60. [CrossRef]

37. Pandey, C.M.; Augustine, S.; Kumar, S.; Kumar, S.; Nara, S.; Srivastava, S.; Malhotra, B.D. Microfluidics
Based Point-of-Care Diagnostics. Biotechnol. J. 2018, 13, 1700047. [CrossRef] [PubMed]

38. Sia, S.K.; Kricka, L.J. Microfluidics and Point-of-Care Testing. Lab Chip 2008, 8, 1982–1983. [CrossRef]
[PubMed]

39. Sher, M.; Zhuang, R.; Demirci, U.; Asghar, W. Paper-Based Analytical Devices for Clinical Diagnosis: Recent
Advances in the Fabrication Techniques and Sensing Mechanisms. Expert Rev. Mol. Diagn. 2017, 17, 351–366.
[CrossRef] [PubMed]

40. Nilghaz, A.; Liu, X.; Ma, L.; Huang, Q.; Lu, X. Development of Fabric-Based Microfluidic Devices by Wax
Printing. Cellulose 2019, 26, 3589–3599. [CrossRef]

41. Ren, K.; Zhou, J.; Wu, H. Materials for Microfluidic Chip Fabrication. Acc. Chem. Res. 2013, 46, 2396–2406.
[CrossRef]

42. Becker, H.; Locascio, L.E. Polymer Microfluidic Devices. Talanta 2002, 56, 267–287. [CrossRef]
43. Hristov, D.R.; Rodriguez-Quijada, C.; Gomez-Marquez, J.; Hamad-Schifferli, K. Designing Paper-Based

Immunoassays for Biomedical Applications. Sensors 2019, 19, 554. [CrossRef]
44. Kasetsirikul, S.; Shiddiky, M.J.A.; Nguyen, N.-T. Challenges and Perspectives in the Development of

Paper-Based Lateral Flow Assays. Microfluid. Nanofluid. 2020, 24, 17. [CrossRef]
45. Joung, H.-A.; Ballard, Z.S.; Ma, A.; Tseng, D.K.; Teshome, H.; Burakowski, S.; Garner, O.B.; Di Carlo, D.;

Ozcan, A. Paper-Based Multiplexed Vertical Flow Assay for Point-of-Care Testing. Lab Chip 2019, 19,
1027–1034. [CrossRef]

46. Ariffin, N.; Yusof, N.A.; Abdullah, J.; Abd Rahman, S.F.; Ahmad Raston, N.H.; Kusnin, N.; Suraiya, S. Lateral
Flow Immunoassay for Naked Eye Detection of Mycobacterium tuberculosis. J. Sens. 2020, 2020. [CrossRef]

http://dx.doi.org/10.1016/B978-012373944-5.00185-1
http://dx.doi.org/10.4236/aid.2018.83012
http://dx.doi.org/10.1136/sti.66.5.313
http://dx.doi.org/10.1097/CCM.0b013e318270e771
http://dx.doi.org/10.1128/JCM.00512-20
http://www.ncbi.nlm.nih.gov/pubmed/32245835
http://dx.doi.org/10.3389/fimmu.2019.00549
http://www.ncbi.nlm.nih.gov/pubmed/30984169
http://dx.doi.org/10.1021/acscentsci.8b00625
http://www.ncbi.nlm.nih.gov/pubmed/30648144
http://dx.doi.org/10.3390/bios7040062
http://www.ncbi.nlm.nih.gov/pubmed/29258285
http://dx.doi.org/10.1002/eng2.12039
http://dx.doi.org/10.1109/IEMBS.2009.5333765
http://dx.doi.org/10.1021/cr4000623
http://dx.doi.org/10.3390/s20071951
http://dx.doi.org/10.1038/nm.2408
http://dx.doi.org/10.3390/inventions3030060
http://dx.doi.org/10.1002/biot.201700047
http://www.ncbi.nlm.nih.gov/pubmed/29178532
http://dx.doi.org/10.1039/b817915h
http://www.ncbi.nlm.nih.gov/pubmed/19023459
http://dx.doi.org/10.1080/14737159.2017.1285228
http://www.ncbi.nlm.nih.gov/pubmed/28103450
http://dx.doi.org/10.1007/s10570-019-02317-z
http://dx.doi.org/10.1021/ar300314s
http://dx.doi.org/10.1016/S0039-9140(01)00594-X
http://dx.doi.org/10.3390/s19030554
http://dx.doi.org/10.1007/s10404-020-2321-z
http://dx.doi.org/10.1039/C9LC00011A
http://dx.doi.org/10.1155/2020/1365983


Diagnostics 2020, 10, 841 19 of 24

47. Zhu, H.; Fohlerová, Z.; Pekárek, J.; Basova, E.; Neužil, P. Recent Advances in Lab-on-a-Chip Technologies for
Viral Diagnosis. Biosens. Bioelectron. 2020, 153, 112041. [CrossRef] [PubMed]

48. Nguyen, T.; Chidambara, V.A.; Andreasen, S.Z.; Golabi, M.; Huynh, V.N.; Linh, Q.T.; Bang, D.D.; Wolff, A.
Point-of-Care Devices for Pathogen Detections: The Three Most Important Factors to Realise towards
Commercialization. TrAC Trends Anal. Chem. 2020, 131, 116004. [CrossRef]

49. Tsao, C.-W. Polymer Microfluidics: Simple, Low-Cost Fabrication Process Bridging Academic Lab Research
to Commercialized Production. Micromachines 2016, 7, 225. [CrossRef] [PubMed]

50. Cao, Q.; Mahalanabis, M.; Chang, J.; Carey, B.; Hsieh, C.; Stanley, A.; Odell, C.A.; Mitchell, P.; Feldman, J.;
Pollock, N.R.; et al. Microfluidic Chip for Molecular Amplification of Influenza A RNA in Human Respiratory
Specimens. PLoS ONE 2012, 7, e33176. [CrossRef] [PubMed]

51. Qin, P.; Park, M.; Alfson, K.J.; Tamhankar, M.; Carrion, R.; Patterson, J.L.; Griffiths, A.; He, Q.; Yildiz, A.;
Mathies, R.; et al. Rapid and Fully Microfluidic Ebola Virus Detection with CRISPR-Cas13a. ACS Sens. 2019,
4, 1048–1054. [CrossRef]

52. Zhao, C.; Liu, X. A Portable Paper-Based Microfluidic Platform for Multiplexed Electrochemical Detection of
Human Immunodeficiency Virus and Hepatitis C Virus Antibodies in Serum. Biomicrofluidics 2016, 10, 24119.
[CrossRef] [PubMed]

53. Zhao, X.; Li, M.; Liu, Y. Microfluidic-Based Approaches for Foodborne Pathogen Detection. Microorganisms
2019, 7, 381. [CrossRef] [PubMed]

54. Mauk, M.; Song, J.; Bau, H.H.; Gross, R.; Bushman, F.D.; Collman, R.G.; Liu, C. Miniaturized Devices for
Point of Care Molecular Detection of HIV. Lab Chip 2017, 17, 382–394. [CrossRef] [PubMed]

55. Kaarj, K.; Akarapipad, P.; Yoon, J.-Y. Simpler, Faster, and Sensitive Zika Virus Assay Using Smartphone
Detection of Loop-Mediated Isothermal Amplification on Paper Microfluidic Chips. Sci. Rep. 2018, 8, 12438.
[CrossRef]

56. Wang, S.; Inci, F.; De Libero, G.; Singhal, A.; Demirci, U. Point-of-Care Assays for Tuberculosis: Role of
Nanotechnology/Microfluidics. Biotechnol. Adv. 2013, 31, 438–449. [CrossRef]

57. Nasseri, B.; Soleimani, N.; Rabiee, N.; Kalbasi, A.; Karimi, M.; Hamblin, M.R. Point-of-Care Microfluidic
Devices for Pathogen Detection. Biosens. Bioelectron. 2018, 117, 112–128. [CrossRef] [PubMed]

58. NIH Delivering New COVID-19 Testing Technologies to Meet U.S. Demand. Available
online: https://www.nih.gov/news-events/news-releases/nih-delivering-new-covid-19-testing-technologies-
meet-us-demand (accessed on 31 July 2020).

59. Joung, J.; Ladha, A.; Saito, M.; Segel, M.; Bruneau, R.; Huang, M.W.; Kim, N.G.; Yu, X.; Li, J.; Walker, B.D.; et al.
Point-of-Care Testing for COVID-19 Using SHERLOCK Diagnostics. medRxiv Prep. Serv. Health Sci. 2020,
20091231. [CrossRef]

60. Singh, R.; Hong, S.; Jang, J. Label-Free Detection of Influenza Viruses Using a Reduced Graphene Oxide-Based
Electrochemical Immunosensor Integrated with a Microfluidic Platform. Sci. Rep. 2017, 7, 42771. [CrossRef]

61. Rong, Z.; Wang, Q.; Sun, N.; Jia, X.; Wang, K.; Xiao, R.; Wang, S. Smartphone-Based Fluorescent Lateral Flow
Immunoassay Platform for Highly Sensitive Point-of-Care Detection of Zika Virus Nonstructural Protein 1.
Anal. Chim. Acta 2019, 1055, 140–147. [CrossRef] [PubMed]

62. Kabir, M.A.; Zilouchian, H.; Sher, M.; Asghar, W. Development of a Flow-Free Automated Colorimetric
Detection Assay Integrated with Smartphone for Zika NS1. Diagnostics 2020, 10, 42. [CrossRef]

63. Da Silva, S.J.R.; Pardee, K.; Pena, L. Loop-Mediated Isothermal Amplification (LAMP) for the Diagnosis of
Zika Virus: A Review. Viruses 2019, 12, 19. [CrossRef] [PubMed]

64. Da Silva, S.J.R.; Paiva, M.H.S.; Guedes, D.R.D.; Krokovsky, L.; de Melo, F.L.; da Silva, M.A.L.; da Silva, A.;
Ayres, C.F.J.; Pena, L.J. Development and Validation of Reverse Transcription Loop-Mediated Isothermal
Amplification (RT-LAMP) for Rapid Detection of ZIKV in Mosquito Samples from Brazil. Sci. Rep. 2019,
9, 4494. [CrossRef] [PubMed]

65. Martin, C.A.; Keren, D.F. Comparison of Murex Single-Use Diagnostic System with Traditional Enzyme
Immunoassay for Detection of Exposure to Human Immunodeficiency Virus. Clin. Diagn. Lab. Immunol.
2002, 9, 187–189. [CrossRef]

66. Nandi, S.; Maity, S.; Bhunia, S.C.; Saha, M.K. Comparative Assessment of Commercial ELISA Kits for
Detection of HIV in India. BMC Res. Notes 2014, 7, 436. [CrossRef]

67. US Foods. OraQuick In-Home HIV Test; US Foods: Rosemont, IL, USA, 2020.

http://dx.doi.org/10.1016/j.bios.2020.112041
http://www.ncbi.nlm.nih.gov/pubmed/31999560
http://dx.doi.org/10.1016/j.trac.2020.116004
http://dx.doi.org/10.3390/mi7120225
http://www.ncbi.nlm.nih.gov/pubmed/30404397
http://dx.doi.org/10.1371/journal.pone.0033176
http://www.ncbi.nlm.nih.gov/pubmed/22457740
http://dx.doi.org/10.1021/acssensors.9b00239
http://dx.doi.org/10.1063/1.4945311
http://www.ncbi.nlm.nih.gov/pubmed/27158287
http://dx.doi.org/10.3390/microorganisms7100381
http://www.ncbi.nlm.nih.gov/pubmed/31547520
http://dx.doi.org/10.1039/C6LC01239F
http://www.ncbi.nlm.nih.gov/pubmed/28092381
http://dx.doi.org/10.1038/s41598-018-30797-9
http://dx.doi.org/10.1016/j.biotechadv.2013.01.006
http://dx.doi.org/10.1016/j.bios.2018.05.050
http://www.ncbi.nlm.nih.gov/pubmed/29890393
https://www.nih.gov/news-events/news-releases/nih-delivering-new-covid-19-testing-technologies-meet-us-demand
https://www.nih.gov/news-events/news-releases/nih-delivering-new-covid-19-testing-technologies-meet-us-demand
http://dx.doi.org/10.1101/2020.05.04.20091231
http://dx.doi.org/10.1038/srep42771
http://dx.doi.org/10.1016/j.aca.2018.12.043
http://www.ncbi.nlm.nih.gov/pubmed/30782365
http://dx.doi.org/10.3390/diagnostics10010042
http://dx.doi.org/10.3390/v12010019
http://www.ncbi.nlm.nih.gov/pubmed/31877989
http://dx.doi.org/10.1038/s41598-019-40960-5
http://www.ncbi.nlm.nih.gov/pubmed/30872672
http://dx.doi.org/10.1128/CDLI.9.1.187-189.2002
http://dx.doi.org/10.1186/1756-0500-7-436


Diagnostics 2020, 10, 841 20 of 24

68. Gueudin, M.; Leoz, M.; Lemée, V.; De Oliveira, F.; Vessière, A.; Kfutwah, A.; Plantier, J.-C. A New Real-Time
Quantitative PCR for Diagnosis and Monitoring of HIV-1 Group O Infection. J. Clin. Microbiol. 2012, 50,
831–836. [CrossRef]

69. Phillips, E.A.; Moehling, T.J.; Ejendal, K.; Hoilett, O.S.; Byers, K.M.; Basing, L.A.; Jankowski, L.A.; Bennett, J.B.;
Lin, L.K.; Stanciu, L.A.; et al. Microfluidic Rapid and Autonomous Analytical Device (MicroRAAD) to Detect
HIV from Whole Blood Samples. Lab Chip 2019, 19, 3375–3386. [CrossRef]

70. Pilcher, C.D.; Joaki, G.; Hoffman, I.F.; Martinson, F.E.; Mapanje, C.; Stewart, P.W.; Powers, K.A.; Galvin, S.;
Chilongozi, D.; Gama, S.; et al. Amplified Transmission of HIV-1: Comparison of HIV-1 Concentrations in
Semen and Blood during Acute and Chronic Infection. AIDS 2007, 21, 1723–1730. [CrossRef] [PubMed]

71. Shafiee, H.; Asghar, W.; Inci, F.; Yuksekkaya, M.; Jahangir, M.; Zhang, M.H.; Durmus, N.G.; Gurkan, U.A.;
Kuritzkes, D.R.; Demirci, U. Paper and Flexible Substrates as Materials for Biosensing Platforms to Detect
Multiple Biotargets. Sci. Rep. 2015, 5, 8719. [CrossRef] [PubMed]

72. Pai, M.; Denkinger, C.M.; Kik, S.V.; Rangaka, M.X.; Zwerling, A.; Oxlade, O.; Metcalfe, J.Z.; Cattamanchi, A.;
Dowdy, D.W.; Dheda, K.; et al. Gamma Interferon Release Assays for Detection of Mycobacterium tuberculosis
Infection. Clin. Microbiol. Rev. 2014, 27, 3–20. [CrossRef]

73. Lalvani, A.; Pareek, M. Interferon Gamma Release Assays: Principles and Practice. Enferm. Infecc.
Microbiol. Clin. 2010, 28, 245–252. [CrossRef] [PubMed]

74. Evans, D.; Papadimitriou, K.I.; Greathead, L.; Vasilakis, N.; Pantelidis, P.; Kelleher, P.; Morgan, H.;
Prodromakis, T. An Assay System for Point-of-Care Diagnosis of Tuberculosis Using Commercially
Manufactured PCB Technology. Sci. Rep. 2017, 7, 685. [CrossRef]

75. Wang, S.; Shan, X.; Patel, U.; Huang, X.; Lu, J.; Li, J.; Tao, N. Label-Free Imaging, Detection, and Mass
Measurement of Single Viruses by Surface Plasmon Resonance. Proc. Natl. Acad. Sci. USA 2010, 107,
16028–16032. [CrossRef]

76. Singh, P. Surface Plasmon Resonance: A Boon for Viral Diagnostics. Ref. Modul. Life Sci. 2017. [CrossRef]
77. Piliarik, M.; Vaisocherová, H.; Homola, J. Surface Plasmon Resonance Biosensing. Methods Mol. Biol. 2009,

503, 65–88. [CrossRef]
78. Nguyen, H.H.; Park, J.; Kang, S.; Kim, M. Surface Plasmon Resonance: A Versatile Technique for Biosensor

Applications. Sensors 2015, 15, 10481–10510. [CrossRef]
79. Choi, I.; Choi, Y. Plasmonic Nanosensors: Review and Prospect. IEEE J. Sel. Top. Quantum Electron. 2012, 18,

1110–1121. [CrossRef]
80. Soler, M.; Huertas, C.S.; Lechuga, L.M. Label-Free Plasmonic Biosensors for Point-of-Care Diagnostics:

A Review. Expert Rev. Mol. Diagn. 2019, 19, 71–81. [CrossRef]
81. Pilot, R.; Signorini, R.; Durante, C.; Orian, L.; Bhamidipati, M.; Fabris, L. A Review on Surface-Enhanced

Raman Scattering. Biosensors 2019, 9, 57. [CrossRef] [PubMed]
82. Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R.A.; Auguié, B.; Baumberg, J.J.;

Bazan, G.C.; Bell, S.E.J.; Boisen, A.; Brolo, A.G.; et al. Present and Future of Surface-Enhanced Raman
Scattering. ACS Nano 2020, 14, 28–117. [CrossRef] [PubMed]

83. Li, Z.; Leustean, L.; Inci, F.; Zheng, M.; Demirci, U.; Wang, S. Plasmonic-Based Platforms for Diagnosis of
Infectious Diseases at the Point-of-Care. Biotechnol. Adv. 2019, 37, 107440. [CrossRef]

84. Granger, J.H.; Schlotter, N.E.; Crawford, A.C.; Porter, M.D. Prospects for Point-of-Care Pathogen Diagnostics
Using Surface-Enhanced Raman Scattering (SERS). Chem. Soc. Rev. 2016, 45, 3865–3882. [CrossRef]

85. Marks, H.; Schechinger, M.; Garza, J.; Locke, A.; Coté, G. Surface Enhanced Raman Spectroscopy (SERS) for
in Vitro Diagnostic Testing at the Point of Care. Nanophotonics 2017, 6, 681–701. [CrossRef]

86. Li, B.; Singer, N.G.; Yeni, Y.N.; Haggins, D.G.; Barnboym, E.; Oravec, D.; Lewis, S.; Akkus, O. A Point-of-Care
Raman Spectroscopy-Based Device for the Diagnosis of Gout and Pseudogout: Comparison With the Clinical
Standard Microscopy. Arthritis Rheumatol. 2016, 68, 1751–1757. [CrossRef] [PubMed]

87. Xu, K.; Zhou, R.; Takei, K.; Hong, M. Toward Flexible Surface-Enhanced Raman Scattering (SERS) Sensors
for Point-of-Care Diagnostics. Adv. Sci. 2019, 6, 1900925. [CrossRef]

88. Masson, J.-F. Portable and Field-Deployed Surface Plasmon Resonance and Plasmonic Sensors. Analyst 2020,
145, 3776–3800. [CrossRef]

89. Tokel, O.; Yildiz, U.H.; Inci, F.; Durmus, N.G.; Ekiz, O.O.; Turker, B.; Cetin, C.; Rao, S.; Sridhar, K.;
Natarajan, N.; et al. Portable Microfluidic Integrated Plasmonic Platform for Pathogen Detection. Sci. Rep.
2015, 5, 9152. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JCM.05669-11
http://dx.doi.org/10.1039/C9LC00506D
http://dx.doi.org/10.1097/QAD.0b013e3281532c82
http://www.ncbi.nlm.nih.gov/pubmed/17690570
http://dx.doi.org/10.1038/srep08719
http://www.ncbi.nlm.nih.gov/pubmed/25743880
http://dx.doi.org/10.1128/CMR.00034-13
http://dx.doi.org/10.1016/j.eimc.2009.05.012
http://www.ncbi.nlm.nih.gov/pubmed/19783328
http://dx.doi.org/10.1038/s41598-017-00783-8
http://dx.doi.org/10.1073/pnas.1005264107
http://dx.doi.org/10.1016/B978-0-12-809633-8.12245-9
http://dx.doi.org/10.1007/978-1-60327-567-5_5
http://dx.doi.org/10.3390/s150510481
http://dx.doi.org/10.1109/JSTQE.2011.2163386
http://dx.doi.org/10.1080/14737159.2019.1554435
http://dx.doi.org/10.3390/bios9020057
http://www.ncbi.nlm.nih.gov/pubmed/30999661
http://dx.doi.org/10.1021/acsnano.9b04224
http://www.ncbi.nlm.nih.gov/pubmed/31478375
http://dx.doi.org/10.1016/j.biotechadv.2019.107440
http://dx.doi.org/10.1039/C5CS00828J
http://dx.doi.org/10.1515/nanoph-2016-0180
http://dx.doi.org/10.1002/art.39638
http://www.ncbi.nlm.nih.gov/pubmed/26882173
http://dx.doi.org/10.1002/advs.201900925
http://dx.doi.org/10.1039/D0AN00316F
http://dx.doi.org/10.1038/srep09152
http://www.ncbi.nlm.nih.gov/pubmed/25801042


Diagnostics 2020, 10, 841 21 of 24

90. Wang, D.-S.; Fan, S.-K. Microfluidic Surface Plasmon Resonance Sensors: From Principles to Point-of-Care
Applications. Sensors 2016, 16, 1175. [CrossRef] [PubMed]

91. Tabassum, S.; Kumar, R. Advances in Fiber-Optic Technology for Point-of-Care Diagnosis and In Vivo
Biosensing. Adv. Mater. Technol. 2020, 5, 1900792. [CrossRef]

92. Vaisocherová, H.; Faca, V.M.; Taylor, A.D.; Hanash, S.; Jiang, S. Comparative Study of SPR and ELISA
Methods Based on Analysis of CD166/ALCAM Levels in Cancer and Control Human Sera. Biosens. Bioelectron.
2009, 24, 2143–2148. [CrossRef] [PubMed]

93. Coskun, A.F.; Cetin, A.E.; Galarreta, B.C.; Alvarez, D.A.; Altug, H.; Ozcan, A. Lensfree Optofluidic Plasmonic
Sensor for Real-Time and Label-Free Monitoring of Molecular Binding Events over a Wide Field-of-View.
Sci. Rep. 2014, 4, 6789. [CrossRef] [PubMed]

94. Harpaz, D.; Koh, B.; Marks, R.S.; Seet, R.C.S.; Abdulhalim, I.; Tok, A.I.Y. Point-of-Care Surface Plasmon
Resonance Biosensor for Stroke Biomarkers NT-ProBNP and S100β Using a Functionalized Gold Chip with
Specific Antibody. Sensors 2019, 19, 2533. [CrossRef]

95. Lobry, M.; Loyez, M.; Chah, K.; Hassan, E.M.; Goormaghtigh, E.; DeRosa, M.C.; Wattiez, R.; Caucheteur, C.
HER2 Biosensing through SPR-Envelope Tracking in Plasmonic Optical Fiber Gratings. Biomed. Opt. Express
2020, 11, 4862–4871. [CrossRef]

96. Zeni, L.; Perri, C.; Cennamo, N.; Arcadio, F.; D’Agostino, G.; Salmona, M.; Beeg, M.; Gobbi, M. A Portable
Optical-Fibre-Based Surface Plasmon Resonance Biosensor for the Detection of Therapeutic Antibodies in
Human Serum. Sci. Rep. 2020, 10, 11154. [CrossRef]

97. Aruna Gandhi, M.S.; Chu, S.; Senthilnathan, K.; Babu, P.R.; Nakkeeran, K.; Li, Q. Recent Advances in
Plasmonic Sensor-Based Fiber Optic Probes for Biological Applications. Appl. Sci. 2019, 9, 949. [CrossRef]

98. Sharma, P.K.; Kumar, J.S.; Singh, V.V.; Biswas, U.; Sarkar, S.S.; Alam, S.I.; Dash, P.K.; Boopathi, M.; Ganesan, K.;
Jain, R. Surface Plasmon Resonance Sensing of Ebola Virus: A Biological Threat. Anal. Bioanal. Chem. 2020,
412, 4101–4112. [CrossRef]

99. Diao, W.; Tang, M.; Ding, S.; Li, X.; Cheng, W.; Mo, F.; Yan, X.; Ma, H.; Yan, Y. Highly Sensitive Surface
Plasmon Resonance Biosensor for the Detection of HIV-Related DNA Based on Dynamic and Structural
DNA Nanodevices. Biosens. Bioelectron. 2018, 100, 228–234. [CrossRef]

100. Takemura, K.; Adegoke, O.; Suzuki, T.; Park, E.Y. A Localized Surface Plasmon Resonance-Amplified
Immunofluorescence Biosensor for Ultrasensitive and Rapid Detection of Nonstructural Protein 1 of Zika
Virus. PLoS ONE 2019, 14, e0211517. [CrossRef] [PubMed]

101. Usachev, E.V.; Usacheva, O.V.; Agranovski, I.E. Surface Plasmon Resonance-Based Bacterial Aerosol Detection.
J. Appl. Microbiol. 2014, 117, 1655–1662. [CrossRef] [PubMed]

102. Prabowo, B.A.; Chang, Y.-F.; Lai, H.-C.; Alom, A.; Pal, P.; Lee, Y.-Y.; Chiu, N.-F.; Hatanaka, K.; Su, L.-C.;
Liu, K.-C. Rapid Screening of Mycobacterium tuberculosis Complex (MTBC) in Clinical Samples by a Modular
Portable Biosensor. Sens. Actuators B Chem. 2018, 254, 742–748. [CrossRef]

103. Koubová, V.; Brynda, E.; Karasová, L.; Škvor, J.; Homola, J.; Dostálek, J.; Tobiška, P.; Rošický, J. Detection
of Foodborne Pathogens Using Surface Plasmon Resonance Biosensors. Sens. Actuators B Chem. 2001, 74,
100–105. [CrossRef]

104. Chang, Y.F.; Wang, W.H.; Hong, Y.W.; Yuan, R.Y.; Chen, K.H.; Huang, Y.W.; Lu, P.L.; Chen, Y.H.; Chen, Y.A.;
Su, L.C.; et al. Simple Strategy for Rapid and Sensitive Detection of Avian Influenza A H7N9 Virus Based
on Intensity-Modulated SPR Biosensor and New Generated Antibody. Anal. Chem. 2018, 90, 1861–1869.
[CrossRef]

105. Whang, K.; Lee, J.-H.; Shin, Y.; Lee, W.; Kim, Y.W.; Kim, D.; Lee, L.P.; Kang, T. Plasmonic Bacteria on a
Nanoporous Mirror via Hydrodynamic Trapping for Rapid Identification of Waterborne Pathogens. Light
Sci. Appl. 2018, 7, 68. [CrossRef]

106. Inci, F.; Tokel, O.; Wang, S.; Gurkan, U.A.; Tasoglu, S.; Kuritzkes, D.R.; Demirci, U. Nanoplasmonic
Quantitative Detection of Intact Viruses from Unprocessed Whole Blood. ACS Nano 2013, 7, 4733–4745.
[CrossRef]

107. Jiang, Q.; Chandar, Y.J.; Cao, S.; Kharasch, E.D.; Singamaneni, S.; Morrissey, J.J. Rapid, Point-of-Care,
Paper-Based Plasmonic Biosensor for Zika Virus Diagnosis. Adv. Biosyst. 2017, 1, e1700096. [CrossRef]

108. Wang, S.; Xie, J.; Jiang, M.; Chang, K.; Chen, R.; Ma, L.; Zhu, J.; Guo, Q.; Sun, H.; Hu, J. The Development
of a Portable SPR Bioanalyzer for Sensitive Detection of Escherichia coli O157:H7. Sensors 2016, 16, 1856.
[CrossRef]

http://dx.doi.org/10.3390/s16081175
http://www.ncbi.nlm.nih.gov/pubmed/27472340
http://dx.doi.org/10.1002/admt.201900792
http://dx.doi.org/10.1016/j.bios.2008.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19157844
http://dx.doi.org/10.1038/srep06789
http://www.ncbi.nlm.nih.gov/pubmed/25346102
http://dx.doi.org/10.3390/s19112533
http://dx.doi.org/10.1364/BOE.401200
http://dx.doi.org/10.1038/s41598-020-68050-x
http://dx.doi.org/10.3390/app9050949
http://dx.doi.org/10.1007/s00216-020-02641-5
http://dx.doi.org/10.1016/j.bios.2017.08.042
http://dx.doi.org/10.1371/journal.pone.0211517
http://www.ncbi.nlm.nih.gov/pubmed/30703161
http://dx.doi.org/10.1111/jam.12638
http://www.ncbi.nlm.nih.gov/pubmed/25178863
http://dx.doi.org/10.1016/j.snb.2017.07.102
http://dx.doi.org/10.1016/S0925-4005(00)00717-6
http://dx.doi.org/10.1021/acs.analchem.7b03934
http://dx.doi.org/10.1038/s41377-018-0071-4
http://dx.doi.org/10.1021/nn3036232
http://dx.doi.org/10.1002/adbi.201700096
http://dx.doi.org/10.3390/s16111856


Diagnostics 2020, 10, 841 22 of 24

109. Trzaskowski, M.; Ciach, T. Corrigendum for SPR System for On-Site Detection of Biological Warfare.
Curr. Anal. Chem. 2018, 14, 292. [CrossRef]

110. Qiu, G.; Gai, Z.; Tao, Y.; Schmitt, J.; Kullak-Ublick, G.A.; Wang, J. Dual-Functional Plasmonic Photothermal
Biosensors for Highly Accurate Severe Acute Respiratory Syndrome Coronavirus 2 Detection. ACS Nano
2020, 14, 5268–5277. [CrossRef] [PubMed]

111. Ray, A.; Esparza, S.; Wu, D.; Hanudel, M.R.; Joung, H.-A.; Gales, B.; Tseng, D.; Salusky, I.B.; Ozcan, A.
Measurement of Serum Phosphate Levels Using a Mobile Sensor. Analyst 2020, 145, 1841–1848. [CrossRef]
[PubMed]

112. Smith, Z.J.; Chu, K.; Espenson, A.R.; Rahimzadeh, M.; Gryshuk, A.; Molinaro, M.; Dwyre, D.M.; Lane, S.;
Matthews, D.; Wachsmann-Hogiu, S. Cell-Phone-Based Platform for Biomedical Device Development and
Education Applications. PLoS ONE 2011, 6, e17150. [CrossRef]

113. Hergemöller, T.; Laumann, D. Smartphone Magnification Attachment: Microscope or Magnifying Glass.
Phys. Teach. 2017, 55, 361–364. [CrossRef]

114. Skandarajah, A.; Reber, C.D.; Switz, N.A.; Fletcher, D.A. Quantitative Imaging with a Mobile Phone
Microscope. PLoS ONE 2014, 9, e96906. [CrossRef]

115. Sung, Y.-L.; Jeang, J.; Lee, C.-H.; Shih, W.-C. Fabricating Optical Lenses by Inkjet Printing and Heat-Assisted in
Situ Curing of Polydimethylsiloxane for Smartphone Microscopy. J. Biomed. Opt. 2015, 20, 47005. [CrossRef]

116. Yang, Z.; Zhan, Q. Single-Shot Smartphone-Based Quantitative Phase Imaging Using a Distorted Grating.
PLoS ONE 2016, 11, e0159596. [CrossRef]

117. Mudanyali, O.; Dimitrov, S.; Sikora, U.; Padmanabhan, S.; Navruz, I.; Ozcan, A. Integrated
Rapid-Diagnostic-Test Reader Platform on a Cellphone. Lab Chip 2012, 12, 2678–2686. [CrossRef]

118. Tseng, D.; Mudanyali, O.; Oztoprak, C.; Isikman, S.O.; Sencan, I.; Yaglidere, O.; Ozcan, A. Lensfree Microscopy
on a Cellphone. Lab Chip 2010, 10, 1787–1792. [CrossRef]

119. Hossain, M.A.; Canning, J.; Cook, K.; Jamalipour, A. Optical Fiber Smartphone Spectrometer. Opt. Lett. 2016,
41, 2237–2240. [CrossRef] [PubMed]

120. Ma, Y.-D.; Li, K.-H.; Chen, Y.-H.; Lee, Y.-M.; Chou, S.-T.; Lai, Y.-Y.; Huang, P.-C.; Ma, H.-P.; Lee, G.-B.
A Sample-to-Answer, Portable Platform for Rapid Detection of Pathogens with a Smartphone Interface.
Lab Chip 2019, 19, 3804–3814. [CrossRef] [PubMed]

121. Shrivastava, S.; Lee, W.-I.; Lee, N.-E. Culture-Free, Highly Sensitive, Quantitative Detection of Bacteria from
Minimally Processed Samples Using Fluorescence Imaging by Smartphone. Biosens. Bioelectron. 2018, 109,
90–97. [CrossRef] [PubMed]

122. Rajendran, V.K.; Bakthavathsalam, P.; Jaffar Ali, B.M. Smartphone Based Bacterial Detection Using
Biofunctionalized Fluorescent Nanoparticles. Microchim. Acta 2014, 181, 1815–1821. [CrossRef]

123. Cheng, N.; Song, Y.; Zeinhom, M.; Chang, Y.C.; Sheng, L.; Li, H.; Du, D.; Li, L.; Zhu, M.J.; Luo, Y.; et al.
Nanozyme-Mediated Dual Immunoassay Integrated with Smartphone for Use in Simultaneous Detection of
Pathogens. ACS Appl. Mater. Interfaces 2017, 9, 40671–40680. [CrossRef]

124. Wei, Q.; Qi, H.; Luo, W.; Tseng, D.; Ki, S.J.; Wan, Z.; Göröcs, Z.; Bentolila, L.A.; Wu, T.T.; Sun, R.; et al.
Fluorescent Imaging of Single Nanoparticles and Viruses on a Smart Phone. ACS Nano 2013, 7, 9147–9155.
[CrossRef]

125. Gopinath, S.C.B.; Tang, T.-H.; Chen, Y.; Citartan, M.; Lakshmipriya, T. Bacterial Detection: From Microscope
to Smartphone. Biosens. Bioelectron. 2014, 60, 332–342. [CrossRef]

126. Hui, J.; Gu, Y.; Zhu, Y.; Chen, Y.; Guo, S.-J.; Tao, S.-C.; Zhang, Y.; Liu, P. Multiplex Sample-to-Answer
Detection of Bacteria Using a Pipette-Actuated Capillary Array Comb with Integrated DNA Extraction,
Isothermal Amplification, and Smartphone Detection. Lab Chip 2018, 18, 2854–2864. [CrossRef]

127. Sajid, M.; Osman, A.; Siddiqui, G.U.; Kim, H.B.; Kim, S.W.; Ko, J.B.; Lim, Y.K.; Choi, K.H. All-Printed Highly
Sensitive 2D MoS2 Based Multi-Reagent Immunosensor for Smartphone Based Point-of-Care Diagnosis.
Sci. Rep. 2017, 7, 5802. [CrossRef]

128. Aronoff-Spencer, E.; Venkatesh, A.G.; Sun, A.; Brickner, H.; Looney, D.; Hall, D.A. Detection of Hepatitis C Core
Antibody by Dual-Affinity Yeast Chimera and Smartphone-Based Electrochemical Sensing. Biosens. Bioelectron.
2016, 86, 690–696. [CrossRef] [PubMed]

129. Barnes, L.; Heithoff, D.M.; Mahan, S.P.; Fox, G.N.; Zambrano, A.; Choe, J.; Fitzgibbons, L.N.; Marth, J.D.;
Fried, J.C.; Soh, H.T.; et al. Smartphone-Based Pathogen Diagnosis in Urinary Sepsis Patients. EBioMedicine
2018, 36, 73–82. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/157341101403180507124958
http://dx.doi.org/10.1021/acsnano.0c02439
http://www.ncbi.nlm.nih.gov/pubmed/32281785
http://dx.doi.org/10.1039/C9AN02215E
http://www.ncbi.nlm.nih.gov/pubmed/31960836
http://dx.doi.org/10.1371/journal.pone.0017150
http://dx.doi.org/10.1119/1.4999732
http://dx.doi.org/10.1371/journal.pone.0096906
http://dx.doi.org/10.1117/1.JBO.20.4.047005
http://dx.doi.org/10.1371/journal.pone.0159596
http://dx.doi.org/10.1039/c2lc40235a
http://dx.doi.org/10.1039/c003477k
http://dx.doi.org/10.1364/OL.41.002237
http://www.ncbi.nlm.nih.gov/pubmed/27176971
http://dx.doi.org/10.1039/C9LC00797K
http://www.ncbi.nlm.nih.gov/pubmed/31620745
http://dx.doi.org/10.1016/j.bios.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29533818
http://dx.doi.org/10.1007/s00604-014-1242-5
http://dx.doi.org/10.1021/acsami.7b12734
http://dx.doi.org/10.1021/nn4037706
http://dx.doi.org/10.1016/j.bios.2014.04.014
http://dx.doi.org/10.1039/C8LC00543E
http://dx.doi.org/10.1038/s41598-017-06265-1
http://dx.doi.org/10.1016/j.bios.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27472403
http://dx.doi.org/10.1016/j.ebiom.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30245056


Diagnostics 2020, 10, 841 23 of 24

130. Ding, X.; Mauk, M.G.; Yin, K.; Kadimisetty, K.; Liu, C. Interfacing Pathogen Detection with Smartphones for
Point-of-Care Applications. Anal. Chem. 2019, 91, 655–672. [CrossRef]

131. Ming, K.; Kim, J.; Biondi, M.J.; Syed, A.; Chen, K.; Lam, A.; Ostrowski, M.; Rebbapragada, A.; Feld, J.J.;
Chan, W.C.W. Integrated Quantum Dot Barcode Smartphone Optical Device for Wireless Multiplexed
Diagnosis of Infected Patients. ACS Nano 2015, 9, 3060–3074. [CrossRef] [PubMed]

132. Priye, A.; Bird, S.W.; Light, Y.K.; Ball, C.S.; Negrete, O.A.; Meagher, R.J. A Smartphone-Based Diagnostic
Platform for Rapid Detection of Zika, Chikungunya, and Dengue Viruses. Sci. Rep. 2017, 7, 44778. [CrossRef]

133. Mancuso, M.; Cesarman, E.; Erickson, D. Detection of Kaposi’s Sarcoma Associated Herpesvirus Nucleic
Acids Using a Smartphone Accessory. Lab Chip 2014, 14, 3809–3816. [CrossRef] [PubMed]

134. Veigas, B.; Jacob, J.M.; Costa, M.N.; Santos, D.S.; Viveiros, M.; Inácio, J.; Martins, R.; Barquinha, P.; Fortunato, E.;
Baptista, P.V. Gold on Paper–Paper Platform for Au-Nanoprobe TB Detection. Lab Chip 2012, 12, 4802–4808.
[CrossRef] [PubMed]

135. Baptista, P.V.; Koziol-Montewka, M.; Paluch-Oles, J.; Doria, G.; Franco, R. Gold-Nanoparticle-Probe-Based
Assay for Rapid and Direct Detection of Mycobacterium tuberculosis DNA in Clinical Samples. Clin. Chem.
Engl. 2006, 1433–1434. [CrossRef]

136. Zhu, H.; Sikora, U.; Ozcan, A. Quantum Dot Enabled Detection of Escherichia coli Using a Cell-Phone. Analyst
2012, 137, 2541–2544. [CrossRef]

137. Daloglu, M.U.; Ray, A.; Collazo, M.J.; Brown, C.; Tseng, D.; Chocarro-Ruiz, B.; Lechuga, L.M.; Cascio, D.;
Ozcan, A. Low-Cost and Portable UV Holographic Microscope for High-Contrast Protein Crystal Imaging.
APL Photonics 2019, 4, 30804. [CrossRef]

138. McLeod, E.; Wei, Q.; Ozcan, A. Democratization of Nanoscale Imaging and Sensing Tools Using Photonics.
Anal. Chem. 2015, 87, 6434–6445. [CrossRef]

139. Ray, A.; Li, S.; Segura, T.; Ozcan, A. High-Throughput Quantification of Nanoparticle Degradation Using
Computational Microscopy and Its Application to Drug Delivery Nanocapsules. ACS Photonics 2017, 4,
1216–1224. [CrossRef]

140. Zhang, Y.; Ouyang, M.; Ray, A.; Liu, T.; Kong, J.; Bai, B.; Kim, D.; Guziak, A.; Luo, Y.; Feizi, A.; et al.
Computational Cytometer Based on Magnetically Modulated Coherent Imaging and Deep Learning.
Light Sci. Appl. 2019, 8, 91. [CrossRef] [PubMed]

141. Khalid, M.A.; Ray, A.; Cohen, S.; Tassieri, M.; Demčenko, A.; Tseng, D.; Reboud, J.; Ozcan, A.; Cooper, J.M.
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