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Novel magnetic relaxation nanosensors: an
unparalleled “spin” on influenza diagnosis+

Tyler Shelby, 1 Tuhina Banerjee, i Jyothi Kallu, Shoukath Sulthana, Irene Zegar and
Santimukul Santra*

Rapid detection and diagnosis of pathogenic strains of influenza is necessary for expedited treatment and
quicker resolutions to the ever-rising flu pandemics. Considering this, we propose the development of
novel magnetic relaxation nanosensors (MRnS) for the rapid detection of influenza through targeted
binding with hemagglutinin. 2,6- and 2,3-sialic acid ligands and entry blocker peptides are conjugated to
iron oxide nanoparticles to create functional MRnS. Positive detection of various hemagglutinin variants
(H1 and H5) is possible with protein concentrations as little as 1.0 nM. Most importantly, detection using
functional MRnS is achieved within minutes and differentiates between influenza subtypes. This specificity
allows mixtures of MRnS to screen for multiple pathogens at once, discarding the need to conduct mul-
tiple individual tests. Current methods used to diagnose influenza, such as RT-PCR and viral culturing,
while largely effective, are complex, time-consuming and costly. As well, they are not as sensitive or
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specific, and have been known to produce false-positive results. In contrast to these methods, targeted
MRnNS are robust, point-of-care diagnostic tools featuring simple, rapid and low-cost procedures. These
qualities, as well as high sensitivity and specificity, and low turnaround times, make a strong case for the
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1. Introduction

Despite the household familiarity of its name, influenza
remains a great risk to the modern world. Due to its innate
ability to rapidly mutate, it is only ever a matter of time until a
new pathogenic strain emerges." Also due to its ability to
mutate, influenza has developed resistances to a number of
anti-viral treatments, which makes it difficult to both predict
the next pathogenic strain and curb the resulting pandemics.
Therefore, rapid detection of influenza and the ability to differ-
entiate between viral subtypes is crucial. Viral diagnostic
methods used prominently in today’s clinical settings rely on
the detection of antigens or antibodies present in the patient’s
blood, amplification of targeted genomic sequences, or iso-
lation and culturing of the virus.”> Some of these techniques
include enzyme-linked immunosorbent assays (ELISA), viral
culturing, serology, loop-mediated isothermal amplification-
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diagnostic application of MRnS in clinical settings.

based assays (LAMP), and multiple variations of polymerase
chain reactions (PCR).> While these techniques have all proven
to be largely successful in detecting influenza, they are costly,
complicated and time-consuming. Despite their overall
success, these techniques are also known to produce false
positives and negatives, hampering their reliability.?
Furthermore, current diagnostic methods consist of technical
procedures that must be conducted in a well-maintained labo-
ratory setting, and executed by trained professionals.* While
this is not an issue in a state-of-the-art medical facility, it does
hamper their adaptability to clinical settings in developing
countries, where rapid detection of infectious diseases is of
the utmost importance.

In response to the need for a more efficient diagnostic
method, recent research has produced promising results using
nanotechnology. Nanosensors are able to overcome many of
the problems faced by the aforementioned diagnostic tech-
niques through highly specific targeting, high sensitivity, and
low turnaround times. Nanotechnology-based diagnostic tech-
niques capitalize on the unique magnetic, electronic, and
luminescent properties produced by nanoparticles upon
binding with targeted biomarkers. These customizable pro-
perties have the potential for more rapid and accurate detec-
tion of various pathogens.’ In 2013, Liong et al. designed a
method which involved detection of PCR-amplified myco-
bacterial genes using magnetic nanoprobes.® Positive identi-
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fication of the genomic sequence was reported within
2.5 hours, which competes with modern PCR techniques.
Nonetheless, amplification of recovered genomic material is
still necessary, increasing its complexity. In a recent study
conducted by Ye et al, luminescence-based detection of H7
subtypes of influenza was accomplished utilizing gold nano-
particles.” After functionalization of their magnetic gold nano-
particles, detection of H7 subtypes was possible with turn-
around times of roughly 2 hours. While this method does not
require amplification of genomic samples, it still faces
obstacles regarding optical quenching and longer detection
times. However, these drawbacks may be addressed by the use
of magnetic relaxation nanosensors (MRnS).

MRnS are on the forefront of nanotechnology-based diag-
nostic tools, and offer hope for the progression of nano-based
diagnostics as a whole. Sensitized magnetic nanosensors have
been shown to form nanoassemblies with viral proteins in
solution, as detected by light scattering.® Further studies
revealed that heat-denatured viral particles did not result in
successful binding, indicating that only active viral proteins
will produce positive results.® Furthermore, magnetic nano-
particles have not only proven successful in detection of viral
proteins, but have also been shown to detect bacteria, toxins,
genomic material, and even hypoxic environments caused by
malignant tumors.’ Previously,” we demonstrated the effective
detection of Mycobacterium avium spp. paratuberculosis (MAP)
using MRnS techniques. Magnetic nanosensors were custo-
mized to bind to a specific genomic sequence (IS900) parti-
cular to MAP. MAP was then detected in clinically relevant
samples, including tissue and blood, and the MR-based
results were compared side-by-side with PCR-based diagnosis.
It was determined that detection by MRnS was more effective
in terms of both time and sensitivity. The same group contin-
ued using MRnS for the detection of Anthrax Lethal Factor
(ALF) in solution.’® In addition, MRnS were used to search for
potential toxin inhibitors, as the researchers were able to
assess the binding affinities of the targeting ligands towards
ALF. It was suggested that successful targeting ligands
possessed the potential to sequester the toxin in vivo. These
binding assays demonstrate the effective use of functional
MRnS to analyze molecular interactions.’” Although detection
via MRnS has been previously recorded, it has not yet been
done with the level of specificity shown in this study.
Alternative conjugation of MRnS and exploitation of intrinsic
binding properties of the targeted glycoproteins has allowed
us to differentiate between pathogenic and non-pathogenic
influenza subtypes via a method which may be customized for
additional pathogenic agents in the future.

MRnS consist of magnetic cores surrounded by a bio-
degradable polymeric coating, to which various targeting
ligands can be conjugated. Targeting ligands are selected based
upon their binding affinity towards targeted pathogen-associ-
ated proteins. To further emphasize the potential impact of
MRnS-based detection methods, it has been shown that low
valency nanosensors (fewer targeting ligands conjugated to
MRnS surface) outperform high valency nanosensors, which
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indicates that conjugation of nanosensors does not require
extensive usage of expensive ligands, making this method
highly cost-effective.” The detection capabilities of the MRnS
rely on implicit magnetic interactions with water molecules in
solution. As the MRnS bind to the targeted protein, these inter-
actions are disrupted and a detectable change occurs in the
sensitive magnetic resonance signal, which is based upon 72
proton relaxation time. Without any need for sample amplifi-
cation steps, minimal binding is sufficient to produce 72
changes. The required laboratory equipment is portable, as
well as inexpensive and the techniques are relatively simple,
making this diagnostic approach ideal for detection in clinical
settings, particularly in developing countries.

2. Results and discussion
2.1 Influenza detection mechanism using functional MRnS

Herein we propose a method by which MRnS techniques may
be applied towards the rapid detection of influenza. Through
IONP surface modification, nanoparticles have been functiona-
lized for rapid and specific binding with hemagglutinin, the
influenza-associated glycoprotein responsible for viral binding
and entry. Hemagglutinin (HA) was selected as a biomarker in
order to design a diagnostic method able to differentiate
between influenza subtypes, including HIN1 and H5N1. HA is
composed of two major subunits, HA1 and HA2. HA1 is
responsible for binding to the host’s cell receptors, while HA2
allows for the entry of the viral genome into the host cell’s
cytoplasm.'® It has been shown that human influenza viruses
(H1N1) bind preferentially to «(2,6)-linked sialic acid (2,6-SA),
the cell receptor located on human lung tissue, while avian
viruses (H5N1) have preferential binding interactions with
avian cell receptor o(2,3)-linked sialic acid (2,3-SA).'*'" The
ability to detect influenza instantaneously, as well as to specify
which strain has been detected, are qualities required for influ-
enza diagnostic techniques to reach maximum efficiency.
Capitalizing on the different binding properties of the various
hemagglutinin structures allows our magnetic nanosensors to
bind with heightened specificity, thus differentiating between
influenza subtypes. This capability would further expedite the
treatment process, allowing physicians to immediately
diagnose a patient’s infection and begin treatment without
delaying for time-consuming lab procedures. Binding between
functional MRnS and HA is analyzed using binding and com-
petition assays,’*” seen in Fig. 1.

Binding assays are conducted through preparation of solu-
tions with a constant amount of MRnS and increasing HA con-
centrations. As the HA concentration increases, so too does the
binding with the MRnS (Fig. 1A). This binding displaces the
water molecules around the MRnS, leading to an increase in
T2 values. Therefore, an effective binding assay will produce a
positive trend correlating the concentration of the HA with
subsequent MRnS binding (Fig. 1B). The AT2 data can be
normalized to a value of one, represented by a unit given the
term AMR (magnetic relaxation). Determination of AMR

This journal is © The Royal Society of Chemistry 2016



Nanoscale
A)
)
>
L)
B)
3
£
E 1 Baulln' < 05
1.2 3 4 5
[HA]pM [HA] pM
D)
; L) 2
® e P
A\ 4
—_—

WV = Competitor

E) F)
3 1.0
- 0.8
,é 2 g' 0.6
- o 04 -
Baseli
R T;n ne g 0 Ky
<00
' 0 § 10
[(:ompetlton uM ["Free” Competitor] uM
A =) SA EB id AT244
2 peptides  amr =
. zMax
7 == HA proteins AT240,° — AT2 0y
Comp - ——r

AT2p0,°

V == Competitors

Fig. 1 Schematic representation of binding and competition assays
between functional MRnS and HA. Binding assay: (A) displacement of
water around the functional MRnS due to targeted binding interactions
with HA, resulting in an (B) increase in T2 MR values as HA concentration
increases. (C) These results are normalized for clearer representation as
AMR values. Competition assay: (D) disruption of MRnS-HA binding via
addition of “free” ligand (competitor). (E) An increase in concentration of
“free” ligand causes a decrease in T2 MR values, which can be normal-
ized to (F) AMRcomp representation.

values is accomplished by dividing the AT2 value of samples
with varying amounts of HA (AT2y,) by the AT2 value asso-
ciated with the most concentrated HA solution (AT2y.y). After
normalization, the graph shows a linear increase in AMR
values if there is successful binding. This conversion provides
a clearer representation of the binding between HA and MRnS
(Fig. 1C).

Competition assays are conducted by adding a “free” com-
petitor to a solution with pre-mixed MRnS and HA (Fig. 1D).
Whichever targeting ligand was used to functionalize the
MRnS is also used as the competitor, and designated as “free”,
since it is added to the solution without being attached to
IONPs. This “free” competitor then readily binds to the HA,
interfering with functional MRnS binding, thus lowering the
T2 MR signal (Fig. 1E). While verifying that the binding
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between functional MRnS and HA is due to the targeting
ligand and not the intrinsic properties of the magnetic nano-
particle itself, this assay also allows for calculation of apparent
dissociation constants (Kj) through the normalization of T2
data to AMRcomp representation (Fig. 1F). The sigmoidal curve
represents the cooperative effect of the competitor molecules
as they knock proteins off the nanosensor. The AMRcomp
value is calculated by subtracting the AT2 values recorded with
various concentrations of “free” competitor (AT2comp) from
the AT2 value associated with the solution having no “free”
competitor (AT2Y,. ), thus scaling the range of values down to
zero. These values are then divided by the AT2Y,. , providing a
range of AMRgomp values between 0 and 1. The ligand concen-
tration at which the AMRcomp value is equal to 0.5 represents
the K value. Although there are more accurate means by
which true dissociation constants may be determined, the
purpose of this assay is rather to produce an apparent K value
which will allow for comparative binding analysis between
various targeting ligands.

2.2 MRnS fabrication and influenza detection

Our IONPs were first functionalized with 2,6-SA and 2,3-SA,
respectively, using carbonyldiimidazole (CDI) bioconjugation
chemistry (see ESI, Scheme S1t). Briefly, carboxylated IONPs
(1.0 x 107> M) were mixed with CDI (1.0 x 10~> M) and incu-
bated for 1 h at 30 °C, followed by addition of sialic acid
(2,6-SA or 2,3-SA, 1.0 x 10> M) and continued for 3 h at room
temperature. These reaction mixtures were purified using a
magnetic column to obtain pure 2,6-SA and 2,3-SA function-
alized MRnS with final iron concentrations of 7.5 x 107>

The size and surface charge of the resulting products were
characterized using a zeta-sizer and STEM, which indicated
the formation of monodispersed MRnS (see ESI, Fig. S1}). In
order to evaluate the potential influenza detection capability
of our SA-functional MRnS, typical binding assays were per-
formed using a constant concentration of functional MRnS
(10 pL, 7.5 x 10~% M) and increasing concentrations of hemag-
glutinin HA1 subunits (HIN1/HA1: 1.0 x 107°-1.0 x 107" M
and H5N1/HA1: 0-6 x 10~° M). Within 15 minutes of incu-
bation at room temperature, a positive correlation was estab-
lished between AT2 MR and hemagglutinin concentrations
(Fig. 2A and C). These observations directly indicated that our
functional MRnS are capable of rapidly detecting influenza-
associated proteins at low concentrations. Furthermore, com-
petition assays were conducted to verify that the binding
between functional MRnS and HA was due to the presence of
the targeting SA ligands. In these experiments, solutions (final
volume of 500 puL) were prepared in PBS (1X, pH = 7.4) contain-
ing constant concentrations of 2,6-SA- or 2,3-SA-functional
MRnS (10 pL, 7.5 x 107> M) and their respective HA1 subunits
(5 x 107® M). To the corresponding solutions, increasing con-
centrations of “free” 2,6-SA (0-2.6 x 107> M) or “free” 2,3-SA
(0-1.3 x 10~ M) was added. As expected, the addition of “free”
competing ligands caused a decrease in 72 MR values. Finally,
these data were normalized to obtain AMRcemp representation
and plotted against increasing “free” ligand concentrations, as
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Fig. 2 (A) Binding assay for detection of HIN1 using 2,6-SA-MRnS

(10 pL, 7.5 x 10~ M), showing linear binding correlation with HIN1/HA1
concentrations (1.0 x 107°-1.0 x 10~/ M). (B) Corresponding compe-
tition assay with increasing concentration (0-2.6 x 10~ M) of “free” 2,6-
SA (competitor), which verified the interaction between 2,6-SA and
H1N1/HAL influenza protein (K3 = 1.20 mM). Similar binding assay (C) for
detection of H5N1 using 2,3-SA-MRnS (10 pL, 7.5 x 1073 M) and H5N1/
HAL1 subunits (0-6 x 1078 M), and subsequent binding analysis via (D)
competition assay using “free” 2,3-SA (0-1.3 x 107> M) (Kj = 0.39 mM).
Specificity validation assays: AT2 (mSec) MR data displaying the lack of
binding between (E) 2,6-SA-MRnS (10 pL, 7.5 x 10~> M) and H5N1/HA1
(0-6 x 1078 M) as well as between (F) 2,3-SA-MRnS (10 pL, 7.5 x 1073 M)
and HIN1/HA1 (0-10 x 10~° M). These results demonstrate the influenza
subtype targeting capability of our newly designed functional MRnS.

shown in Fig. 2B and D, respectively. The experimental K
values for 2,6-SA- and 2,3-SA-MRnS were found to be 1.2 and
0.39 mM, respectively. The corresponding literature reports for
K3 values both lie within the millimolar range,"'* which
directly reflects the success of using magnetic nanosensors for
the assessment of binding interactions. In addition, compu-
tational analyses were performed using Autodock 4 to comp-
lement these assessments, and the observed K values were
similar to those found experimentally, as shown in ESI
Fig. S2-S6.7 Taken together, these assays further confirmed
our hypothesis regarding the rapid detection of influenza pro-
teins using our functional MRnS. Next, to further demonstrate
the specificity of this detection technique, our functional
MRnS were cross-tested with the opposing HA variants
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(e.g., 2,6-SA-MRnS were tested with H5N1/HA1 and 2,3-
SA-MRnS were tested with HIN1/HA1). In order to accomplish
this, PBS (1X, pH = 7.4) solutions (final volume of 500 puL) con-
taining 2,6-SA-MRnS (10 pL, 7.5 x 10> M) was incubated for
15 minutes with increasing concentrations of H5N1/HA1
(0-6 x 107% M) (Fig. 2E). Similarly, solutions containing 2,3-
SA-MRnS (10 uL, 7.5 x 10~ M) were incubated for 15 minutes
with increasing concentrations of HIN1/HA1 (0-1 x 10~% M)
(Fig. 2F). As expected, there was minimal to no binding in
either scenario, verifying the ability of functional MRnS to
differentiate between subtypes of influenza A.

2.3 Screening of entry blocker peptides

Once the binding between SA-conjugated MRnS and hemag-
glutinin had been analyzed, various entry blocker peptides
(EBs) with reported binding affinities for both hemagglutinin
variants (H1N1 and H5N1) were screened. EBs are currently a
focus in the search for an effective anti-viral medication for
influenza, as the virus has gained resistance to a number of
anti-viral approaches, including disruption of genome tran-
scription, and NA interference."'*"'® EBs would function as an
anti-viral by preventing HA from binding to host cell receptors,
thus preventing subsequent genomic entry. EBs selected for
our experiments included EB Peptide, a broad-spectrum anti-
viral shown to interact with HA1, and two additional sialic acid
mimics, designated herein as ARLPR and Ste.'* The structures
of these EBs can be found in ESI Fig. S2.f These EBs were
functionalized with the surface carboxylic acid groups of
IONPs using standard EDC/NHS chemistry,"* as described in
ESI Scheme S1.1 The resulting EB Peptide- and ARLPR-conju-
gated MRnS (10 L, 7.5 x 10~ M) were first incubated at room
temperature for 15 minutes in PBS solutions (1X, pH = 7.4,
final volume of 500 pL) with increasing concentrations of
H1N1/HA1 (0-10 x 10~% M). As expected, each binding assay
produced a positive trend of interaction, as shown in Fig. 3A
and C. In addition, similar results were obtained when
binding assays were conducted between H5N1/HA1 and EBs,
and the results are shown in Fig. 3B and D. These results
demonstrate the ability of selected EBs to bind with both vari-
ants of hemagglutinin. Subsequent competition assays were
then conducted to determine experimental K values for EB
Peptide and ARLPR. For HIN1/HA1 competition assays, PBS
solutions (1X, pH = 7.4, final volume of 500 puL) were prepared
containing constant concentrations of EB Peptide- or
ARLPR-MRnS (10 pL, 7.5 x 107° M), HIN1/HA1 (1 x 10~% and
3 x 107® M for EB Peptide and ARLPR solutions, respectively),
and increasing concentrations of “free” EB Peptide
(0-1.6 x 107> M) or “free” ARLPR (0-4.0 x 10~° M), and incu-
bated for 15 minutes at room temperature. Experimental K
values for HIN1/HA1 binding with EB Peptide (Fig. 3E) and
ARLPR (Fig. 3G) were 4.22 pM and 0.42 pM, respectively. It is
worth noting that these values are very close to the reported lit-
erature values of 5-20 pM (ref. 13a) and 1.9 uM,"** respectively.
For the H5N1 competition assays, similar PBS solutions were
prepared containing constant concentrations of respective
functional MRnS (10 puL, 7.5 x 10~° M), H5N1/HA1 (3 x 10™° M),

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Screening of EB peptides with binding affinity for HA. (A—D) Binding assay results between EB Peptide- and ARLPR-conjugated MRnS (10 pL,

7.5 x 10~ M) with both hemagglutinin variants (concentrations ranging

from 0-10 x 10~8 M), showing the expected linear binding trends. (E—H)

Competition assays using MRnS (10 L, 7.5 x 107> M), respective HA1 subunits (HIN1/HA1: 1 x 1078 M and 3 x 108 M for EB Peptide and ARLPR solu-
tions, respectively, and H5N1/HA1: 3 x 108 M for both) and “free” competitors (EB Peptide and ARLPR: micromolar concentration ranges), showing
K values in the micromolar range. Compared to human lung cell receptor sialic acid, which possesses a K} value in the millimolar range, these
selected EB peptides exhibit higher binding affinities (1000 times stronger) for HA. These assays demonstrate the potential for these peptides to be
used as therapeutic entry blocker agents. Furthermore, these MRnS-based bench-top assays may be used for further discovery of entry-blocker

ligands.

and increasing concentrations of “free” EB Peptide (0-6.0 x
107° M) or “free” ARLPR (0-10.0 x 10~° M), and were incubated
for 15 minutes. The experimental K value for H5N1/HA1
binding with EB Peptide (Fig. 3F) was 1.18 uM and was com-
pared to the literature values of 3-10 pM."**

The literature value for ARLPR and H5N1/HA1 was not
found, and so the experimental K} value of 1.03 uM (Fig. 3H)
was compared to the computational value obtained via
Autodock 4, which was 52.05 pM. The remaining observed
Autodock 4 findings are reported in ESI Fig. S3-S6.7 These
values allow for the comparison between entry blocker pep-
tides, which is useful in the analysis of their capabilities as
anti-viral drugs. Similar binding and competition assay results
were obtained for Ste peptide and the results with H5N1/HA1
(K} = 3.48 uM) are reported in ESI Fig. S7.} Taken together,
these assays demonstrate the importance of using MR-based
nanosensors for the development of new theranostic agents
for the rapid containment of rising pathogenic strains of
influenza.

2.4 Rapid detection of influenza

In order to determine how rapidly viral detection could be
achieved using functional MRnS technology, time-dependent
assays were conducted in which 72 MR values were collected
throughout a period of 0-18 hours, with the earliest 72 MR
data point being taken 5 minutes after mixing. EB Peptide and
ARLPR were selected for this test due to their high binding
affinity with HA. Two experimental solutions were prepared in
PBS (1X, pH = 7.4, final volume of 500 pL), containing EB

This journal is © The Royal Society of Chemistry 2016

Peptide- and ARLPR-conjugated MRnS (10 pL, 7.5 x 107> M)
and H1N1/HA1 (5 x 10~° M). In addition, two control solutions
were prepared in PBS (1X, pH = 7.4, final volume of 500 pL)
containing only these functional MRnS (10 L, 7.5 x 107> M).
It is shown in Fig. 4 that although 72 values increased
throughout the incubation period, a T2 change was detectable

Rapid Pathogen Detection
ARLPR: Time assay

= T2 (Control)
o T2 (Experimental)

EB Peptide: Time assay

A T2 (Control) B
) 1m0 ) 150

-
~
=)

g A
0130 1>
E
.l:120 M
110
0 5 10 15 20 5 10 15 20
Time (h) Time (h)

Fig. 4 Time-dependent assays were performed in order to demonstrate
the rapid HA detection capability of our functional MRnS. (A) EB
Peptide- and (B) ARLPR-conjugated MRnS (10 pL, 7.5 x 1073 M) were
used for detection of HIN1/HAL (5 x 1078 M), and the T2 MR data points
were taken throughout an 18 h period starting with 5 minutes after
mixing. The red lines represent the experimental solutions containing
functional MRnS and H1N1/HA1, while the black lines represent the
control solutions containing only functional MRnS. As shown in the
figures, there were detectable T2 changes in both experimental solu-
tions (red lines), immediately after mixing. This highlights the rapid
detection capabilities of our MRnS technology.
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immediately after mixing the functional MRnS and viral
protein (H1N1/HA1). These results suggest that little to no
incubation time is necessary for this rapid magnetic nano-
sensor-based diagnostic technique, highlighting its effective-
ness in a clinical setting.

2.5 One-step differentiation between pathogenic and non-
pathogenic influenza subtypes

Further considering the desired effectiveness of diagnostic
techniques in clinical settings, it seemed apparent that the
ability to conduct one diagnostic test capable of screening for
multiple infections would be much more efficient than con-
ducting many individual tests for each suspected infection. To
accomplish this, a mixture of functional MRnS was created
consisting of 2,6-SA- and 2,3-SA-conjugated IONPs with a ratio
of 20/80, respectively. It was hypothesized that if a clinically
influenza-infected sample (test solution) contained strictly
H1N1/HA1, then only the 2,6-SA-MRnS would be able to inter-
act with the target protein, producing a A72 MR equivalent to
roughly 20% of the binding maximum (Fig. 5A). Alternatively,
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if the test solution was contaminated with strictly HSN1/HA1,
it was expected that only 2,3-SA-MRnS would be able to bind to
the target H5N1/HA1 protein, resulting in a AT2 MR of roughly
80% maximum (Fig. 5B). Furthermore, if a clinical sample con-
tained both hemagglutinin variants, it was anticipated that all
of the functional MRnS (2,6- and 2,3-SA-MRnS) would interact
with their respective viral protein, yielding a 100% binding
interaction (Fig. 5C). To validate this hypothesis, three PBS
solutions (1X, pH = 7.4, final volume of 500 puL) were prepared
with the functional MRnS mixture (2,6- and 2,3-SA-MRnS,
10 pL, 7.5 x 107* M) and respective concentrations of H1N1/
HAT1 (3 x 10~° M), H5N1/HA1 (3 x 10~® M) or a combination of
H1N1/HA1 and H5N1/HA1 (3 x 10~° M each). T2 MR data were
collected for each solution after a 15-minute incubation
period, and the results are reported in Fig. 5D. As was
expected, the test solutions containing only HIN1/HA1 and
H5N1/HA1 resulted in roughly 20% (Fig. 5D,) and 65%
(Fig. 5Dg) binding, respectively, and 100% binding was
obtained in the presence of both HA variants (Fig. 5D¢). The
fact that the theoretical 20/80% binding ratio was not perfectly

100 % binding

A) B) 29
*
:»9« 32»& >‘9< ,&>§, : ® »é,g »é,g »é, bé‘z
2 P
A =2,6-SA R ‘
A _533p \ﬁ HIN1/HA1 4 ¥ H5N1/HA1
2L 2
* 2 *
2L 2 TR
1/5 binding 4/5 binding
C) 2 29 D) )
L) ,@ 29 ,Q" >§< Q 1.0 -
R 0.8 -
ﬁ |-|1N1+/HA1 o ™
% H5N1/HA1 =
* % Y < 0-4'
94 0.2-
* >0 0.0

H1 H5 H1+HS

HA Solutions

Fig. 5 Single-step detection of multiple influenza (HA) subtypes using a mixture of functional MRnS (20% 2,6-SA-MRnS and 80% 2,3-SA-MRnS).
Schematic representations of (A) specific HIN1 detection via 20% binding within a sample infected with only HIN1/HAL and (B) H5N1 detection via
80% binding within a sample infected with only H5SN1/HAL. (C) Simultaneous detection of HIN1/HA1 and H5N1/HAL in a co-infected sample via
100% binding. (D) Graphical representation of corresponding experimental results, obtained from solutions of MRnS mixture (10 pL, 7.5 x 1073 M)
and respective HA1 subunits (3 x 1078 M), as expected. The fact that the AMR value for the H5N1/HA1 solution was slightly less than 0.8 (theoretical)
can most likely be attributed to an uneven valency between the 2,6- and 2,3-conjugated IONPs. Nevertheless, it is evident that MRnS mixtures can

be used to screen for multiple viral proteins, simultaneously.
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achieved could be attributed to the different degree of 2,3-SA-
conjugation with IONPs. The success of this experiment
demonstrates the unique ability of our functional MRnS
mixture to simultaneously screen for multiple pathogens. This
diagnostic application of functional MRnS holds tremendous
potential for expedited and high-throughput detection of infec-
tious diseases in clinical settings.

3. Experimental section
3.1 Reagents

Ferric chloride hexahydrate, ferrous chloride tetrahydrate,
hydrochloric acid and ammonium hydroxide were obtained
from Fischer Scientific. DMF, DMSO, N-hydroxysuccinimide
(NHS), carbonyl diimidazole (CDI), Polyacrylic acid (PAA) and
other chemicals were purchased from Sigma-Aldrich. EDC
(1-ethyl-3-[3-(dimethylamino) propyl] carbodiimide hydro-
chloride) was obtained from Pierce Biotechnology. The dialysis
bag (MWCO 6-8 K) was purchased from Spectrum Labs. The
2,6- and 2,3-sialic acid were obtained from Carbosynth. EB
Peptide, ARLPR, and Ste peptides were obtained from
CreoSalus Advenced Tech. All Hemagglutinin HA1 subunits
were obtained from Sino Biological Incorporated.

3.2 Instrumentations

Bruker’s magnetic relaxometer mq20 (0.47 T) was used for 72
MR experiments. Malvern’s Zetasizer-ZS90 was used for the
size and zeta potential measurements of IONPs and functional
MRnS. The magnetic column setup was purchased from
Miltenyi Biotec.

3.3 Preparation of iron oxide nanoparticles (IONPs)

The IONPs were created by forming a core of iron salts, which
was then surrounded by a coating of polyacrylic acid (PAA).
Three solutions were first created in preparation for the syn-
thesis. Solution 1 contained FeCl; (0.622 g), FeCl, (0.334 g)
and H,O0 (2 mL). Solution 2 contained NH,OH (1.8 mL of 30%
stock solution) and H,O (15 mL). Solution 3 contained PAA
(0.859 g) and H,O (5 mL). Once the solutions were prepared,
HCI (90 pL of 12 molar stock) was added to Solution 1, and
then Solution 2 was immediately added to the mixture, while
spinning. Then, Solution 3 was added and the resulting
mixture was then vortexed for about an hour at 3000 RPM.
After vortexing, the solution was centrifuged to get rid of
bigger nanoparticles and agglomerates. The supernatant was
collected, and dialysis was performed for purify the batch of
IONPs, Scheme S1.7

3.4 Synthesis of a-2,6-sialic acid and o-2,3-sialic acid-
conjugated IONPs (2,6-SA-MRnS and 2,3-SA-MRnS): CDI
carbodiimide chemistry (Scheme S17)

IONPs stock (5 mL) was diluted with PBS (5 mL). Two additive
solutions were prepared prior to conjugation. Solution 1 con-
tained carbonyldiimidazole (CDI, 0.5 mg) and DMSO (100 pL).
Solution 2 contained a-2,6-sialic acid or a-2,3-sialic acid (10 pL

This journal is © The Royal Society of Chemistry 2016
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of 10 pM stock), depending on desired product. Solution 1 was
added dropwise to the IONP solution, followed by dropwise
addition of Solution 2. The reaction mixture was placed on a
tabletop mixer overnight. The final MRnS products were puri-
fied using magnetic column.

3.5 Synthesis of EB Peptide, ARLPR, and Ste-conjugated
IONPs (EB-MRnS, ARLPR-MRnS and Ste-MRnS): water-soluble
EDC/NHS carbodiimide chemistry

IONP stock (5 mL) was diluted with PBS (5 mL). Three additive
solutions were prepared prior to conjugation. Solution 1 con-
tained NHS (5 mg) and MES (250 pL). Solution 2 contained EB,
ARLPR, or Ste (10 pL of 1 mM stock) depending upon desired
product. Solution 3 contained EDC (8 mg) and MES (250 pL).
Immediately after preparation of Solution 3, it was added in
two portions to the IONP solution. Then, Solution 1 was added
and incubated for 3 minutes with light mixing. Finally,
Solution 2 was added in 10 pL segments, with light mixing.
The resulting mixture was placed on a table-top mixer over-
night. The final MRnS products were purified using magnetic
column, Scheme S1.}

3.6 Procedure for MRnS binding assay

First, various solutions were prepared with varying concen-
trations of HA1 subunits (HIN1 or H5N1: ranging from
0-10 x 10~% M). To each of these solutions was added a con-
stant amount of MRnS (10 pL, 7.5 x 10~ M). Solutions were
allowed to incubate for 15-30 minutes before MRI analyses,
although further MRI analyses was also utilized at time points
ranging from 30 minutes to 24 h. A control solution was also
created, which contained MRnS but no HA1. These experi-
ments were carried out to measure control 72 values which
were then used as baselines.

3.7 Procedure for “free” ligand competition assay

Various solutions were prepared, each containing equivalent
concentration of HA1 (0-6 x 10~® M) and MRnS (10 pL, 7.5 X
107* M). To these solutions, increasing amounts of “free” com-
petitor was added (0-3 x 107> M and 0-15 x 10~° M for sialic
acid ligands and EBs, respectively) in order to disrupt binding
between the MRnS and HAL. Desired concentrations of “free”
competitor varied depending on the competitor in use, and
chosen concentrations generally fell within a range of the
literature Ky values for the competitor-HA1 binding. Two
control solutions were created. Control 1 contained only
MRnS. Control 2 contained MRnS, HA1, but no “free” competi-
tor. These controls were designed to emulate full binding, and
a state of zero binding.

3.8 Magnetic relaxation (MR) experiments

The measurement of spin-spin relaxation times, designated as
“T2,” was done using a 0.47T mq20 NMR analyzer (Minispec,
Bruker, Germany). T2 data was collected in triplicate for each
sample, and the average was used for data plotting.
An example of raw T2 data is shown in ESI Fig. S8.}
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3.9 Data analysis

Plots were created using Origin. Binding assay plots were
equipped with a trend line using linear fitting, and compe-
tition assays were equipped with a sigmoidal curve using a
Boltzmann “best-fit” algorithm. A72 MR data is obtained
based upon the use of the baseline 72 value (mSec), obtained
from solutions having no HA1 subunit. The 72 baseline value
is not converted into the resulting AMR-normalized graph,
and so each graphical point represents a solution containing
HA1 (either H1 or H5). For binding assay normalization, AMR
representation is achieved by dividing the AT2 value of
samples with varying amounts of HA (AT2y,) by the AT2 value
associated with the most concentrated HA solution (AT2yax)-
AT2y4
ATZMaX
normalization, the graph shows a linear increase in AMR
values under ideal binding conditions. For competition assay
data, AMRcon,p normalization is achieved by subtracting the
AT2 values recorded with various concentrations of “free”
competitor (AT2comp) from the AT2 value associated with the
solution having no “free” competitor (AT2Y,, ), thus scaling
the range of values down to zero. This data is then divided by
the AT2.., providing a range of AMRcomp values between

The full equation appears as such: AMR = . After

0 and 1. The full equation appears as such:
AT2?  — AT2c
AMRGomp = ——Max__ZZZCOMP - The Jigand concentration at
AT29,.

which the AMRgomp value is equal to 0.5 represents the
K value.

4. Conclusions

In summary, we have designed novel magnetic nanosensors
capable of detecting influenza-associated proteins with detec-
tion thresholds as little as 1.0 nM within minutes, while main-
taining the degree of specificity required to distinguish
between influenza subtypes. These results demonstrate that
MRnS diagnostic tools have higher specificity and sensitivity,
as well as lower turnaround times than the current diagnostic
methods, including RT-PCR, ELISA and viral culturing. We
have also shown that our functional MRnS provide an alter-
native method for the analysis of binding interactions, which
is highly important in the search for effective therapeutics,
including entry blocker peptides. Using this technique, we
were able to experimentally determine apparent K values for
binding interactions between HA proteins and sialic acid cell
receptors as well as entry blocker peptides, including EB
Peptide, ARLPL, and Ste. Our MRnS-based experimentally
derived K values for the cell receptors and EBs were in the
milli- and micromolar range, respectively, which is in accord-
ance with both the literature reported values, and those
observed via Autodock 4. Additionally, it has been shown that
MRnS can be used in mixtures to screen for multiple patho-
gens at once. This novel technique would discard the need to
conduct many individual tests, saving time and resources. The
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success of this technique was demonstrated by the ability of
our 20/80 mixture of 2,6-SA- and 2,3-SA-conjugated MRnS to
easily distinguish between subtypes of influenza (HIN1 and
H5N1), as well as to detect both HA variants when used in a
co-infected sample. This innovative application of MRnS
technology provides an effective and high-throughput method
for the simultaneous detection and diagnosis of a wide spec-
trum of infectious diseases in clinical settings. Together,
MRnS’s sensitivity, specificity, point-of-care simplicity, low
cost, and ease of deployment make a strong case for the
implementation of diagnostic nanosensors in both clinical
and laboratory settings.
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