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ABSTRACT: Infection with the Zika virus (ZIKV) is an ongoing problem especially
as accurate, cost-effective testing remains unresolved. In addition, coinfection occurs
with both the Dengue virus (DENV) and ZIKV which leads to cross-reactivity
between the flaviviruses and can result in false positives and inaccurate testing. This
supports the current need for a simple assay that can detect Zika antibodies sensitively
that at the same time can differentiate between cross-reactive antibodies. In this study,
we developed customizable magnetic relaxation nanosensors (MRnS) conjugated to
various ligands, which included ZIKV (ZENV, zika domain III and NS1) and DENV
proteins for specific detection of cross-reactive Zika and Dengue antibodies. Binding
interactions between functional MRnS and corresponding targets resulted in the
change in spin−spin magnetic relaxation time (T2MR) of water protons, allowing for
a rapid and simple means by which these interactions were detected and quantified.
Our results show the detection of Zika antibodies within minutes at concentrations as
low as 20 nM and display high specificity, reproducibility, and analytical sensitivity. Furthermore, a mixture of functional MRnS was
used for the one-step simultaneous detection and differentiation of Zika and Dengue infections. These results demonstrate high
specificity and sensitivity for the detection of ZIKV and DENV despite coinfections in both simple and complex media. Overall, our
magnetic nanoplatform could be used as a rapid and sensitive assay for the detection of not only Zika- and Dengue-related testing
but can be further applied to serological samples of any other pathogens.
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■ INTRODUCTION

The Zika virus (ZIKV), an arthropod-borne virus in the
Flaviviridae family, first emerged as a potential health risk in
2007, on Yap Island.1 Rising from relative obscurity in
comparison to other flaviviruses such as Dengue (DENV),
West Nile virus (WNV), and Yellow Fever virus (YFV), ZIKV
spread to the Americas with the first confirmed case in Brazil in
May, 2015,2 and quickly surged to 170 000 confirmed cases by
2016.3 This rapid geographical expansion, coupled with an
increase in neurological disorders in both unborn children and
adults, led the World Health Organization (WHO) to declare
the flavivirus a public health emergency of international
concern (PHEIC) in 2016. By 2017, 84 countries had been
infected, including the United States.4 Complications of ZIKV
infection have continued to emerge. A causal relationship was
established with Guillain−Barre ́ syndrome (GBS) in adults.
Often asymptomatic, ZIKV is of particular concern as it is also
now known to be sexually transmitted and can result in
congenital Zika syndrome (CZS),5,6 causing central nervous
system malformations in developing fetuses including fatal
encephalitis and other congenital defects such as lissencephaly,
ventriculomegaly, and ocular abnormalities.7−10 Therapeutic

interventions are vital to protect against ZIKV and potentially
severe consequences. However, molecular mechanisms for viral
infectivity are still not fully understood and hinder robust
methods for rapid, accurate ZIKV testing. Antibody testing, for
example, can be affected by cross-reactivity obscuring results,
particularly when patients have been previously affected by
DENV.11 Knowing which flavivirus is the infective agent and
understanding pathogenic mechanisms are crucial for treat-
ment and intervention.
However, rapid and accurate diagnostic testing remains

problematic as the WHO ASSURED criteria that requires tests
be affordable, sensitive, specific, user-friendly, rapid and robust,
equipment-free, and deliverable remains elusive.12,13 Cross
reactivity is of particular concern as distinguishing between the
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two arboviruses is essential for detection and patient care with
widespread infection of ZIKV in recent years and DENV being
present in 128 countries, placing an estimated 3.9 billion
people at risk of infection.14,15 As of 2018, five serological and
14 molecular assays were commercially available with the
United States Food and Drug Administration (FDA) under
emergency use authorization (EUA).16 Despite these assay
options, limited resources hinder clinical diagnoses in many
countries where ZIKV is endemic.17 Resource paucity requires
tests be sent internationally for processing, delaying results,
and increasing burdens. Additionally, sensitivity, specificity, as
well as cross-reactivity hinder accurate testing. For example,
RNA detection is the most sensitive during the first week of
ZIKV only with various serological tests such as real-time PCR
(RT-PCR) tests, but they have persisted as frontline molecular
assays.17,18 Antibody (Ab) tests, such as IgM assays, which
include ELISA, are more sensitive for later testing as IgM
increases from around day 4 from symptom onset,19−21 peaks
at 11 days, and decreases by 20 days postinfection.22 Further
complicating optimal assays is the high cross-reactivity in
secondary flavivirus infections observed, especially in DENV
and ZIKV.19,23,24 Endemic Dengue transmission in settings
confounds testing with more current assays such as ZIKV IgM-
ELISA demonstrating high specificity but poor sensitivity.25

Testing remains complicated due to timing, accuracy, and cost.
Furthermore, some assays such as the plaque reduction
neutralizing test (PRNT), which addresses specificity and has
been used as a confirmatory test since the 1950s, require
laborious methods making them not feasible for large-scale
surveillance.26

Rapid diagnosis is vital for viral containment through clinical
treatment and successful monitoring and protection of public
health.27,28 Nanobiotechnology is a rapidly advancing field that

is emerging with new developments with numerous benefits
including biosensors for rapid detection and diagnosis of
mosquito-transmitted viral infections.29−31 To reduce cross-
reactivity between ZIKV and DENV, Zhang et al. developed a
plasmonic−gold multiplexed assay measuring IgG and IgA
antibodies instead of IgM to reduce cross-reactivity with
DENV.32 Yen et al.’s study demonstrated that multicolored
silver nanoplates could be used to differentiate among
bioreceptors and utilized this multiplexed pathogen detection
for DENV and YFV.33 Sensitivity and selectivity have been
enhanced through improvements with lab-on-a-chip devices
and nanoparticles changing colors when aggregated. Limi-
tations previously observed with biosensors designed to detect
nonstructural (NS) type proteins, produced from day 5 of
infection, have been overcome by basing an optical sensor on
the surface plasmon resonance phenomenon.34,35 Earlier
diagnosis of DENV was possible through detection of DENV
structural E-protein which forms the host virus coat.35

Biosensors are able to quickly recognize analytes despite
complex matrices or low concentrations without pretreatment
requirements, lengthy sample preparation, or lengthy sample
treatments. This is possible due to the ability of biosensors to
produce quantifiable electric signals from biologically selective
responses.36 Improvements in biosensing technology is paving
a way for real-time diagnoses that are accurate, rapid, cost-
effective, and easy to use, especially important in ZIKV and
other flavivirus infections, with more work still to be done.
In this work, we focused on magnetic relaxation technique to

detect ligand interactions using functional iron oxide nano-
particles (IONPs). Biomolecular targets, such as ZIKV
antibodies (Abs) and proteins, bind to the IONP surface
replacing the surrounding water, which results in measurable
changes in the solution’s spin−spin magnetic relaxation times

Scheme 1. Synthesis of Functional MRnSa

aIron oxide nanoparticles (1, IONPs) were synthesized using solvent precipitation method. Functionalization of IONPs with Zika and Dengue
proteins (2−5) and antibodies (6−10) using EDC/NHS chemistry to formulate functional MRnS.

ACS Applied Bio Materials www.acsabm.org Forum Article

https://dx.doi.org/10.1021/acsabm.0c01264
ACS Appl. Bio Mater. 2021, 4, 3786−3795

3787

https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=sch1&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01264?ref=pdf


(ΔT2MR). Targeting proteins with high specificity for ZIKV
and utilizing magnetic resonance (MR) imaging, we have
conjugated specific proteins and antibodies, interchangeably,
with our magnetic resonance nanosensor (MRnS). By doing
so, we were able to test sensitivity and specificity in the
presence of DENV Abs and proteins and immunological cross-
reactivity between these two antigenically and structurally
highly similar flaviviruses. Our studies indicate Abs from the
ZIKV NS 1 (Z-NS1) region and ZIKV domain III (Z-D-III)
are more specific for ZIKV, with NS1 indicating higher
specificity, and contribute to gathering evidence these Abs
could be utilized for accurate assays even when DENV
coinfection is present. Furthermore, our functionalized MRnS
platform can be utilized for fast, cost-effective, and convenient
assays that would satisfy WHO ASSURED criteria for accurate
point-of-care testing globally and, especially, as indicated for
resource-challenged areas.

■ MATERIALS AND METHODS
Chemicals. Iron salts, ferric chloride (FeCl3·6H2O) and ferrous

chloride (FeCl2·4H2O), hydrochloric acid, and ammonium hydroxide
were obtained from Fisher Scientific (ACS grade). Polyacrylic acid
(PAA), 2-morpholinoethanesulfonic acid (MES), and N-hydroxy-
succinimide (NHS) were purchased from Sigma-Aldrich. 1-Ethyl-3-
[3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC) was
obtained from Pierce Biotechnology. Dialysis bags with molecular
weight cutoff 6−8 kDa were obtained from Spectrum Chemicals. Zika
envelope protein (ZENV) and the corresponding Anti-ZENV Ab
were obtained from Alpha Diagnostics. Zika reporter virus particles
(RVPs) were kindly gifted by Integral Molecular for research. Other
proteins including Zika envelope domain III (Z-D-III), Dengue
envelope domain III (D-D-III), Z-NS1, Dengue NS1 (D-NS1), and
the other paired NS1 antibodies were obtained from ProSpec Bio. Z-
D-III Ab was purchased from Absolute Antibody. Hemagglutinin
(HA) and the Anti-HA IgG were acquired from Sino Biological.
Synthesis of Iron Oxide Nanoparticles (1, IONPs). IONPs

were synthesized using our previously reported protocol,37−39 as
shown in Scheme 1. Briefly, three solutions were prepared: solution 1
containing 0.62 g of FeCl3, 0.35 g of FeCl2, and 2 mL of water.
Solution 2 contained NH4OH (1.8 mL of 30% stock). Solution 3 was
prepared by dissolving 0.86 g PAA in 5 mL of water. Once these
solutions were prepared, initially 90.0 μL of 12 M HCl was added to
solution 1, followed by the addition of solution 2 with continuous
vortexing at 875 rpm. Solution 3 was added to the resulting mixture
and the reaction mixture was allowed to incubate at room temperature
for an hour. The resulting solution was centrifuged for 30 min at 4000
rpm to precipitate the agglomerates and larger nanoparticles. The
supernatant was then dialyzed (dialysis bags with MWCO 6−8 kDa)
in PBS pH = 7.4, and the final concentration of the purified IONPs
was adjusted to [Fe] = 4.0 mM by adding PBS (1X, pH 7.4) and a
baseline T2MR was recorded. For repeatability of the synthetic
protocol, three separate IONPs preparations were made using the
same protocol, followed by the measurement of size, zeta, and T2MR
values.
Conjugation of Proteins and Antibodies on the Surface of

IONPs (2−10). To formulate functional MRnS, freshly prepared
IONPs (5 mL; 4.0 mM) were diluted with 5.0 mL of PBS (1X, pH
7.4). Then, EDC (8 mg in 250 μL MES buffer, pH 6.0) was added to
the IONPs solution, followed by the addition of NHS (5 mg in 250
μL MES buffer, pH 6.0) in small increments at room temperature
with slow mixing. After 3 min, a targeting ligand solution was added
dropwise containing selected proteins and antibodies (10 μL, 1.0
mM). The reaction mixture was kept on a table-top mixer for 2 h and
then transferred to 4 °C overnight. The solution was then purified via
a magnetic column to separate unconjugated antibodies, proteins, and
other free reagents. Particle size, zeta potential, and T2MR of the
functional MRnS was compared with that of carboxylated IONPs (1)
for successful conjugation. Change in T2MR before and after

conjugations was used for the assessment of reproducibility
parameter. Concentration of functional MRnS was adjusted to [Fe]
= 2.0 mM and a baseline T2MR value was set in the range of 120 ms
(ms).

Characterizations. Conjugated IONPs were purified using a
QuadroMACS magnetic LS column from Miltenyi Biotec. For the
overall size and zeta potential measurements of MRnS, Malvern’s
zetasizer NANO-ZS90 was used. TEM experiments were performed
using JEOL JEM-2100 instrument. A bench-top magnetic relaxometer
from Bruker (mq20, 0.47 T) was used for the collection of spin−spin
magnetic relaxation time designated as T2MR. Surface plasmon
resonance (SPR) experiments were performed on a Reichert’s dual-
channel SR7500 DC SPR system.

Measurement of Spin−Spin Magnetic Relaxation Time for
MRnS Binding Assays. To conduct the binding assay, different
solutions of proteins and antibodies with varying concentrations (10−
120 nM) were prepared. To each of these solutions, a fixed amount of
MRnS ([Fe] = 2.0 mM) was added and then incubated for 30 min at
25 °C. After 30 min, T2MR values were measured. For each of these
sample solutions, a control containing the MRnS without any proteins
or antibodies was prepared and run in parallel. T2MR values obtained
from the control samples were subtracted from each experimental
value in order to obtain effective ΔMR of binding. For each
measurement, T2MR data was collected in triplicate. The data was
normalized for comparative analysis using the following equation:

Δ = Δ
ΔMR T2

T2max
.

In our MR assay, ΔMR ≥ 0.1 was considered positive interaction
and ΔMR≤ 0.1 was considered as minimal or no binding. Similar
protocol was used when T2MR readings were collected in complex
media such as plasma. For assessment of reproducible parameter,
three independent preparations of antizika IgG conjugating MRnS
([Fe] = 2.0 mM), and the batch to batch variability in detection
sensitivity was evaluated using samples of ZENV, Z-RVP, Z-D(III),
DENV, and HA (each at 120 nM and spiked in 1X PBS).

For time-dependent experiments, three experimental solutions were
prepared: ZENV (50 nM) was mixed with antizika/antidengue/anti-
HA-MRnS ([Fe] = 2.0 mM) and T2MR readings were collected
throughout a 60 min period. The first experimental data point was
collected after 3 min of mixing. For one-step detection between Zika
and Dengue, a combination of MRnS mixture featuring 80 μL of
MRnS-Zika-D(III) ([Fe] = 2.0 mM) and 20 μL of MRnS-Dengue-
D(III) ([Fe] = 2.0 mM) was incubated with anti-Zika IgG (100 nM)
or anti-Dengue (100 nM), or a combination of both the Abs (100 nM
each). T2MR readings were recorded after a 30 min incubation for
each of these test solutions containing Abs.

Surface Plasmon Resonance Experiments (SPR). SPR experi-
ments were performed on Reichert SR7500DC at 25 °C. Zika full-
length envelope protein ZENV and Zika-D(III) were immobilized on
a CM5 sensor chip. Activation of the sensor chip was achieved by
injecting a mixture of 40 mg/mL of EDC and 10 mg/mL of NHS.
After activation, a 10 min injection of 1.0 mol/L ethanolamine (pH
8.5) was used to block the unreacted sites on the sensor chip. ZENV
was immobilized on the sensor chip around 1500 μRIU. Anti-Zika-
IgG (120 nM), anti-Dengue-IgG (120 nM), and anti-HA-IgG (120
nM) were perfused as a ligand over the ZENV at a flow rate of 50 μL/
min. After each cycle, the sensor surface was regenerated with a short
injection of 10 mM NaOH at a rate of 50 μL/min for 15 s. Antibodies
were diluted in 1X PBST containing 3.0 mM EDTA.

Data Analysis. Plots were created and the analysis of the data was
performed using GraphPad Prism 7 (Graphpad Software Inc.). The
average of three independent experiments is described, and all
experimental values are reported as mean ± standard error of the
mean. Unpaired t tests were performed for T2MR measurements. P <
0.0001 or **** was considered statistically significant.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of MRnS. In this study,
we propose a functionalized MRnS for the rapid detection of
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ZIKV infection endemic to areas with populations previously
or simultaneously infected with DENV. We hypothesized that
our MRnS platform would reduce false positives by increasing
specificity and allow for interchangeable methods resulting in a
customizable MRnS for patient care needs in different regions.
Furthermore, we wanted to assess findings of cross-reactivity
antibody responses between ZIKV and DENV in serological
testing. To do so, we first synthesized IONPs using our
previously reported synthetic protocol40 and detailed in

Scheme 1. Briefly, iron salts and PAA polymer solutions
were prepared and mixed with NH4OH solution in a stepwise
fashion and the final concentration of synthesized IONPs (1)
was adjusted to [Fe] = 4.0 mM. By using EDC/NHS
chemistry, IONP’s surface carboxylic acid groups were
functionalized with the targeting antibodies/proteins. This
bioconjugation is a critical step for the formulation of various
functional MRnS (2−9), which allows for the specific binding
when a target solution is added. Influenza antibody (anti-HA

Figure 1. Characterization of IONPs and Zika/Dengue proteins conjugated MRnS. Average hydrodynamic diameter measurement using dynamic
light scattering (DLS) of (A) IONPs (1) 79 nm. (inset) TEM image showing the Fe3O4 core size of 10 nm (scale bar: 20 nm). (C) MRnS-ZENV
(2) 90 nm, MRnS-Zika-D(III) (3) 87 nm, and MRnS-Dengue-D(III) (4) 85 nm. Measurement of zeta potentials (B) before and (D) after
conjugation.

Figure 2. Determination of hydrodynamic diameter by DLS of various functional MRnS (A and C): MRnS-Zika-NS1 (5) 98 nm, MRnS-Zika-NS1
IgG-Ab (6) 109 nm, MRnS-Dengue-NS1 IgG-Ab (7) 102 nm, MRnS-Zika IgG-Ab (8) 105 nm, MRnS-Dengue IgG-Ab (9) 100 nm, and MRnS-
HA IgG-Ab (10) 112 nm. (B and D) As shown, zeta potentials of corresponding functional MRnS (5−10) were measured using DLS.
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IgG Ab) conjugated MRnS (10) was synthesized to be used as
negative control for the zika/dengue binding experiments. We
first used dynamic light scattering (DLS) measurements to
evaluate hydrodynamic diameter, zeta potential and overall
stability of our PAA polymer-coated IONPs (1). The average
size was found to be 79 ± 2 nm with a negative surface charge
of −30 mV, respectively (Figure 1A and 1B). Transmission
electron microscope (TEM) experiments showed the for-
mation of an iron oxide core of 10 nm. Next, we performed
experiments for successful conjugation by comparing size and
zeta potential of our functional MRnS. Conjugated IONPs
showed various size distributions in the range of 85 to 112 nm
(Figures 1C and 2A and C) and negative surface charge with
ranges from −19 to −27 mV (Figures 1D and 2B and D).
These results further indicate the successful conjugation as
there was an increase in hydrodynamic radius and statistically
significant change in zeta potential value after each conjugation
with different proteins and antibodies.
Functionalized MRnS for Specific ZIKV Detection. By

testing each of our functional MRnS, we were able to
demonstrate levels of specificity and cross-reactivity utilizing
a T2MR diagnostic technique. We hypothesized that binding
of functional MRnS to the corresponding target protein or
antibody results in the displacement of water molecules around
the MRnS and leads to measurable changes in the spin−spin
magnetic relaxation time (ΔT2MR). Furthermore, as the
concentration of the target antibodies/proteins increase, the
linear trend in ΔT2MR values is expected if effective binding
occurs with the MRnS. In our studies, solutions of anti-Zika
IgG/anti-Dengue IgG antibody were prepared in increasing
concentrations from 10 to 120 nM. A fixed amount of

functional MRnS at [Fe] = 2.0 mM was then added to each. A
baseline T2MR measurement was taken after 30 min of
incubation without using any target. The T2MR data was then
normalized using the equation outlined in the experimental
section and expressed in ΔMR. Considering the extensive
cross-reactivity that may exists between Zika and Dengue
envelope proteins, we began our studies by examining the
interaction of MRnS-ZENV (2) and anti-Zika IgG/anti-
Dengue IgG (Figure 3A). As the concentration of Zika
antibody increases, so too does the binding with MRnS-ZENV
as reflected by increase in the ΔMR value. Although anti-Zika
IgG exhibited highest binding affinity, it is important to note
that dengue IgG also bound to some extent with MRnS-ZENV
(ΔMR of 0.9 and 0.3 for Zika and Dengue IgG, respectively).
Moreover, in our experiments, we were able to detect these
antibodies at concentrations as low as 20 nM within minutes.
In contrast, no binding was observed in the presence of anti-
HA IgG (negative control with ΔMR 0.01). This further
confirms the capability and potential application of our
functional MRnS for identifying cross-reactivity between Zika
and Dengue infections in a precise manner. After we verified
the usefulness of our MRnS for detecting cross-reactivity, we
wanted to investigate whether specific detection of Zika could
be achieved. In this context, Zika domain III conjugating
IONPs, MRnS-Z-D(III) 3 was formulated and mixed with
different amounts of Zika and Dengue antibodies, respectively.
As shown from recent studies,22 D(III) of ZIKV shares only
29% amino acid identity with D(III) DENV and therefore is
expected to facilitate in their detection and differentiation. The
magnetic relaxation results are shown in Figure 3C. Anti-Zika
IgG showed maximum binding interaction with ΔMR of 0.9.

Figure 3.Measurement of cross-reactivity and detection specificity by magnetic relaxation and surface plasmon resonance assays. (A and C) MRnS-
ZENV/MRnS-Z-D(III) ([Fe] = 2.0 mM) was incubated with increasing concentrations (10−120 nM) of anti-Zika IgG and anti-Dengue IgG for
30 min at 25 °C. Anti-HA IgG was selected as a control. Error bars are reported as mean ± standard error of the mean. (B and D) SPR traces
showing direct interaction between ZENV/Z-DIII and corresponding antibodies. ZENV/Z-DIII was immobilized around 1500 μRIU and anti-
Zika-IgG/anti-Dengue-IgG (each at 120 nM) was perfused over the Zika proteins. Anti-HA IgG was chosen as control. Results are representative of
two independent experiments.
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No significant change in ΔMR readout was observed with anti-
Dengue IgG (ΔMR of 0.075). Control studies conducted with
anti-HA IgG showed no binding further establishing the
potential of MRnS for the assessment of molecular interactions
with high specificity. For further cross-validation, surface
plasmon resonance (SPR) studies were performed to analyze
the interaction between ZENV/Z-D(III) and different anti-
bodies (Figure 3B and D). Consistent with the MR data, anti-
Zika-IgG binds to both ZENV and Z-D(III) with SPR
response around 350 and 175 μRIU, respectively. However,
anti-Dengue-IgG showed substantial reduced binding with Z-
D(III) and some binding with ZENV (30 and 75 μRIU). In
contrast, no measurable response was seen with anti-HA-IgG
in both the cases (response <10 μRIU). Taken together, our
MR and SPR results indicate that Z-D(III) can be used as a
potential target for specific detection of Zika virus. Moreover,
these results are in agreement with previous findings where Z-
D(III) was shown to be a reliable target for diagnostic assays,
and our functional MRnS platform can be used for this specific
detection assay.
Rapid Detection of ZIKV and Analytical Sensitivity. As

illustrated from our MR and SPR results (Figure 3), the
extensive antigenic similarities between Zika and Dengue
envelope proteins can compromise the diagnostic accuracy of
serological tests achieved through the detection of antibodies.
Recent studies41 have highlighted that the detection of Zika
envelope protein/intact Zika virus can be a promising
alternative to diagnose active infection with higher sensitivity
and minimal cross-reactivity. To evaluate the potential
application of our functional MRnS platform to detect intact

viruses, we conducted binding assays with MRnS-Zika IgG-Ab
(8). We have selected Zika reporter virus (Z-RVP: antigeni-
cally similar to Zika virus) and Zika and Dengue proteins for
this study. HA was also included as a negative control. For
binding assays, a similar protocol was followed as noted above
and as described in Materials and Methods. For T2MR testing
with Zika, Dengue, and HA proteins, an optimal concentration
of 120 nM was selected, and the test mixtures were incubated
for 30 min at 25 °C. The collected final ΔMR results are
shown in Figure 4A. Among the selected proteins, ZENV, Z-
RVP, and Z-D(III) showed strong binding (ΔMR values: 0.9,
0.7, and 0.9) with functional MRnS-Zika IgG-Ab. As expected,
almost no change in ΔMR value was observed with negative
control analyte (HA). It is important to note that only a
nominal binding was observed with DENV. To further explore
the extent of cross-reactivity, MRnS-Dengue IgG-Ab (9) was
synthesized and similarly, the above proteins were tested using
MR binding assay. As shown in Figure 4B, only DENV
displayed strong binding. Some noticeable binding (compara-
ble ΔMR values ∼0.2) was observed for all the Zika proteins
used, indicating higher level of cross-reactivity for anti-Dengue-
IgG. Additionally, to replicate normal testing conditions,
duplicate assays were also conducted in human plasma
solutions. As presented in Figure 4A and B, ΔMR values in
plasma solutions were in close agreement with that in PBS.
These results further indicate higher analytical performance of
MRnS assay without the need of extensive sample preparation.
With the successful binding results from multiple tests, we

moved ahead with our experiments to assess the capability of
functional MRnS for rapid detection. A concentration of 50

Figure 4. To further test the specificity of MRnS assay, (A) MRnS-Zika IgG-Ab and (B) MRnS-Dengue IgG-Ab ([Fe] = 2.0 mM) were incubated
with Zika proteins, DENV and HA (20 μL, 120 nM) in PBS (brown) and plasma (blue) for 30 min at 25 °C. (C) Time dependent assays were
performed for the evaluation of rapid detection capability. ZENV (50 nM) was mixed separately with MRnS-Zika IgG-Ab (8), MRnS-Dengue IgG-
Ab (9), and MRnS-HA IgG-Ab (10) and T2MR data points were collected for a time period of 60 min. Detectable T2MR changes were seen
within 3 min of mixing. (D) Data represented for the batch-to-batch variability between MRnS preparations and for the reproducibility in the
detection of ZIKV.
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nM of ZENV was mixed separately with three different Abs-
functional MRnS (8, 9, 10), each at [Fe] = 2.0 mM. To test for
the specificity and sensitivity, we used Zika and Dengue
antibody-conjugated MRnS, whereas functional MRnS-HA
IgG-Ab (10) was included as a control. Incremental measure-
ments were taken for a period of 60 min with detection of T2
changes observed within 3 min (Figure 4C). These results
demonstrated that MRnS allows rapid and sensitive detection
of ZIKV, therefore showcasing its promise to be implemented
in clinical settings. In order to evaluate the batch-to-batch
variability in our functional MRnS synthesis and to assess the
reproducibility parameter in MRnS-based diagnostic assay, we
have conducted tests with three independent preparations of
MRnS-ZENV IgG-Ab (B1, B2, and B3). The detection

sensitivity tests were evaluated using samples of ZENV, Z-
RVP, Z-D(III), DENV, and HA (each at 120 nM and spiked in
1X PBS). As determined by the collection of ΔMR values and
shown in Figure 4D, the variability within the three-
independent functional MRnS was found to be comparable.
The intra-assay and interassay variability tests were conducted.
For intra-assay variation, we selected samples corresponding to
high, medium and low MR values. Each of these samples were
measured in triplicate on the same day and the coefficient of
variation (CV) was calculated (∼2−5%). To measure
interassay variability, MR assays were conducted on the
above samples using different batches of nanosensors. In
addition, MR assays was performed on the same samples on

Figure 5. Functional MRnS assay for specific detection of Zika NS1. (A) ΔMR data showing linear correlation when increasing concentrations of
Zika-NS1 IgG-Ab (10−120 nM) was incubated with MRnS-Zika-NS1 (5, [Fe] = 2.0 mM) for 30 min at 25 °C. MR data displaying lack of
interaction between MRnS-Zika-NS1 ([Fe] = 2.0 mM) and Dengue-NS1 IgG-Ab (10−120 nM) demonstrates reliability of our formulated MRnS
in Zika NS1 detection with minimal cross-reactivity with Dengue NS1. (B) MR experimental data obtained when MRnS-Zika-NS1 IgG-Ab (6)
mixed with indicated concentrations of Zika NS1 (10−120 ng/mL) and further confirming for the minimum cross-reactivity with MRnS-Dengue-
NS1 IgG-Ab (7).

Figure 6. One step detection of Zika and Dengue using a mix solution of functional MRnS, 80% of MRnS-Zika-D(III) and 20% of MRnS-Dengue-
D(III). (A) Schematic illustration of MR-based detection showing 80% binding if the sample contains only Zika antibody. (B) 20% binding
expected if sample contains only Dengue antibody. (C) Co-infected sample expected to give 100% binding making our platform ideal for
simultaneous detection of Zika and Dengue. (D) Experimental results obtained when 80 μL of MRnS-Zika-D(III) and 20 μL of MRnS-Dengue-
D(III) ([Fe] = 2.0 mM) was mixed and incubated with anti-Zika-D(III) IgG (100 nM), anti-Dengue-D(III) IgG (100 nM), or a mixture of both
the antibodies (100 nM each). (A′−C′) Similar trend of results were recorded when 40 μL of MRnS-Zika-D(III) and 20 μL of MRnS-Dengue-
D(III) ([Fe] = 2.0 mM) was mixed (D).

ACS Applied Bio Materials www.acsabm.org Forum Article

https://dx.doi.org/10.1021/acsabm.0c01264
ACS Appl. Bio Mater. 2021, 4, 3786−3795

3792

https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01264?fig=fig6&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01264?ref=pdf


different days and the CV was found to be in the range of 2−
12%.
Zika NS1: A Diagnostic Marker for Zika Detection.

Due to some extent of cross-reactivity seen between Zika and
Dengue detection using the MRnS-Zika-D(III) (3) platform,
we decided to further investigate to potentially improve
specificity and assess sensitivity. Recent literature shows
promising results with Z-NS1 seen to induce strong responses
during ZIKV infection.40 Easy customization of functional
MRnS makes for testing interchangeable proteins and Abs
feasible. With these factors in mind, we chose to study Z-NS1
in this context utilizing the aforementioned protocol. Experi-
ments with MRnS-Zika NS1 (5) exhibited strongest binding
with anti-Zika-NS1 IgG antibody (Figure 5A). Similarly,
MRnS-Zika IgG-Ab (6) showed strongest binding with Zika
NS1 (Figure 5B). As hypothesized, our MRnS-Zika NS1 (5)
demonstrated high specificity for ZIKV even with Dengue NS1
present. Increasing concentrations of Zika-NS1 IgG-Ab and
Dengue-NS1 IgG-Ab from 10−120 nM were added to fixed
amounts of MRnS-Zika NS1 at [Fe] = 2.0 mM and as
predicted, minimal cross-reactivity was observed (Figure 5A).
The limit of detection also confirmed with the T2MR
experiment (∼10 ng/mL) showing sensitivity, indicating Zika
NS1 shows promise as a reliable marker for ZIKV infection
(Figure 5B).
Findings from each of these tests are particularly pertinent in

light of previous infection or coinfection with DENV leading to
false positives or ambiguous results. Our platform demon-
strates both sensitivity and specificity in preliminary testing.
This is significant due to tests results confounded with cross-
reactivity in addition to patient’s infected with ZIKV
presenting with ambiguous or at times overlapping symptoms
with DENV. Furthermore, our studies indicate rapid detection
and consistent reproducibility demonstrating potential as
accurate, rapid assays in areas with coexistence of both
DENV and ZIKV.
One-Step Detection of ZIKV and DENV. We extrapo-

lated the data from binding experiments and used our methods
for the one-step detection of Zika and Dengue using a mixture
of functional MRnS (Figure 6). Conjugating our nanosensors
with Zika-D(III) and Dengue-D(III) proteins and mixed at
80% and 20%, respectively, would allow for more under-
standing of patient history of infection. As seen in Figure 6A, if
only anti-Zika-D(III) IgG is present in the patient’s sample,
80% binding would occur and could be confirmed through
ΔMR. If DENV infection alone is present, 20% binding would
occur (Figure 6B). If both Zika and Dengue antibodies are
present in the sample, as in the case of coinfection, 100%
binding would be observed (Figure 6C). We tested our
simultaneous detection method with 80 μL of MRnS-Zika-
D(III) and 20 μL of MRnS-Dengue-D(III) both at fixed
concentration of [Fe] = 2.0 mM incubated with 100 nM of
each antibody with predicted results observed in T2MR
measurements, as shown in Figure 6D. Further experiments
were performed to explore the effect of cross-infection in
which Zika-D(III) and Dengue-D(III) functional MRnS were
mixed at 40% and 60%, respectively, and expected results were
collected (A′−C′, Figure 6D). As diagnoses in cases of
coinfection has proven challenging, this assay could prove
important in patient care and management.

■ CONCLUSIONS
Considering the rapid spread of ZIKV infection, potential
neurological disorders, and morbidity affecting all ages groups
including fetal development resulting in congenital defects and
death, the high likelihood of asymptomatic infections and
known sexual transmission, accurate ZIKV testing is essential.
Furthermore, there is an urgent need for testing that can
distinguish between ZIKV and DENV due to cross-reactivity
leading to ambiguous results and poor patient management.
Challenged resources in areas where arboviruses are endemic
further limit patient access to testing and rapid, accurate
results. By designing a customizable MRnS platform, we were
able to not only study ZIKV protein but also antibody
response in the presence of corresponding DENV Abs and
proteins. Our modality focused on proteins and Abs currently
considered as strong candidates for ZIKV diagnostics leading
to more specific therapeutic interventions. We found our novel
MRnS could be successfully conjugated with both proteins and
Abs to form a functional MRnS capable of detecting ZIKV
infection despite coinfection with DENV. Additionally, this
work confirms Zika-NS1 and Zika-D(III) as epitopes for
further study for both sensitivity and specificity with Zika-NS1
showing higher specificity. This customizable library could be
used to improve individualized medicine depending on region
and infection serology in those areas. Additionally, we propose
our simultaneous detection method for deeper understanding
into patient history to improve intervention and therapeutic
methods. Based on these findings, we propose our functional
MRnS platform as a potential answer to the complex factors
which have continued to limit assays in point-of-care settings.
This platform could translate into a rapid, low-cost assay for
ZIKV that additionally demonstrates high sensitivity and
specificity even in the presence of DENV infection.
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