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Abstract

Biosensors have been used for a remarkable array of applications, including infectious diseases,
environmental monitoring, cancer diagnosis, food safety, and numerous others. In particular, the
global COVID-19 pandemic has exposed a need for rapid tests, so the type of biosensor that

has gained considerable interest recently are immunoassays, which are used for rapid diagnostics.
The performance of paper-based lateral flow and dipstick immunoassays is influenced by the
physical properties of the nanoparticles (NPs), NP-antibody conjugates, and paper substrate.
Many materials innovations have enhanced diagnostics by increasing sensitivity or enabling
unique readouts. However, negative side effects can arise at the interface between the biological
sample and biomolecules and the NP or paper substrate, such as non-specific adsorption and
protein denaturation. In this Perspective, we discuss the immunoassay components and highlight
chemistry and materials innovations that can improve sensitivity. We also explore the range of
bio-interface issues that can present challenges for immunoassays.
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Introduction

Biosensors of all types are incredibly useful and have been developed for a wide range

of applications. These include ELISA assays for biomarkers of disease, drug tests, as well
as sensors for environmental monitoring, agricultural crops and aquaculture. Biosensor
development draws on multiple disciplines, incorporating aspects of analytical chemistry,
physical chemistry, molecular biology, materials science, electrical engineering, signal
processing, and medicine. Biosensors can take on many forms, with glucose sensors and
pregnancy tests being the most common. Diagnostics are the subset of biosensors which
translate the result into a decision-making tool. Diagnostics markets are growing, where the
rapid diagnostics market alone is projected to be USD$72B in 2027, an increase from USD
$43.2B in 2022. 1 Much of this is driven by the demand for COVID-19 rapid tests, which
surged during the global pandemic. 2-° Because of this sudden and acute need, there was

a concerted push to create new rapid tests for diagnosing patients, and currently multiple
manufacturing routes for diagnostics now exist.

Biosensors have benefited from materials innovations. Inorganic materials have been
exploited for their magnetic, optical, catalytic, and electrochemical properties, which can be
leveraged to increase sensitivity, introduce multiplexing, and many other novel capabilities.
The unique properties of materials have yielded advances in other applications such as
cancer imaging and therapy. However, biosensor development has shed light on the fact
that interfaces between biological molecules and inorganic materials create a whole set of
challenges. These interface issues arise from immobilizing biological molecules onto abiotic
systems such as nanoparticles or surfaces, or incorporating inorganic nanomaterials into
biological fluids and environments. Unfortunately, these nano-bio interface issues simply
cannot be ignored and need to be controlled, because diagnostics must be operated in
complex biological fluids such as saliva, urine, and blood.

Therefore, for constructing successful biosensors and diagnostics, there is a need to better
understand and control the nano-bio interface, where nanomaterial innovations must go
hand-in-hand with the interface issues that may arise. Here, we discuss the basics of
biosensors and then discuss both the materials innovations that impart new capabilities to
biosensors as well as the unique challenges of the nano-bio interface and discuss strategies
to control it. While there are many reviews that cover nano-bio interfaces, 8 7 what has been
relatively unexplored are those with a focus on immunoassays, which has interfaces that
inherently more complex. We wish to underscore the significance of this type of biosensor
as they are used in COVID-19 rapid diagnostics, and so the nano-bio interfaces in these
systems carry special consequences because they are used as a tool for decision-making for
patient treatment or quarantining, so phenomena such as non-specific adsorption can result
in false positives.
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We first describe the basic components of a biosensor, then discuss different innovations
in nanomaterials used in immunoassays, followed by discussion of the properties of the
nano-bio interface.

Biosensor basics

Biosensors are designed to detect a sample analyte and produce a signal, and have a
basic structure shown (Figure 1). The analyte is recognized by a receptor, typically a
biological recognition element. The specific interaction changes a measurable quantity
(color, fluorescence, pH) and the binding event is transduced by the signal transducer
into a signal for readout, which is followed by data processing of the signal.

Analyte—The analyte is the target species for detection, and in biological and medical
applications can be a protein biomarker, nucleic acid, or small molecule. For diagnostics,
the choice of the target biomarker is critical as it is used as an indicator for infection. It
should be present at a detectable concentration, but not have high background levels. The
target levels for infected patients needs to be known so that the sensor limit of detection
(LOD) can be benchmarked against it, and is a measure of whether the sensor is sufficient.
Unfortunately, biomarker levels are not always known, especially if the disease is newly
emerging. To complicate matters further, biomarker levels vary with the biological fluid
(blood vs. urine vs. saliva) and the time course of infection. For sensors for pathogenic
bacteria in water or food, the relevant factor is the amount that will make one sick, or the
infectious dose (ID50), which can vary with disease. For certain strains of £. co/i O157:H7,
this number is just 100 cells, but for \/ parahaemolyticus, this number is 3 x 108 cfu for
ingestion.8: 9

Some viral infections have biomarkers that are relatively easy to detect and thus are

good indicators of infection. For flaviviruses such as dengue and zika, the biomarker is
typically nonstructural protein 1 (NS1), which is secreted into the blood stream at high
concentrations. In addition, NS1 is present soon after infection during the window when

a patient is exhibiting non-specific symptoms such as fever. This is before the immune
response mounts and 1gG and IgM are produced. Thus, detection of NS1 can be used in a
diagnostic tool to determine infection. On the other hand, for SARS-CoV-2, and some other
coronaviruses and other diseases, there is no secreted protein at high enough concentrations,
S0 an antigen test must detect the proteins of the virus itself.

Affinity agent—The receptor in a biosensor is responsible for binding to the target.
Depending on the target, this affinity reagent can be antibodies, proteins, peptides, or
complementary nucleic acids (Figure 1). Typical affinities for the biomarker can vary,

where antibody affinity is usually in the nanomolar (nM) range, while peptide affinities

are in the 100s of nM range. 19 In some cases, an enzyme can be used as the recognition
agent, where it uses the analyte as a substrate to convert into a product, and the presence

of the product is read out. This is the mechanism of glucose biosensors that utilize the
enzyme glucose oxidase to convert glucose into a product. In addition, sensors must be
designed to be specific, where the binding agent is designed to bind exclusively to the target.
Predominantly, antibodies are used as biorecognition reagents due to their specific binding
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and high affinities for targets, but antibodies can exhibit cross reactivity. Some infectious
diseases are closely related, where targets for the nonstructural protein 1 (NS1) for dengue
and zika can be as high as 70-80%.11 Thus, one has to take into account for species that may
be present for which the antibodies could be cross-reactive, and also to verify that the sensor
does not pick these up. However, sensors can also be designed to bind selectively, where the
targets are exposed to an array of affinity agents, and the binding pattern is used for target
identification. 12

The choice of the biorecognition affinity agent depends on the epitope on the target.
Sandwich immunoassays require two binding events, so the target must be able to bind
simultaneously to two antibodies (antibody “pairing”). Thus, the epitopes must not interfere
with the other’s ability to be recognized by its respective antibody. Polyclonal antibodies can
bind to multiple epitopes, whereas monoclonals bind to only a single one. Monoclonals can
be more desirable due to the higher specificity of the reaction, but because polyclonals can
bind to multiple epitopes, they can have a higher probability of binding the target.

The availability of the affinity reagents must also be considered, where high cost and
limited access can hinder the utility of a sensor or diagnostic. 13 Antibodies are highly
attractive as affinity agents in sensors, but they must be raised against a specific against
the target, a process that is expensive and time consuming, requiring up to 24 months.14
One of the major limiting steps in antibody production is the cell line creation. 1> While
commercial sources are widely available, cost can be a major barrier. Antibodies also are
highly sensitive to temperature and environmental conditions, so stability can be an issue.
In contrast, DNA and peptides are convenient as affinity agents as custom species can

be synthesized commercially. In particular, the custom synthesis of nucleic acids is now
inexpensive, facilitating the development of biosensors using DNA as capture, detection, or
amplification agents.

Signal transducer—Once the binding event occurs, a signal must be transduced, where a
measurable readout changes upon binding of the analyte to the receptor. The most common
signal in immunoassays are visual readouts, which makes them amenable for low-cost
diagnostics. Often this is achieved by gold NPs, which have a strong optical absorption and
large molar extinction coefficient due to their surface plasmon resonance (SPR). Readout
can be visualized by eye, or by mobile phone cameras. Other signals for readouts include
fluorescence, Raman spectroscopy, magnetic, electrochemical readouts, piezoelectric, and
mechanical where binding results in deflection of microcantilevers. 16

The most relevant performance metric of a biosensor is its limit of detection (LOD), which
is the lowest readable signal that is statistically significant above the background, which is
defined as 3X the standard deviation of the signal when the analyte concentration is zero.
Quantification of the limit of detection (LOD) of the assay is achieved done by measuring
the signal as a function of analyte concentration, fitting it to a curve, and then extrapolating
the concentration for which the signal is above background. For diagnostics, their usefulness
is based on their ability to detect or exclude infection in a patient. The sensitivity and
specificity are the relevant performance factors that quantify its accuracy, defined as:
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o TP
Sensitivity = TP+FN)
1
e TN
SpectfIeity = rrN T FP)

where TP = True positives, TN = true negative, FN = False negative, and FP = false positive.
17 To measure sensitivity and specificity, the assay is tested on a pool of patient samples
which have been measured against a gold standard, such as PCR.

Examples of Immunoassay innovations

Commercially available rapid diagnostics are predominantly paper immunoassays. This is
because they are easy to use, where minimal sample preparation steps are required, and are
typically made of low-cost materials, which enables manufacturing at scale, and thus are
widely deployable. For immunoassays, the recognition element are antibodies specific for
the biomarker, which can be an antigen, an antibody produced in an immune response, or
even a small molecule. The signal transducer for rapid diagnostics are gold NPs that produce
a visual color that can be seen by eye.

Immunoassays are inherently a transient binding event,18 where the dynamics require the
binding events to happen in a particular window. Thus, immunoassay performance is limited
by the diffusion of the analyte and the NP-antibody conjugate. In addition, the binding
reaction occurs as the sample flows through the strip, so it is under fluid flow and not under
equilibrium conditions.19

One of the major drawbacks of traditional LFAs are their low sensitivity and specificity,
because the visual readout requires a high enough concentrations of the target to generate a
visual signal.29 Readout can be negatively impacted by lighting conditions, which can result
in incorrect test interpretation. To improve sensitivity and extend assay working ranges, a
growing diversity of labels have been explored that exploit the unique properties of NPs,
where different NP readouts can yield different limits of detection (Figure 2). In this section,
we highlight some of the ways in which NP properties have been exploited in immunoassays
(Figure 3a).

Colorimetric—NPs possess a surface plasmon resonance (SPR) which gives rise to an
intense optical absorption, resulting in their strong color that can be seen by eye. Typically,
visual readout of LFAs using the colorimetric properties of Au NPs achieves LODs in the
ng/mL range. However, other strongly absorbing species as substitutes for Au NPs can
improve sensitivity. Gold nanoshell particles (AuNSs), which are 150 nm gold coated silica
particles, absorb light more strongly than smaller spherical Au NPs due to their larger size
and large scattering cross sections. 21 Substituting AuNSs for the probe could improve
detection of serum thyroid stimulating hormone (TSH) with a 26X decrease in LOD.22
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Carbon nanotubes also possess strong optical features and have a black color due to their
broad absorbance, and were similarly used as a label to detect rabbit 1gG down to 1.3
pg/mL, an LOD 1000X lower compared to assays with Au NPs.16

The plasmonic properties of Au NPs have been investigated in the literature for decades,
where the factors influencing their absorption spectra are now well understood.23: 24
Classical Mie scattering theory and plasmon hybridization?® has been used successfully
to describe the strength of the SPR and how it is influenced by particle size and shape with
high precision. This has enabled the tuning of the optical properties gold NPs by changing
their size or shape. Au NP synthesis approaches can now achieve finely-tuned sizes and
complex shapes, such as gold nanostars, nanorods, cubes, shells, and many others, which
has facilitated changing NP dimensions to improve the intensity of the test line.26: 27 In
particular, it has enabled multiplexed readouts by making it multicolor (Figure 3b).28 Di
Nardo et al. 29 used red and blue gold NPs for the detection of aflatoxin B1 and type-B
fumonisins which are important in food safety. Yen et al. created a multiplexed test for
dengue, yellow fever, and Ebola viruses using silver nanoprisms of different colors.30

The aggregation of gold NPs can result in a color change due to the shift in SPR peak
wavelength when in proximity of another NP.31: 32 This has been exploited in many different
formats for detection of nucleic acid acids, ions, and small molecules in solution or blood,33
and more recently has been combined with LFAs to improve the colorimetric detection of
adenoside and other biomarkers.32: 34. 35

Fluorescence—Another route to increase immunoassay performance is to use fluorescent
reporters, as fluorescence measurements can reach sensitivities higher than colorimetric
readouts. Typically fluorescent NPs or quantum dots (QDs) are substituted for Au NPs.
QDs are attractive as they are robust to photobleaching compared to fluorescent dyes, and
due to their size-dependent photoluminescence, enabling tunable colors by the changing QD
core size (Figure 3c). For example, Li et al. used QDs in LFAs to improve the detection

of nitrated ceruloplasmin, a biomarker for cardiovascular disease and lung cancer and

could ultimately reach an LOD of 8 ng/mL.36 Taranova et al. 37 used multiple colors

for multiplexed assay of multiple antibiotics in milk (ofloxacin, chloramphenicol, and
streptomycin), where presence of each antibiotic was correlated with a specific emission
line, demonstrating the multiplexed capabilities of QDs, or as “barcodes” for multiplexed
detection of hepatitis B, hepatitis C, and HIV.38

Combining fluorophores with gold NPs can enhance the fluorescent readout. Zhang et
al. used this approach for multiplexed detection of three organophosphate pesticides
(triazophos, parathion, and chlorpyrifos) in agricultural products such as rice, wheat, and
fruits and vegetables. 39

Fluorescent upconverting NPs (UCNPs) possess advantages over traditional dyes due to
their higher photostability and strong fluorescence intensities. 4%: 41 The upconversion allows
for excitation in the NIR and emission in the visible, and this in combination with their
sharp and narrow emission bands facilitates better separation of signal from background and
thus lower background noise. The typical composition are rare earth doped NPs such as
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Yb3*/Er3* doped NaYF,4 and numerous others. Liu et al. used UCNPs as labels in an 1gG
immunoassay and could achieve an LOD 0.1 ng/mL.42

Fluorescence lifetime measurements can be used to yield higher sensitivities. Lanthanide
ions such as europium and terbium have advantageous intrinsic fluorescent properties

such as long-lived fluorescence, narrow linewidths, and large Stokes shifts. Their long
fluorescence lifetimes have been leveraged for time-resolved measurements, where the short
lived autofluorescent background can be eliminated, resulting in high signal to noise ratios.
There are examples in the literature using europium-doped particles of polystyrene on the
label antibody in LFAs, measured by commercial LFA readers which have a fluorescent
lifetime measurement option. Juntunen et al. compared a fluorescence lifetime LFA for
prostate specific antigen (PSA) with a visual readout. They measured an LOD of 0.08
ng/mL, with up to a 3-fold increase in sensitivity relative to gold NPs. 4344 Lju et al.
achieved an LOD of 5 pg/mL of HIV-1 p24 antigen, which is valuable for HIV detection as
p24 levels in patients are low. 4°

SERS—Another technique that can increase immunoassay sensitivity is surface enhanced
Raman spectroscopy (SERS), which has been successful in detecting analytes at trace
amounts, down to attomoles. The Raman signal of a small molecule reporter is enhanced
several orders of magnitude by its conjugation to a gold or silver NP. For detection of
biological species, the nanotag format is often used, where a NP-reporter is linked to

an antibody specific for the biomarker of interest, and this antibody is responsible for
recognition of the target. Presence of the biomarker is read out by the Raman signal of the
reporter at the test line. Compared to a visual read out, SERS detection in immunoassays
can have a sensitivity higher by several orders of magnitude.#® SERS nanotags have been
used for detection of staphylococcal enterotoxin B, HIV DNA, and many other targets
(Figure 3d).#7-50 Using AuAg nanoshells ®1 instead of a spherical gold NPs can increase
the enhancement due to the properties of Ag. signal for the interferon biomarker myxovirus
resistance protein A (MxA) which can be used to distinguish viral vs. bacterial infections,
and is present in at levels too low for detection by traditional LFAs. 52 In the case of
bacterial pathogens, the increase in sensitivity can remove the need for culturing to grow
bacteria to a sufficient level for detection, which is a time-consuming step and must be done
in a lab.53

SERS readouts become much more powerful with multiplexing, which can be achieved if
multiple reporter molecules with distinct spectra are used in the nanotags.®* This has been
demonstrated for the zika and dengue biomarker nonstructural protein 1 (NS1), where one
nanotag was specific to dengue, and had one Raman reporter 1,2-bis(4-pyridyl)ethylene
(BPE) and the other was specific to zika, and had a different reporter, 4-mercaptobenzoic
acid (MBA) that had a distinct spectra from BPS.4? Other routes to increase SERS
multiplexing utilize combinations of reporter in to create bar codes that can achieve 40-50
unique labels.55: 56 Recent advances in SERS instrumentation have led to portable and even
handheld spectrometers, which further popularized SERS as an analytical tool. °7

Photothermal—Gold NPs possess unique photothermal properties, 80 where laser
excitation at their SPR can result in their rapid heating. Thus, laser excitation of the LFA
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can be used to increase their contrast in thermal imaging by a thermal camera or NIR
detector. This approach, thermal contrast amplification (TCA) was used to increase detection
sensitivity of cryptococcal antigen for AIDS and also SARS-CoV-2, up to a 50-fold
improvement over a visual readout. 51 62 In addition, readers can be made to be portable and
low-cost, demonstrated on immunoassay strips for human chorionic gonadotropin (hCG). 63

Electrochemical—NPs have also been used to enhance readouts beyond visual and optical
modalities, such as in electrochemical detection. Electrochemical sensing has been made
more accessible with the availability of low-cost disposable electrodes. 54 Using the NP

in the NP-antibody conjugate signal, electrochemical detection of a-Enolase (ENO1), a
biomarker for lung cancer, was possible by square wave voltammetry (Figure 3e).58

Magnetic NPs—Using superparamagnetic NPs for the label allows for magnetic readout
of LFAs. This was demonstrated on detection of hCG using magnetite NPs on the

antibody and readout of the test strips with a magnetic assay reader (MAR), resulting

in a higher sensitivity compared to traditional LFAs.5> Novel combinations of gold and
magnetic NPs with the thermoresponsive polymer poly(N-isopropylacrylamide) (pNIPAm)
enabled stimuli-responsive magnetic concentration for detection of malarial biomarkers pan-
aldolase and Plasmodium falciparum histidine-rich protein 2 (PfHRP2).66 Other materials
innovations with magnetic NPs include coating superparamagnetic Fe3O,4 with a carbon
coating in a “nanoflower” form to detect extracellular vesicles in an immunoassay,
exploiting sample concentration using a magnet. &7

Post-processing catalytic activity—NPs can act as enzyme mimics, or “nanozymes,”
where they are used in place of a peroxidase (e.g. horseradish peroxidase) to catalyze a
reaction. 68 Au@Pt59 used the Pt shell to oxidize a substrate 3,3’,5,5’-tetramethylbenzidine,
TMB, and has the benefit of amplifying the signal. Porous Pt core-shell NPs can
catalytically enhance the signal for detection of p24 for HIV, which relies on a chromogenic
substrate, 4-chloro-1-naphthol/3,3”-diaminobenzidine, tetrahydrochloride, which produces
an insoluble black product in the presence of hydrogen peroxide, and thus resulting in a
darker band at the test line. 70

In addition to changing the NP material, signal can be increased by post-binding
enhancement techniques, such as silver staining of the immobilized gold NPs.”®
Isotachaphoresis, an electrokinetic preconcentration and separation technique, has been used
to improve transport of target analytes to the LFA capture line, increasing sensitivity as high
as two orders of magnitude 72, Magnetic focusing of magnetic NPs can also concentrate the
particles to increase test line signal. 73

Going beyond the materials alone—One can expand immunoassay capabilities by
thinking beyond the probe material properties. While cross-reactivity is normally considered
to be a drawback, it can be actually leveraged to detect emerging infectious diseases. By
exploiting cross-reactivity of antibodies, one can use immunoassay as a selective array
instead of a specific sensor. In combination with multicolor NPs 30 74 and machine learning
(ML), the assay can be trained to detect targets that the antibodies were not raised against.
This was demonstrated for detecting yellow fever virus (YFV) biomarkers using dengue
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(DENV) and zika (ZIKV) antibodies, and could be used to “hack” existing dengue rapid
diagnostics to detect YFV (Figure 3f). 5°

Interface issues for biosensors

A major challenge for biosensors is the interface, where phenomena such as surface fouling
and non-specific adsorption can be detrimental for signal. Biotic-abiotic interfaces encounter
undesirable side effects at length scales spanning from the macroscopic to the nanoscale.
The nano-bio interface has been particularly problematic, as nanomedicine applications have
suffered from complications due to non-specific adsorption and protein corona formation.
However, these interface issues are more challenging in diagnostics and carry more serious
consequences.1® Non-specific adsorption to NPs in diagnostics it has serious consequences
as it can yield false positives, which impacts patient treatment and quarantining. In sandwich
immunoassays there are two biotic-abiotic interfaces: 1) between the antibody and the NP
label, and 2) between the antibody and the paper substrate. Additionally, there is a protein
corona that can form around the NP-antibody conjugate, and finally the binding event occurs
under fluid flow.”>="7 Drying of the NP-antibody conjugates in the conjugate pad can also
cause precipitation and thus contribute to loss of signal.

Because COVID-19 rapid tests are nearly ubiquitous, it is easy to be lulled into the

thinking that all interface issues have been solved. However, they are still very problematic,
and unfortunately severely limit diagnostic capabilities. For example, rapid point of care
COVID-19 antigen tests cannot be used at the early infection stage when viral levels are low,
so often users are advised to take the test twice, with a day or two apart for a reliable answer.
This can be attributed to not enough signal to noise, which is hampered by NP-antibody
precipitation, protein corona formation, and issues with the sample matrices. To further
complicate the matter, variability arises from patient to patient, and tests from different
commercial suppliers can yield different results depending on what protein is used as the
target.”8 Evidently, the limited performance of rapid antigen tests have restricted their use

to certain situations. Thus, it is important to understand the bio-nano interface issues in
immunoassays.

Issues faced by the nano-bio interface in immunoassays can be separated into the categories
of a) the conjugate, b) the sample matrix and protein corona effects, c) the substrate, and d)
Ab interference in the pair (Figure 4).

Antibody conjugation to NPs—Conjugation of the label antibody to the NP that gives
rise to a signal must be done in such a way that it does not interfere with the antibody
binding, or result in an inappropriate orientation. If the conjugation chemistry is not site-
specific (/.e., targets any amine), it can potentially link to the binding site and negatively
impact target binding. There are studies quantifying the effect of the conjugation on the
functionality of the antibody and its important consequence on impacting binding to the
target.”®

Many click chemistry approaches are available for antibody conjugation, which often
use bifunctional linkers that link on one end to functional groups on the antibody (R-
NHj,, R-COO) and the other end to the NP. 8 Thiols are used predominantly for gold
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NPs due to the Au-S interaction, and ligands with dithiols can improve binding.8! For

silica coated particles, silane chemistry is used for bioconjugation. Nanoparticles can

also be functionalized with surface ligands with functional groups that can be covalently
linked to. Popular routes include N-hydroxy succinimide (NHS) ester, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), and maleimide conjugation chemistries, which
link to primary amines, carboxylic acid groups, or azides, so nanoparticle ligands with these
terminal groups are utilized.

However, these chemistries target functional groups on the antibody that are not site-
specific, and thus can label anywhere on the antibody, including the variable region. Thus,
there is the probability that conjugation could interfere with binding to the target. To address
this, Kumar et al. developed a directed conjugation route8? that targets the glycosylations

on the Fc portion of the antibody, leaving the antigen-binding portion, or Fab region,
unhindered. The linker is heterobifunctional and has an amide-bonded adipic hydrazide on
one end, and a dithiol tether on the other end that attaches to the gold NPs.

On the other hand, others have determined that simply adsorbing the antibody on the

NP surface is sufficient for functionality.83 84 which is a much simpler route than click
chemistry. Lowering the pH (7.5 vs. 8.0 or 8.5) can optimize antibody orientation with
respect to binding the target, as the surface charge distribution on the antibody becomes
more uniformly negative at higher pH. This was measured by NP tracking analysis, which
quantified the protein layer thickness on the particle, yielding information on the antibody
orientation.

Effect of protein coronas—Protein coronas are the clouds of proteins that form nearly
instantaneously around NPs when they are introduced into biological fluids that have
proteins present at very high concentrations. Because immunoassays are often run directly
in blood or saliva, protein coronas are definitely present in immunoassays. There is evidence
in the literature of the protein corona impacting immunoassays that use fluorescence
readouts.8% Characterization of protein coronas by SDS-PAGE and LC-MS/MS has shown
that only 20-30% adsorbed proteins on a NP surface are able to bind to a target.86

Some approaches have utilized surface passivation chemistries to mitigate the protein corona
and non-specific adsorption to NPs, which is usually performed after conjugation as a
backfill step. Because polyethylene glycol (PEG) is relatively inert, PEGylation is the most
common route, as it is used heavily with NPs, substrates, and flat surfaces. This involves
backfilling with a thiolated PEG, PEG-SH, which binds to the Au NP surface by the

thiol, allowing the PEG to block adsorption. 87- 88 For NPs made of metal oxides (Fe3Oa,
MnFe,0,, CoFe,0,, etc.) COO™ groups can coordinate to the NP surface.8% 90 For silica
coated particles, silanes are used as linking groups. However, protein corona formation and
non-specific adsorption to PEGylated NPs can still occur.%! Additional strategies include

the use of polymer stabilizers.%2 Zwitterion ligands can completely prevent protein corona
formation by preventing ion pairing between proteins and the surface charges.?3 4 Moyano
et al. studied a series of zwitterion terminal groups on gold NPs and found that they can
completely prevent formation of a hard corona, improving NP stability and blood circulation
time.9°
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Finally, it should be noted that protein coronas can actually be helpful in dipstick sandwich
immunoassays.®8 Strips run in buffer (e.g. PBS) can exhibit non-specific adsorption and
result in false positives. When the media is human serum (HS), a corona can form around
the NP due to all of the proteins present in HS at high concentrations. The corona actually
reduces non-specific adsorption to both the NP-antibody conjugate and the paper substrate,
thus reducing the probability of a false positive signal.

Ultimately, protein coronas and sample matrix effects cannot be ignored in lateral flow
and dipstick immunoassays.?” Sample matrices are highly variable, varying from patient
to patient, and properties are different by how and when the sample is collected among
many other factors. Finally, the properties of biological fluids used in diagnostics are very
different, where urine vs. blood vs. serum vs. saliva have different protein concentrations,
viscosities, and working volumes, so the diagnostic must be designed for a particular fluid.

Substrate issues—Lateral flow assays use substrates of paper, which is an extremely
versatile material. Paper possesses advantages due to its porosity, low-cost, ease of
manufacturability at scale, and ability to perform separations and filtrations.%: 99 The
breadth of its unique properties have accelerated diagnostic test development. Immunoassays
primarily use nitrocellulose, which can be deposited in a multitude of ways, such as

inkjet printing, spotting, spray drying, and screen printing. Because paper provides a good
scattering background, it facilitates visual readout, and also can be used for fluorescence and
electrochemistry.100 On the other hand, paper can be a challenging substrate, as it is porous,
S0 it can sequester the target, and non-specific adsorption to the paper or precipitation during
fluid flow can cause test line smearing. Routes to block paper with the protein bovine

serum albumin (BSA) have been the most common approach to reduce this phenomenon.
Alternative passivation molecules have been explored such as poly(oligoethylene glycol
methacrylate) 101 and the amphiphilic sugar n-dodecyl B-D-maltoside.192 Scherag et al.

103 argue that the analyte can still exchange with blocking agents via the Vroman

effect or adsorb to polymer coatings, so they develop photo-cross-linkable copolymers of
polystyrene and polydimethylacrylamide that are better at reducing non-specific adsorption.
The hydrogels are much more repellent to analyte adsorption tissue transglutaminase (tTG),
a marker for celiac disease.

Conclusions

While nanomaterials offer multiple attractive ways for enhancing diagnostics and have been
the source of numerous innovations, many challenges remain for their true implementation.
The significant lag in their widespread use in commercial assays 194 can be attributed to the
tradeoff between sufficient novelty for scientific publication vs. bridging the manufacturing
gaps to make a diagnostic truly deployable. In general, the drive to innovate has led

to a domination of publications on technical advancements, with papers that discuss
manufacturing or clinical evaluations of tests a rarity. For nanotechnology-enabled infectious
disease diagnostics, the system must be robust and reproducible, which is challenging as the
nanomaterials must be stable with a respect to a range of environmental conditions. This is
often achieved by optimizing surface chemistry and running conditions, which can be more
of an art than a science. However, this may be an opportunity to use ML to arrive at desired

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al. Page 12

conditions more efficiently, as ML has been demonstrated for small molecule synthesis,
materials design, NP synthesis, and many other chemical systems. 105 106

There are numerous challenges associated with making a diagnostic operational with patient
samples under real field conditions, which are very different from controlled scientific

lab environments.107 Infrastructure and instrumentation accessibility place many constraints
on integrated hardware, such as the lack of ground electricity or the existence of large
temperature gradients and high humidity in the local climate. Thus, devices must be rugged
enough to withstand these field conditions.

Furthermore, sample preparation remains a major barrier to test robustness, precision, and
deployment. Multiple preparation steps are often required before a sample goes into the test.
While lab on a chip systems seek to go from a raw sample to answer, there are only a few
examples of low-cost, fully-integrated systems.108 Most rapid diagnostics largely rely on
antibodies and proteins that bind to antibodies, and production of new antibodies is costly
and requires time and significant infrastructure. 109

Outbreaks of new and re-emerging diseases are occurring more rapidly19 and on much
larger scales, as we have witnessed with the COVID-19 global pandemic. Immunoassays
have risen in importance due to these growing threats from infectious diseases. Advantages
of nanomaterials are that their properties are complementary to the biology, where they can
be used to improve diagnostic performance or enable novel readouts beyond the traditional
visual signal. However, the disadvantages of nanomaterials is that their integration into
diagnostics that are used on biological samples can be thwarted by interface issues, and thus
these surface effects must be accounted for. The ideal approach is to account for both aspects
in immunoassay design, where potential interface issues are addressed in nanomaterial
choice.

ACKNOWLEDGMENT

We acknowledge funding from the NIH Al A151547-01 and UMass Boston.

Funding Sources
Funding was from the NIH Al A151547-01 and UMass Boston.

BIOGRAPHIES

Josselyn Mata received her BS in Electrical Engineering and her BS in Mathematics from
Eastern Nazarene College (Massachusetts, USA) in 2021. She is currently a PhD student
in the Integrative Biosciences, Biophysics track program at University of Massachusetts
Boston. Her research focuses on novel ways to use paper, among other substrates, for
diagnostic devices and synthesis of molecules.

Jose Gomez-Marquez leads MakerHealth, a group that aims to lower barriers to medical
prototyping by bringing the worlds of health and manufacturing together. He is a co-inventor
of the Ampli and MEDIK:it platform, a series of design building blocks that empower
doctors and nurses around the world to invent their own medical technologies. Gomez-

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al. Page 13
Marquez has formerly led the Little Devices Lab at MIT, has served on the European
Union’s Science Against Poverty Taskforce, and has participated as an expert advisor in the
President Barack Obama’s Council for Advisors on Science & Technology.
Kimberly Hamad-Schifferli is a professor in the Dept. of Engineering and the School for the
Environment at the University of Massachusetts Boston. She received her SB in chemistry
from the Massachusetts Institute of Technology, a Ph.D. from the University of California
at Berkeley, and was a postdoctoral associate and faculty member at the Massachusetts
Institute of Technology. Her research is focused on using nanomaterials for biological
applications, including low-cost diagnostics for infectious diseases and other pathogens,
food safety, and water quality.
ABBREVIATIONS

BSA Bovine serum albumin

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

Fab Fragment antigen-binding

Fc Fragment crystallizable region

LC-MSMS Liquid Chromatography with tandem mass spectrometry

LFA lateral flow assay

LOD limit of detection

ML machine learning

NHS N-hydroxy succinimide

NP nanoparticle

PBS Phosphate Buffered Saline

SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis

SERS surface enhanced Raman spectroscopy

SPR surface plasmon resonance

tTG tissue transglutaminase

REFERENCES

(2). Global Point of Care & Rapid Diagnostics Market by Product (Glucose, Infectious Disease (HIV,
Hepatitis C), Pregnancy Test), Platform (Microfluidics, Dipsticks), Mode of Purchase (OTC,
Prescription), End User (Pharmacy, Hospital, Home) - Forecast to 2027; Research and Markets,
2022.

(2). Eberhardt KA; Dewald F; Heger E; Gieselmann L; Vanshylla K; Wirtz M; Kleipass F; Johannis
W; Schommers P; Gruell H; et al. Evaluation of a New Spike (S)-Protein-Based Commercial
Immunoassay for the Detection of Anti-SARS-CoV-2 IgG. Microorganisms 2021, 9 (4).

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al. Page 14

(3). Hristov D; Rijal H; Jose G-M; Hamad K. Developing a Paper-Based Antigen Assay to
Differentiate Between Coronaviruses and SARS-CoV-2 Spike Variants. Analytical Chemistry
2021, 93 (22), 7825-7832. [PubMed: 34037382]

(4). Rosati G; Idili A; Parolo C; Fuentes-Chust C; Calucho E; Hu L; Castro e Silva C. d. C.; Rivas
L; Nguyen EP; Bergua JF; et al. Nanodiagnostics to Face SARS-CoV-2 and Future Pandemics:
From an Idea to the Market and Beyond. ACS Nano 2021, 15 (11), 17137-17149. [PubMed:
34705433]

(5). Hristov DR; Gomez-Marquez J; Wade D; Hamad-Schifferli K. State of the art in rapid paper
tests for COVID-19 and coronaviruses. Journal of Materials Chemistry B 2021, 9, 8157-8173.
[PubMed: 34494642]

(6). Nel AE; Médler L; Velegol D; Xia T; Hoek EMV; Somasundaran P; Klaessig F; Castranova V;
Thompson M. Understanding biophysicochemical interactions at the nano—bio interface. Nature
Materials 2009, 8 (7), 543-557. [PubMed: 19525947]

(7). Mendes PM Cellular nanotechnology: making biological interfaces smarter. Chemical Society
Reviews 2013, 42 (24), 9207-9218. [PubMed: 24097313]

(8). Saxena T; Kaushik P; Krishna Mohan M. Prevalence of E. coli O157:H7 in water sources: an
overview on associated diseases, outbreaks and detection methods. Diagnostic Microbiology and
Infectious Disease 2015, 82 (3), 249-264. [PubMed: 26050932]

(9). Quantitative Risk Assessment on the Public Health Impact of Pathogenic Vibrio parahaemolyticus
In Raw Oysters; Food and Drug Administration, 2005.

(20). Larsen AC; Gillig A; Shah P; Sau SP; Fenton KE; Chaput JC General Approach for
Characterizing In Vitro Selected Peptides with Protein Binding Affinity. Analytical Chemistry
2014, 86 (15), 7219-7223. [PubMed: 24970615]

(11). Lim JM; Kim JH; Ryu MY; Cho CH; Park TJ; Park JP An electrochemical peptide sensor
for detection of dengue fever biomarker NS1. Analytica Chimica Acta 2018, 1026, 109-116.
[PubMed: 29852986]

(12). Peveler WJ; Yazdani M; Rotello VM Selectivity and Specificity: Pros and Cons in Sensing. ACS
Sensors 2016, 1, 1282-1285. [PubMed: 30294676]

(13). Gomez-Marquez J; Hamad-Schifferli K. Distributed Biological Foundries for Global Health.
Advanced Healthcare Materials 2019, 1900184.

(14). Monoclonal Antibody Production; National Research Council (US) Committee on Methods of
Producing Monoclonal Antibodies., Washington DC, 1999.

(15). Birch JR; Racher AJ Antibody production. Advanced Drug Delivery Reviews 2006, 58 (5),
671-685. [PubMed: 16822577]

(16). Qiu W; Baryeh K; Takalkar S; Chen W; Liu G. Carbon nanotube-based lateral flow immunoassay
for ultrasensitive detection of proteins: application to the determination of IgG. Microchimica
Acta 2019, 186 (7), 436. [PubMed: 31197469]

(17). Akobeng AK Understanding diagnostic tests 1: sensitivity, specificity and predictive values. Acta
Paediatrica 2007, 96 (3), 338-341. [PubMed: 17407452]

(18). Yang C-K; Chang J-S; Chao SD; Wu K-C Effects of diffusion boundary layer on reaction kinetics
of immunoassay in a biosensor. Journal of Applied Physics 2008, 103 (8), 084702.

(19). de Puig Guixé H; Bosch I; Gehrke L; Hamad-Schifferli K. Challenges of the nano-bio interface
in lateral flow and dipstick immunoassays. Trends in Biotechnology 2017, 35 (12), 1169-1180.
[PubMed: 28965747]

(20). Brangel P; Sobarzo A; Parolo C; Miller BS; Howes PD; Gelkop S; Lutwama JJ; Dye JM;
McKendry RA; Lobel L; et al. A Serological Point-of-Care Test for the Detection of 1gG
Antibodies against Ebola Virus in Human Survivors. ACS Nano 2018, 12 (1), 63-73. [PubMed:
29303554]

(21). Alex Wei Han L; Nastassja AL; Jennifer LW; Naomi JH; Rebekah Anna D. Optically tunable
nanoparticle contrast agents for early cancer detection: model-based analysis of gold nanoshells.
Journal of Biomedical Optics 2005, 10 (6), 1-10.

(22). Bikkarolla SK; McNamee SE; Vance P; McLaughlin J. High-Sensitive Detection and
Quantitative Analysis of Thyroid-Stimulating Hormone Using Gold-Nanoshell-Based Lateral
Flow Immunoassay Device. Biosensors 2022, 12 (3).

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al.

Page 15

(23). Hu M; Chen J; Li Z-Y; Au L; Hartland GV; Li X; Marquez M; Xia Y. Gold nanostructures:
engineering their plasmonic properties for biomedical applications. Chemical Society Reviews
2006, 35 (11), 1084-1094. [PubMed: 17057837]

(24). Dreaden EC; Alkilany AM; Huang X; Murphy CJ; El-Sayed MA The golden age: gold
nanoparticles for biomedicine. Chemical Society Reviews 2012, 41 (7), 2740-2779. [PubMed:
22109657]

(25). Prodan E; Nordlander P. Structural Tunability of the Plasmon Resonances in Metallic Nanoshells.
Nano Letters 2003, 3 (4), 543-547.

(26). Wilson R. The use of gold nanoparticles in diagnostics and detection. Chemical Society Reviews
2008, 37, 2028-2045. [PubMed: 18762845]

(27). Chun P. Colloidal Gold and Other Labels for Lateral Flow Immunoassays. In Lateral Flow
Immunoassay, Wong R, Tse H. Eds.; Humana Press, 2009; pp 1-19.

(28). Anfossi L; Di Nardo F; Russo A; Cavalera S; Giovannoli C; Spano G; Baumgartner S; Lauter
K; Baggiani C. Silver and gold nanoparticles as multi-chromatic lateral flow assay probes for the
detection of food allergens. Analytical and Bioanalytical Chemistry 2019, 411 (9), 1905-1913.
[PubMed: 30397760]

(29). Di Nardo F; Alladio E; Baggiani C; Cavalera S; Giovannoli C; Spano G; Anfossi L. Colour-
encoded lateral flow immunoassay for the simultaneous detection of aflatoxin B1 and type-B
fumonisins in a single Test line. Talanta 2019, 192, 288-294. [PubMed: 30348391]

(30). Yen C-W; de Puig H; Tam J; Gémez-Marquez J; Bosch I; Hamad-Schifferli K; Gehrke L.
Multicolored Silver Nanoparticles for Multiplexed Disease Diagnostics: Distinguishing Dengue,
Yellow Fever, and Ebola Viruses. Lab on a Chip 2015, 15, 1638-1641. [PubMed: 25672590]

(31). Elghanian R; Storhoff James J; Mucic Robert C; Letsinger Robert L; Mirkin Chad A. Selective
Colorimetric Detection of Polynucleotides Based on the Distance-Dependent Optical Properties
of Gold Nanoparticles. Science 1997, 277 (5329), 1078-1081. [PubMed: 9262471]

(32). Zhao W; Ali MM; Aguirre SD; Brook MA; Li Y. Paper-Based Bioassays Using Gold
Nanoparticle Colorimetric Probes. Analytical Chemistry 2008, 80, 8431-8437. [PubMed:
18847216]

(33). Zheng T; Crews J; McGill JL; Dhume K; Finn C; Strutt T; McKinstry KK; Huo Q. A Single-Step
Gold Nanoparticle-Blood Serum Interaction Assay Reveals Humoral Immunity Development
and Immune Status of Animals from Neonates to Adults. ACS Infectious Diseases 2019, 5 (2),
228-238. [PubMed: 30521752]

(34). Cordray MS; Amdahl M; Richards-Kortum RR Gold nanoparticle aggregation for quantification
of oligonucleotides: Optimization and increased dynamic range. Analytical Biochemistry 2012,
431 (2), 99-105. [PubMed: 23000603]

(35). Hu J; Wang L; Li F; Han YL; Lin M; Lu TJ; Xu F. Oligonucleotide-linked gold nanoparticle
aggregates for enhanced sensitivity in lateral flow assays. Lab on a Chip 2013, 13 (22), 4352-
4357. [PubMed: 24056409]

(36). Li Z; Wang Y; Wang J; Tang Z; Pounds JG; Lin Y. Rapid and Sensitive Detection of Protein
Biomarker Using a Portable Fluorescence Biosensor Based on Quantum Dots and a Lateral Flow
Test Strip. Analytical Chemistry 2010, 82 (16), 7008-7014. [PubMed: 20704391]

(37). Taranova NA; Berlina AN; Zherdev AV; Dzantiev BB “Traffic light” immunochromatographic
test based on multicolor quantum dots for the simultaneous detection of several antibiotics in
milk. Biosensors and Bioelectronics 2015, 63, 255-261. [PubMed: 25104435]

(38). Klostranec JM; Xiang Q; Farcas GA; Lee JA; Rhee A; Lafferty El; Perrault SD; Kain KC; Chan
WCW Convergence of Quantum Dot Barcodes with Microfluidics and Signal Processing for
Multiplexed High-Throughput Infectious Disease Diagnostics. Nano Letters 2007, 7 (9), 2812—
2818. [PubMed: 17705551]

(39). Zhang C; Jiang Z; Jin M; Du P; Chen G; Cui X; Zhang Y; Qin G; Yan F; Abd EI-Aty
AM; et al. Fluorescence immunoassay for multiplex detection of organophosphate pesticides in
agro-products based on signal amplification of gold nanoparticles and oligonucleotides. Food
Chemistry 2020, 326, 126813.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al. Page 16

(40). Gargas DJ; Chan EM; Ostrowski AD; Aloni S; Altoe MVP; Barnard ES; Sanii B; Urban JJ;
Milliron DJ; Cohen BE; et al. Engineering bright sub-10-nm upconverting nanocrystals for
single-molecule imaging. Nature Nanotechnology 2014, 9 (4), 300-305.

(41). Wang M; Abbineni G; Clevenger A; Mao C; Xu S. Upconversion nanoparticles: synthesis,
surface modification and biological applications. Nanomedicine: Nanotechnology, Biology and
Medicine 2011, 7 (6), 710-729.

(42). Liu C; Wang Z; Wang X; Li Z. Surface modification of hydrophobic NaYF4:Yb,Er upconversion
nanophosphors and their applications for immunoassay. Science China Chemistry 2011, 54 (8),
1292.

(43). Juntunen E; Myyryléinen T; Salminen T; Soukka T; Pettersson K. Performance of fluorescent
europium(111) nanoparticles and colloidal gold reporters in lateral flow bioaffinity assay.
Analytical Biochemistry 2012, 428 (1), 31-38. [PubMed: 22705171]

(44). Juntunen E; Salminen T; Talha SM; Martiskainen I; Soukka T; Pettersson K; Waris M. Lateral
flow immunoassay with upconverting nanoparticle-based detection for indirect measurement of
interferon response by the level of MxA. Journal of Medical Virology 2016, 89 (4), 598-605.
[PubMed: 27636381]

(45). Liu J; Du B; Zhang P; Haleyurgirisetty M; Zhao J; Ragupathy V; Lee S; DeVoe DL ; Hewlett
IK Development of a microchip Europium nanoparticle immunoassay for sensitive point-of-care
HIV detection. Biosensors and Bioelectronics 2014, 61, 177-183. [PubMed: 24880655]

(46). Jimenez de Aberasturi D; Serrano-Montes AB; Langer J; Henriksen-Lacey M; Parak WJ; Liz-
Marzan LM Surface Enhanced Raman Scattering Encoded Gold Nanostars for Multiplexed Cell
Discrimination. Chemistry of Materials 2016, 28 (18), 6779-6790.

(47). Hwang J; Lee S; Choo J. Application of a SERS-based lateral flow immunoassay strip for the
rapid and sensitive detection of staphylococcal enterotoxin B. Nanoscale 2016, 8 (22), 11418—
11425, [PubMed: 26790112]

(48). Fu X; Cheng Z; Yu J; Choo P; Chen L; Choo J. A SERS-based lateral flow assay biosensor
for highly sensitive detection of HIV-1 DNA. Biosensors and Bioelectronics 2016, 78, 530-537.
[PubMed: 26669705]

(49). Sanchez-Purra M; Carre Camps M; de Puig Guixé H; Bosch I; Gehrke L; Hamad-Schifferli
K. SERS-based sandwich immunoassays for multiplexed detection of Zika and dengue viral
biomarkers. ACS Infectious Diseases 2017, 2, 401-409.

(50). Galvan DD; Yu Q. Surface-Enhanced Raman Scattering for Rapid Detection and Characterization
of Antibiotic-Resistant Bacteria. Advanced Healthcare Materials 2018, 7 (13), 1701335.

(51). Russo L; Merkogi F; Patarroyo J; Piella J; Merkogi A; Bastis NG; Puntes V. Time- and Size-
Resolved Plasmonic Evolution with nm Resolution of Galvanic Replacement Reaction in AuAg
Nanoshells Synthesis. Chemistry of Materials 2018, 30 (15), 5098-5107.

(52). Russo L; Sanchez-Purra M; Rodriguez-Quijada C; Leonardo BM; Puntes V; Hamad-Schifferli K.
Detection of resistance protein A (MxA) in paper-based immunoassays with surface enhanced
Raman spectroscopy with AuAg nanoshells. Nanoscale 2019, 11 (22), 10819-10827 [PubMed:
31135010]

(53). Wang Z; Zong S; Wu L; Zhu D; Cui Y. SERS-Activated Platforms for Immunoassay: Probes,
Encoding Methods, and Applications. Chemical Reviews 2017, 117 (12), 7910-7963. [PubMed:
28534612]

(54). Sanchez-Purra M; Roig-Solvas B; Rodriguez-Quijada C; Leonardo B; Hamad-Schifferli K.
Design of Nanotags for Multiplexed Surface Enhanced Raman Spectroscopy Assays. ACS
Omega 2018, 3 (9), 10733-10742. [PubMed: 30320250]

(55). Dougan JA; Faulds K. Surface enhanced Raman scattering for multiplexed detection. Analyst
2012, 137 (3), 545-554. [PubMed: 22186980]

(56). Rodal-Cedeira S; Vazquez-Arias A; Bodelon G; Skorikov A; Nufiez-Sanchez S; Laporta A;
Polavarapu L; Bals S; Liz-Marzan LM; Pérez-Juste J; et al. An Expanded Surface-Enhanced
Raman Scattering Tags Library by Combinatorial Encapsulation of Reporter Molecules in Metal
Nanoshells. ACS Nano 2020, 14 (11), 14655-14664. [PubMed: 32869970]

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al. Page 17

(57). Zheng J; Pang S; Labuza TP; He L. Semi-quantification of surface-enhanced Raman scattering
using a handheld Raman spectrometer: a feasibility study. Analyst 2013, 138 (23), 7075-7078.
[PubMed: 24066350]

(58). Ho J.-a. A.; Chang H-C; Shih N-Y; Wu L-C; Chang Y-F; Chen C-C; Chou C. Diagnostic
Detection of Human Lung Cancer-Associated Antigen Using a Gold Nanoparticle-Based
Electrochemical Immunosensor. Analytical Chemistry 2010, 82 (14), 5944-5950. [PubMed:
20557064]

(59). Rodriguez-Quijada C; Gomez-Marquez J; Hamad-Schifferli K. Repurposing old antibodies for
new diseases by exploiting cross reactivity and multicolored nanoparticles. ACS Nano 2020, 14
(6), 6626-6635. [PubMed: 32478506]

(60). Azuma T; Hui YY; Chen OY; Wang Y-L; Chang H-C Thermometric lateral flow immunoassay
with colored latex beads as reporters for COVID-19 testing. Scientific Reports 2022, 12 (1),
3905. [PubMed: 35273286]

(61). Qin Z; Chan WCW;, Boulware DR; Akkin T; Butler EK; Bischof JC Significantly Improved
Analytical Sensitivity of Lateral Flow Immunoassays by Using Thermal Contrast. Angewandte
Chemie International Edition 2012, 51 (18), 4358-4361. [PubMed: 22447488]

(62). Liu Y; Zhan L; Shen JW; Baro B; Alemany A; Sackrison J; Mitja O; Bischof JC fM—aM
Detection of the SARS-CoV-2 Antigen by Advanced Lateral Flow Immunoassay Based on Gold
Nanospheres. ACS Applied Nano Materials 2021, 4 (12), 13826-13837. [PubMed: 34957379]

(63). Hui YY; Tang Y-X; Azuma T; Lin H-H; Liao F-Z; Chen Q-Y; Kuo J-H; Wang Y-L; Chang
H-C Design and implementation of a low-cost portable reader for thermometric lateral flow
immunoassay. Journal of the Chinese Chemical Society 2022.

(64). Nie Z; Nijhuis CA; Gong J; Chen X; Kumachev A; Martinez AW; Narovlyansky M; Whitesides
GM Electrochemical sensing in paper-based microfluidic devices. Lab on a Chip 2010, 10 (4),
477-483. [PubMed: 20126688]

(65). Wang Y; Xu H; Wei M; Gu H; Xu Q; Zhu W. Study of superparamagnetic nanoparticles as labels
in the quantitative lateral flow immunoassay. Materials Science and Engineering: C 2009, 29 (3),
714-718.

(66). Nash MA; Waitumbi JN; Hoffman AS; Yager P; Stayton PS Multiplexed Enrichment and
Detection of Malarial Biomarkers Using a Stimuli-Responsive Iron Oxide and Gold Nanoparticle
Reagent System. ACS Nano 2012, 6 (8), 6776-6785. [PubMed: 22804625]

(67). Moyano A; Serrano-Pertierra E; Salvador M; Martinez-Garcia JC; Pifieiro Y; Yafiez-Vilar S;
Gonzalez-Gémez M; Rivas J; Rivas M; Blanco-Lépez MC Carbon-Coated Superparamagnetic
Nanoflowers for Biosensors Based on Lateral Flow Immunoassays. Biosensors 2020, 10 (8).

(68). Cui X; He Q; Yang H; Chen Y; Shen D; Eremin SA; Mu Y; Zhao S. Development of enzyme-
free single-step immunoassays for glycocholic acid based on palladium nanoparticle-mediated
signal generation. Analytical and Bioanalytical Chemistry 2021, 413 (23), 5733-5742. [PubMed:
34476526]

(69). Gao Z; Ye H; Tang D; Tao J; Habibi S; Minerick A; Tang D; Xia X. Platinum-Decorated Gold
Nanoparticles with Dual Functionalities for Ultrasensitive Colorimetric in Vitro Diagnostics.
Nano Letters 2017, 17 (9), 5572-5579. [PubMed: 28813601]

(70). Loynachan CN; Thomas MR; Gray ER; Richards DA; Kim J; Miller BS; Brookes JC; Agarwal S;
Chudasama V; McKendry RA,; et al. Platinum Nanocatalyst Amplification: Redefining the Gold
Standard for Lateral Flow Immunoassays with Ultrabroad Dynamic Range. ACS Nano 2018, 12
(1), 279-288. [PubMed: 29215864]

(71). Chin CD; Laksanasopin T; Cheung YK; 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. Nature Medicine 2011, 17 (8), 1015-1019.

(72). Moghadam BY; Connelly KT; Posner JD Two Orders of Magnitude Improvement in Detection
Limit of Lateral Flow Assays Using Isotachophoresis. Analytical Chemistry 2015, 87, 1009—
1017. [PubMed: 25495988]

(73). Ren W; Mohammed SI; Wereley S; lrudayaraj J. Magnetic Focus Lateral Flow Sensor for
Detection of Cervical Cancer Biomarkers. Analytical Chemistry 2019, 91 (4), 2876-2884.
[PubMed: 30632735]

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al. Page 18

(74). Lee S; Mehta S; Erickson D. Two-Color Lateral Flow Assay for Multiplex Detection of
Causative Agents Behind Acute Febrile Ilinesses. Analytical Chemistry 2016, 88 (17), 8359—
8363. [PubMed: 27490379]

(75). Breitner EK; Hussain SM; Comfort KK The role of biological fluid and dynamic flow in the
behavior and cellular interactions of gold nanoparticles. Journal of Nanobiotechnology 2015, 13
(1), 56. [PubMed: 26341004]

(76). Salvati A; Pitek AS; Monopoli MP; Prapainop K; Bombelli FB; Hristov DR; Kelly PM; Aberg C;
Mahon E; Dawson KA Transferrin-functionalized nanoparticles lose their targeting capabilities
when a biomolecule corona adsorbs on the surface. Nat Nano 2013, 8 (2), 137-143.

(77). Walczyk D; Bombelli FB; Monopoli MP; Lynch I; Dawson KA What the Cell “Sees”
in Bionanoscience. Journal of the American Chemical Society 2010, 132 (16), 5761-5768.
[PubMed: 20356039]

(78). Landaverdea L; Turcinovic J; Doucette-Stamm L; Gonzales K; Platt J; Connor JH; Klapperich
C. Comparison of BinaxNOW TM and SARS-CoV-2 gRT-PCR detection of the Omicron Variant
from Matched Anterior Nares Swabs. medRxiV 2022.

(79). Tam JO; de Puig H; Yen C.-w.; Bosch I; Gdmez-Marquez J; Clavet C; Hamad-Schifferli
K; Gehrke L. A Comparison of Nanoparticle-Antibody Conjugation Strategies in Sandwich
Immunoassays. Journal of Immunoassay and Immunochemistry 2017, 38 (4), 355-377.
[PubMed: 27982728]

(80). Hermanson GT Chapter 6 - Heterobifunctional Crosslinkers. In Bioconjugate Techniques (Third
Edition), Hermanson GT Ed.; Academic Press, 2013; pp 299-339.

(81). Susumu K; Oh E; Delehanty JB; Blanco-Canosa JB; Johnson BJ; Jain V; Hervey WJ; Algar WR;
Boeneman K; Dawson PE; et al. Multifunctional Compact Zwitterionic Ligands for Preparing
Robust Biocompatible Semiconductor Quantum Dots and Gold Nanoparticles. Journal of the
American Chemical Society 2011, 133 (24), 9480-9496. [PubMed: 21612225]

(82). Kumar S; Aaron J; Sokolov K. Directional conjugation of antibodies to nanoparticles for
synthesis of multiplexed optical contrast agents with both delivery and targeting moieties. Nature
Protocols 2008, 3 (2), 314-320. [PubMed: 18274533]

(83). Ruiz G; Tripathi K; Okyem S; Driskell JD pH Impacts the Orientation of Antibody
Adsorbed onto Gold Nanoparticles. Bioconjugate Chemistry 2019, 30 (4), 1182-1191. [PubMed:
30844256]

(84). Tonigold M; Simon J; Estupifian D; Kokkinopoulou M; Reinholz J; Kintzel U; Kaltbeitzel A;
Renz P; Domogalla MP; Steinbrink K; et al. Pre-adsorption of antibodies enables targeting of
nanocarriers despite a biomolecular corona. Nature Nanotechnology 2018, 13 (9), 862—869.

(85). Supianto M; Lee SH; Jhung SH; Mohammad HB; Vu HM; Kim M-S; Song W-Y; Kim T-Y;

Lee HJ Fluorescent paper strip immunoassay with carbon nanodots@silica for determination of
human serum amyloid Al. Microchimica Acta 2021, 188 (11), 386. [PubMed: 34664145]

(86). Zhang Y; Wu JLY; Lazarovits J; Chan WCW An Analysis of the Binding Function and Structural
Organization of the Protein Corona. Journal of the American Chemical Society 2020, 142 (19),
8827-8836. [PubMed: 32293877]

(87). Ryu Y; Jin Z; Kang MS; Kim H-S Increase in the detection sensitivity of a lateral flow assay for a
cardiac marker by oriented immobilization of antibody. BioChip Journal 2011, 5 (3), 193.

(88). Dai Q; Walkey C; Chan WCW Polyethylene Glycol Backfilling Mitigates the Negative Impact
of the Protein Corona on Nanoparticle Cell Targeting. Angewandte Chemie International Edition
2014, 53 (20), 5093-5096. [PubMed: 24700480]

(89). Aubin-Tam M-E; Zhou H; Hamad-Schifferli K. Structure of cytochrome c at the interface with
magnetic CoFe204 nanoparticles. Soft Matter 2008, 4, 554-559. [PubMed: 32907220]

(90). Robinson DB; Persson HHJ; Zeng H; Li G; Pourmand N; Sun S; Wang SX DNA-Functionalized
MFe204 (M = Fe, Co, or Mn) Nanoparticles and Their Hybridization to DNA-Functionalized
Surfaces. Langmuir 2005, 21 (7), 3096-3103. [PubMed: 15779990]

(91). Partikel K; Korte R; Stein NC; Mulac D; Herrmann FC; Humpf H-U; Langer K. Effect of
nanoparticle size and PEGylation on the protein corona of PLGA nanoparticles. European
Journal of Pharmaceutics and Biopharmaceutics 2019, 141, 70-80. [PubMed: 31082511]

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calidonio et al.

Page 19

(92). Grubbs RB Roles of Polymer Ligands in Nanoparticle Stabilization. Polymer Reviews 2007, 47
(2), 197-215.

(93). Welsher K; McManus SA; Hsia C-H; Yin S; Yang H. Discovery of Protein- and DNA-
Imperceptible Nanoparticle Hard Coating Using Gel-Based Reaction Tuning. Journal of the
American Chemical Society 2015, 137 (2), 580-583. [PubMed: 25562211]

(94). Estephan ZG; Jaber JA; Schlenoff JB Zwitterion-Stabilized Silica Nanoparticles: Toward
Nonstick Nano. Langmuir 2010, 26 (22), 16884—16889. [PubMed: 20942453]

(95). Moyano DF; Saha K; Prakash G; Yan B; Kong H; Yazdani M; Rotello VM Fabrication of
Corona-Free Nanoparticles with Tunable Hydrophobicity. ACS Nano 2014, 8 (7), 6748-6755.
[PubMed: 24971670]

(96). de Puig H; Bosch I; Carre-Camps M; Hamad-Schifferli K. Effect of the protein corona
on antibody-antigen binding in nanoparticle sandwich immunoassays. Bioconjugate Chemistry
2017, 28 (1), 230-238. [PubMed: 28095684]

(97). Mahmoudi M; Bertrand N; Zope H; Farokhzad OC Emerging understanding of the protein corona
at the nano-bio interfaces. Nano Today 2016, 11 (6), 817-832.

(98). Napione L. Integrated Nanomaterials and Nanotechnologies in Lateral Flow Tests for
Personalized Medicine Applications. Nanomaterials 2021, 11 (9).

(99). Pelton R. Bioactive paper provides a low-cost platform for diagnostics. TrAC Trends in
Analytical Chemistry 2009, 28 (8), 925-942. [PubMed: 32287534]

(100). Zou X; Ji Y; Li H; Wang Z; Shi L; Zhang S; Wang T; Gong Z. Recent advances of
environmental pollutants detection via paper-based sensing strategy. Luminescence 2021, 36 (8),
1818-1836. [PubMed: 34342392]

(101). Deng X; Smeets NMB; Sicard C; Wang J; Brennan JD; Filipe CDM; Hoare T.
Poly(oligoethylene glycol methacrylate) Dip-Coating: Turning Cellulose Paper into a Protein-
Repellent Platform for Biosensors. Journal of the American Chemical Society 2014, 136 (37),
12852-12855. [PubMed: 25170805]

(102). Dourbash FA; Shestopalov AA; Rothberg LJ Reduction of non-specific adsorption in label-
free assays via reversible surface blocking with amphiphilic sugars. Sensors and Actuators B:
Chemical 2022, 360, 131657.

(103). Scherag FD; Mader A; Zinggeler M; Birsner N; Kneusel RE; Brandstetter T; Ruhe J. Blocking-
Free and Substrate-Independent Serological Microarray Immunoassays. Biomacromolecules
2018, 19 (12), 4641-4649. [PubMed: 30433766]

(104). Ashok AK Creating novel medical diagnostics with a design for manufacturing. Translational
Materials Research 2018, 5 (2), 024001.

(105). Ban Z; Yuan P; Yu F; Peng T; Zhou Q; Hu X. Machine learning predicts the functional
composition of the protein corona and the cellular recognition of nanoparticles. Proceedings of
the National Academy of Sciences 2020, 117 (19), 10492-10499.

(106). Tao H; Wu T; Aldeghi M; Wu TC; Aspuru-Guzik A; Kumacheva E. Nanoparticle synthesis
assisted by machine learning. Nature Reviews Materials 2021, 6 (8), 701-716.

(107). Chin CD; Linder V; Sia SK Lab-on-a-chip devices for global health: Past studies and future
opportunities. Lab on a Chip 2007, 7 (1), 41-57. [PubMed: 17180204]

(108). Rodriguez NM; Wong WS; Liu L; Dewar R; Klapperich CM A fully integrated paperfluidic
molecular diagnostic chip for the extraction, amplification, and detection of nucleic acids from
clinical samples. Lab on a Chip 2016, 16 (4), 753-763. [PubMed: 26785636]

(109). Chartrain M; Chu L. Development and Production of Commercial Therapeutic Monoclonal
Antibodies in Mammalian Cell Expression Systems: An Overview of the Current Upstream
Technologies. Current Pharmaceutical Biotechnology 2008, 9 (6), 447-467. [PubMed:
19075685]

(110). Smith KF; Goldberg M; Rosenthal S; Carlson L; Chen J; Chen C; Ramachandran S. Global rise
in human infectious disease outbreaks. Journal of The Royal Society Interface 2014, 11 (101).

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2024 July 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Calidonio et al.

Page 20

Analyte -/Biorem Transducer ‘ Data

N Antibody

A O 00gy,

A v),d@
o’ 5

@

. >
. Pegtide /

Figure 1.

o—
- | -

Nanoparticles

Ll

Fluorescence

vy

‘/ <

Electrical

| S

Processing

Basic biosensor components: the analyte, bioreceptor, and transducer. The signal is analyzed
by data processing. The bioreceptor can be a range of different bioaffinity agents, including

antibodies, DNA, and peptides.
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a) Nanotechnological innovations in infectious disease diagnostics often use a novel NP
engineered to have unique properties in a rapid LFA test. B) multiplexed detection of
different food toxins can be achieved using red and blue gold NPs 29, ¢) Quantum dots
can be used for a multiplexed fluorescent readout of the presence of different antibiotics
in milk 37, d) SERS gold NP-reporter “nanotags” can allow sensitive SERS readout 47,

e) electrochemical detection can be enhanced by gold NPs Reprinted with permission
from Ho, J.-a. A.; Chang, H.-C.; Shih, N.-Y.; Wu, L.-C.; Chang, Y.-F.; Chen, C.-C.;
Chou, C. Diagnostic Detection of Human Lung Cancer-Associated Antigen Using a Gold
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Nanoparticle-Based Electrochemical Immunosensor. Analytical Chemistry 2010, 82 (14),
5944-5950. Copyright 2010 American Chemical Society. °8 f) multicolored gold NPs

can be used to repurpose dengue and zika antibodies to detect yellow fever without the
need for yellow fever antibodies. Adapted with permission from Rodriguez-Quijada, C.;
Gomez-Marquez, J.; Hamad-Schifferli, K. Repurposing old antibodies for new diseases by
exploiting cross reactivity and multicolored nanoparticles. ACS Nano 2020, 14 (6), 6626—
6635. Copyright 2020 American Chemical Society.
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Interface effects that can occur in immunoassays for the conjugate, the sample matrix,
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