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ABSTRACT: Nowadays, there is an increasing demand for more
accessible routine diagnostics for patients with respect to high
accuracy, ease of use, and low cost. However, the quantitative and
high accuracy bioassays in large hospitals and laboratories usually
require trained technicians and equipment that is both bulky and
expensive. In addition, the multistep bioassays and long turn-
around time could severely affect the disease surveillance and
control especially in pandemics such as influenza and COVID-19.
In view of this, a portable, quantitative bioassay device will be
valuable in regions with scarce medical resources and help relieve
burden on local healthcare systems. Herein, we introduce the
MagiCoil diagnostic device, an inexpensive, portable, quantitative,
and rapid bioassay platform based on the magnetic particle
spectrometer (MPS) technique. MPS detects the dynamic magnetic responses of magnetic nanoparticles (MNPs) and uses the
harmonics from oscillating MNPs as metrics for sensitive and quantitative bioassays. This device does not require trained technicians
to operate and employs a fully automatic, one-step, and wash-free assay with a user friendly smartphone interface. Using a
streptavidin-biotin binding system as a model, we show that the detection limit of the current portable device for streptavidin is 64
nM (equal to 5.12 pmole). In addition, this MPS technique is very versatile and allows for the detection of different diseases just by
changing the surface modifications on MNPs. Although MPS-based bioassays show high sensitivities as reported in many literatures,
at the current stage, this portable device faces insufficient sensitivity and needs further improvements. It is foreseen that this kind of
portable device can transform the multistep, laboratory-based bioassays to one-step field testing in nonclinical settings such as
schools, homes, offices, etc.

KEYWORDS: point-of-care, wash-free, bioassay, magnetic particle spectrometer, portable

1. INTRODUCTION raised by researchers on the accuracy such as high false positive
The past decade has seen the continuous advancing of disease rates."””" Furthermore, the strip test results are often
diagnostic platforms in a wide variety of research areas such as qualitative (or binary), which limits their capability for daily
magnetic, optical, mechanical, and electrochemical sensing monitoring of chronic disease and in-depth disease analysis.

systems.'~'® However, the processes of developing these In recent years, the demand for high accuracy, inexpensive,
platforms toward point-of-care (POC) devices for field testing and easy-to-use POC devices for routine daily diagnostics that
are largely delayed despite their promising high sensitiv- are more accessible to patients is tremendously increasing.
ity."""* Most of the diagnostic platforms are complicated to During the COVID-19 pandemic, the inaccessibility to

use on-site since they rely on expensive and/or bulky
laboratory equipment as well as on trained technicians to
operate. Furthermore, biological samples often need to be pre-
processed to remove substances such as blood cells from whole
blood samples that may interfere with the fluorescence signal.
These factors lead to relatively expensive diagnostics and long
turnaround time. Although there are strip tests available in the
market for at-home pregnancy and common diseases testing
that are easy to use and inexpensive,'”'" these strip tests are
only limited to certain diseases and there is a big concern

portable diagnostic devices has put great pressure on the
local healthcare systems especially in developing countries and
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Figure 1. (a) Photograph of the MagiCoil portable device with a smartphone application. The overall dimensions of device are 212 mm (L) X 84
mm (W) X 72 mm (H). (i) Device shell is 3D printed using the material. (ii) Disposable, USP type I glass vial containing the MNP sample. (iii)
Sample loading port. (iv) Smartphone application. (b) Photograph of the internal structures of the MagiCoil device. (c) 3D model of the MagiCoil
device with (v) top and (vi) bottom circuit boards, and (vii) three sets of copper coils for generating magnetic driving fields and collecting dynamic
magnetic responses of MNPs. (d) Side view of the 3D model with length (L) and height (H) labeled. (e) Discrete time voltage signal collected
from pick-up coils during two periods of low-frequency field. The dynamic magnetic responses of MNPs cause visible spikes as highlighted in gray
regions. (f) Frequency domain MPS spectra from (e). Higher harmonics are observed. (g) Enlarged view of higher harmonics (the 3rd to the 41st
harmonic) between S and 7 kHz. More details on the 3D models and user interfaces are given in the Supporting Information, S1.

rural areas.”’ ~** Diagnostic platforms that combine the
accessibility of strip tests and the high accuracy and
quantitative nature of laboratory-based tests will greatly change
current situation.

Herein, we introduce a portable, quantitative diagnostic
platform based on a magnetic particle spectrometer (MPS)
called as MagiCoil, that can be operated by a layperson in
nonclinical settings such as schools, homes, and offices, etc.,
without much training requirements. This technique relies on
detecting dynamic magnetic responses of magnetic nano-
particles (MNPs) from biological samples.'”**~** Since MNPs
are the sole sources of magnetic signal and most biological
samples are non-magnetic or paramagnetic, this MPS platform
is naturally immune to the background noise from biological
samples, and thus, it does not require sample pre-processing
and allows one-step and wash-free bioassays. Furthermore, by
surface functionalizing MNPs with different ligands (e.g,
carboxylic acid and amine), nucleic acids (i.e, DNA and
RNA), and proteins (e.g.,, antibodies, streptavidin, protein A,
etc.), the MNPs can be specifically modified for detecting
different target analytes as well as diseases.'®>%>%313473¢
Recently, it has been reported that a custom-built scanning
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MPS is used for biomolecule imaging, showing great potential
for disease diagnostics and imaging.”

2. EXPERIMENTAL SECTION

2.1. MagiCoil Portable Device. Figure 1a shows a photograph of
the developed MagiCoil portable device along with a smartphone
application user interface. The overall dimensions of this device are
212 mm (L) X 84 mm (W) X 72 mm (H). It is powered by wall plug
and can communicate with smartphones (Android and 10S systems),
tablets, computers through Bluetooth and USB.>® The device shell
(Figure la-i) is 3D printed with a polylactic acid (PLA) material. The
biofluid sample holder is a flat bottom, USP type I, glass vial with
dimensions of 31 mm X 5 mm and a volume capacity of 0.25 mL
(Figure la-ii). This kind of a glass vial is one-time use only and
disposable and it can be seamlessly inserted into the sample loading
port (Figure la-iii) from the top of the MagiCoil device. The user
interface (Figure la-iv) gives users step-by-step instructions on
carrying out the testing. Figure 1b shows the photograph of two
circuit boards and three sets of copper coils for generating magnetic
fields as well as collecting dynamic magnetic responses of MNDPs.
MagiCoil portable device 3D models are shown in Figure 1c,d. The
top circuit board (Figure lc-v) is the signal readout board and
consists of instrumentation amplifier, bandpass filters, and ADC
stages. A microcontroller unit is also housed on the same board to

https://dx.doi.org/10.1021/acsami.0c21040
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Figure 2. Block diagram of MagiCoil portable device circuit design.
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Figure 3. (a) General steps of carrying one bioassay on the MagiCoil

portable device. (b) MPS spectra collected from samples (vii) with loaded

MNPs and (viii) without loaded MNP. (c) Schematic drawing of MPS-based biotin-streptavidin detection. (d) Schematic drawing of MPS-based

antibody—antigen detection.

communicate with ADC circuitry. The bottom circuit board (Figure
lc-vi) consists of mainly power generation ICs and coil driver circuit
to generate the required magnetic fields.

2.2. Circuit Design of the MagiCoil Portable Device. Figure 2
shows the block level breakdown of the developed MagiCoil device.
One of the key requirements for MagiCoil modality for bioassay
applications is the generation of phase stable magnetic fields. DDS IC
from Analog Devices AD9833 is used to generate stable low-
frequency (f;) and high-frequency (fy) sinusoid fields for this
application. Frequencies fi, and f; are kept at 50 Hz and S kHz,

respectively. DC-shift and gain stages are implemented to obtain
suitable signal amplitudes using ultrahigh precision operational
amplifiers OPA189 before feeding the signal to voltage source
implementation using a high-voltage, high-current operational
amplifier from Texas Instruments (TI) OPAS548. For the application
presented in this work, the magnitude of low-frequency field is kept at
250 Oe and that of the high-frequency field is kept at 25 Oe. At its
current stage, the MagiCoil device operates from an external wall
adapter, which supplies +28 V to the device. The successive voltages
are generated onboard using various power supply ICs. LTC7149
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Table 1. Summary on Five Types of Iron Oxide MNPs

sample index  concentration (mg/mL) surface H, (Oe)” M, (@ 2000 Oe)*" M (@ 300 Oe)™* A3 (uV)?  A3/ug MNP (uV/ug)*

A: SHB30 0.8 biotin +24.5 68.3 emu/g 59.3 emu/g 5067 79.2
54.6 pemu/uL 474 pemu/uL

B: SHB30 3 biotin +74.1 33.5 emu/g 14.8 emu/g 4169 17.4
100.5 pemu/uL 44.4 pemu/uL

C: SHP30 17.5 carboxylic +22.4 63.1 emu/g 49.2 emu/g 81,630 583
1104.3 pemu/uL 861uemu/uL

D: MP25 BN 1-2 biotin +13.4 26.3—52.7 emu/g 14.7-29.4 emu/g 1924 12.0-24.0
26.3—105.4 pemu/uL 14.7—-58.8 pemu/uL

E: MP2S CA 2 carboxylic +15.9 17.6 emu/g 9.5 emu/g 1639 10.2
35.2 pemu/uL 19 pemu/uL

“VSM results are given in the Supporting Information, S2. ®The saturation magnetization of each MNP sample is obtained under a magnetic field
of 2000 Oe. “The specific magnetization of each MNP sample is obtained under a magnetic field of 300 Oe. “MPS 3rd harmonic amplitude. “MPS

3rd harmonic amplitude per microgram of iron oxide MNP.

from Analog Devices is used for generating —28 V, TL751 and
LTC1983 are used for generating +5 V and —5 V, respectively, and
4.096, 3.3, and 2.5 V are generated using LTC665S, TPS62177, and
LT3060, respectively. In the future, we do plan to have an on-board
battery setup to meet the power requirements.

The parameters of coils used in the MagiCoil portable device are
primary coil: 1278 turns (23 AWG copper wire), secondary coil: 449
turns (30 AWG copper wire), and pick-up coil: 75S turns on each side
of the balanced coil (36 AWG copper wire). Differential voltage signal
generated form balanced pick-up coils (Figure 3a: iv) is amplified
using an instrumentation amplifier by TI INA128. Sallen-Key
implementation of high-pass and low-pass filters are used for signal-
to-noise-ratio (SNR) improvement followed by a DC-shift stage, all
implemented using the operational amplifiers OPA189. A 24-bit
pseudo-differential amplifier by Linear Technology LTC2368-24 is
used to sample the filtered signal. STM32F767 from STMicroelec-
tronics is the choice of a microcontroller this application enabling
communication of real-time sampled data at 316 kSPS with on-board
ADC.

For each round of bioassay, the MagiCoil device records 170,000
samples, which has an effective time of only 0.54 s. Real-time
communication of the sampled data with laptop is handled using a
custom Python script utilizing USART protocol. FTDI cable TTL-
232RG is utilized to enable this communication between the desktop
and on-board microcontroller. The discrete time voltage signal
collected from one MNP sample is shown in Figure le during two
periods of the low-frequency field. Visible spikes due to the dynamic
magnetic responses of MNPs are highlighted in gray regions. These
spikes are responsible for the higher harmonics in MPS spectra, as
shown in Figure 1f. Zoom-in view of the 3rd to the 41st harmonics
between S and 7 kHz are also shown in Figure 1g. At the current
stage, the post processing of the collected discrete time voltage signal
is handled by MATLAB.

2.3. Detection Steps on the MagiCoil Portable Device.
Figure 3a shows the general steps of carrying out one bioassay on the
portable device. A biofluid sample containing target biomolecules is
dropped into a glass vial, which is preloaded with a fixed amount of
MNPs (Figure 3a-i). The mixture is incubated at room temperature
on a plate shaker for a fixed amount of time (Figure 3a-ii) to allow the
specific binding. Then, the glass vial is inserted into the sample
loading port for data collection (Figure 3a-iii). Each round of MPS
measurement takes less than 1 s (specifically, 0.54 s) and to ensure
that the coils do not get heated during the measurements, a gap of 3
min is taken between any successive readings.

2.4. MPS-Based Bioassay Detection Mechanism. The
MagiCoil data collection part consists of three sets of copper coils:
a pair of differentially wound pick-up coils (Figure 3a-iv), one set of
high-frequency field f;; driving coil (Figure 3a-v), and one set of low-
frequency field f; driving coil (Figure 3a-vi). Figure 3b shows a typical
MPS spectra pattern collected from samples with loaded MNPs
(Figure 3a-vii) and without loaded MNP (Figure 3a-viii). Under the
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application of oscillating magnetic fields, the magnetic moments of
MNPs rotate along the external magnetic field direction, this process
generate dynamic magnetic responses that can be detected by the
pick-up coils.*’~** As a result, MNPs generate higher harmonics that
are observed from the MPS spectra. In the results reported in this
work, we only analyze the higher harmonics at f;; + 2f; (the 3rd
harmonic), fy + 4f; (the Sth harmonic), fy; + 6f; (the 7th harmonic),
fy; + 8f; (the 9th harmonic), f; + 10f;, (the 11th harmonic), fy + 12f;
(the 13th harmonic), and fy; + 14f, (the 1Sth harmonic) as
highlighted in the gray region in Figure 3b. It is worth mentioning
that most of the previous research works rely on the 3rd and the Sth
harmonics as metrics for quantitative bioassays. Herein, we used
higher order harmonics (from the 3rd up to the 1Sth harmonics) as
reliable metrics to achieve highly sensitive and quantitative bioassay
purposes.

Taking the streptavidin detection as an example, as shown in Figure
3c-ix, streptavidin is a homo-tetramer with an extraordinarily high
affinity for biotin, 1 mol of streptavidin can bind with 4 mol of biotin.
Well-dispersed biotinylated MNPs show high dynamic magnetic
responses to external oscillating fields as well as large harmonic
amplitudes (Figure 3c-x). However, in the presence of streptavidin,
biotinylated MNPs will cross-link and form clusters (Figure 3c-xi) on
streptavidin homo-tetramers. The clustering of MNPs weakens the
dynamic magnetic responses, and as a result, the harmonic amplitudes
drop. This difference in harmonic amplitude reduction can be used to
quantitatively analyze the amount and concentration of streptavidin in
the sample.

Compared to most bioassay techniques, this MPS-based bioassay
does not require removing unbound target analytes, making it a wash-
free, one-step testing that is accessible by a layperson in nonclinical
settings.

In addition, this kind of an MPS platform can be customized to
detect a wide range of biomarkers as well as diseases. A more
generalized detection scheme for detecting antigens using antibody—
antigen interactions is shown in Figure 3d-xii. MNPs can be surface
functionalized with polyclonal antibodies (pAb). In the presence of
target antigens, these gAb will specifically bind to different epitopes
from the antigens.m'2 Thus, this cross-linking causes clustering of
MNPs. As a result, the hydrodynamic size of MNPs gradually
increases after the surface conjugation of pAb (Figure 3d-xiii,xiv) and
after the cross-linking in the presence of target antigens (Figure 3d-
xivxv). Similarly, this cross-linking caused MNP clustering weakens
the dynamic magnetic responses, and the harmonic amplitudes drop,
although there is no theoretical evidence showing which higher
harmonic is more sensitive to the binding events of MNPs to target
analytes.

3. MATERIALS AND METHODS

3.1. Materials. The iron oxides MNPs used in this work are
SHB30 and SHP30 provided by Ocean Nano Tech LLC, and MP25
BN and MP2S CA are purchased from Nanocs Inc. The streptavidin

https://dx.doi.org/10.1021/acsami.0c21040
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(product no. S4762) and phosphate-buffered saline (PBS, product no.
79378) are purchased from Sigma-Aldrich Inc. Streptavidin is a salt-
free, lyophilized powder with a biotin-binding capacity of 4 mol/mol
(biotin) and a molecular weight (MW) of ~60 kDa. A sample holder
is 2 0.25 mL flat bottom glass vial with dimensions 31 mm X S mm,
USP type I, manufactured by ALWSCI Technologies Co., Ltd. Round
rubber end caps of S mm inner diameter and 15 mm height are used
to seal a sample holder to prevent liquid sample spill, manufactured by
Uxcell.

3.2. Static (dc) Hysteresis Loop Measurement. For each MNP
liquid suspension, 10 uL of sample is drawn using a pipette and
dropped on a parafilm. The droplet is dried under N, at room
temperature. The dc hysteresis loops of samples A—E (listed in Table
1) are measured at 300 K using a physical properties measurement
system (PPMS) integrated with a vibrating sample magnetometer
(Quantum Design), as plotted in Figure S2 in the Supporting
Information. The magnetic field is swept from —2000 Oe to +2000
Oe with a step of 2 Oe (or —300 Oe to +300 Oe with a step of 1 Oe),
and the averaging time for each step is 100 ms. The dc magnetic
properties of MNPs such as coercivities and saturation magnetizations
are listed in Table 1.

3.3. Particle Hydrodynamic Size Measurement. The hydro-
dynamic size distribution of the MNP sample is characterized using a
dynamic light scattering (DLS) particle tracking analyzer (model:
Microtac Nanoflex). One hundred fifty microliters of samples I, I, V,
VII, and X (listed in Table 2) is diluted in 1.35 mL of PBS, reaching a
total sample volume of 1.5 mL of mixture. This is followed by
ultrasonication for 30 min before the DLS characterization.

Table 2. Samples of Varying Amount of Iron Oxide MNPs

sample MNP concentration MNP concentration MNP weight
index (nM) (mg/mL) (ug)

1 272 0.8 64

2 13.6 0.4 32

3 6.8 0.2 16

4 3.4 0.1 8

S 1.7 0.05

blank 0 0 0

4. RESULTS AND DISCUSSION

4.1. Characterization of Different Types of MNPs. Five
types of MNPs with varying sizes, concentrations, magnetic
properties, and surface modifications are first characterized on
our MagiCoil portable device. Samples A—C are iron oxide
nanoparticles with an average magnetic core size of 30 nm.
Samples D and E are iron oxide nanoparticles with an average
magnetic core size of 25 nm. MNPs from samples A, B, and D
are coated with biotin, while MNPs from samples C and E are
coated with carboxylic. These different surface coating layers
act as reactive groups and improve the colloidal stability of
MNP suspensions. As a result, the coating layers increase the
hydrodynamic size of MNPs by ~10 nm. Eighty microliters of
MNP suspension is drawn to a glass vial for MPS measure-
ments. As a comparison, the standard dc hysteresis loop
measurements are carried out. From the dc hysteresis loop
results in the Supporting Information, S2, the saturation
magnetization of MNPs, M; (unit: emu/g), are ranked as: A >
C >B ~ D > E. Due to the varying concentrations of MNPs in
each sample, the magnetic moment per volume of suspension
is calculated and listed in Table 1. It should be noted that
although all MNPs are iron oxide nanoparticles, their
saturation magnetizations are different due to different ratios
of y-Fe, 03, Fe;0,, and a-Fe,0; materials used for synthesizing
the magnetic cores. Sample C with the highest MNP
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concentration yields highest magnetic moment per microliter
volume (unit: gemu/uL). The magnetic moment per volume
of MNPs from highest to lowest are ranked as: C> A >B ~D
> E. All the MNP samples show negligible coercivities.

Nine independent MPS measurements are carried out on
each sample, and the averaged harmonic amplitudes (3rd, Sth,
7th, 9th, 11th, 13th, and1Sth) are summarized in Figure 4a.

|
‘l Iﬂlm |

a 90k .
80k
70k
60k
50k
40k

]

3rd

»
=)
=

Harmonic Amplitude (uV

2.0k

0.0

4.0k

2.0k

Harmonic Amplitude (nV)

0.04

Figure 4. (a) MPS harmonics of five different types of MNPs: A—E,
monitored by the MagiCoil portable device. (b) MPS harmonics of
varying amount of SHB30 iron oxide MNPs, monitored by the
MagiCoil portable device. ** p < 0.01, * p < 0.0S. (c) Zoom-in view
of harmonics from samples 3, 4, and blank with p-values labeled. Error
bars represent standard deviations. The p-values for the 3rd to the
15th harmonics of samples 4 and 5 to blank sample are listed in S3 in
the Supporting Information.

Harmonic amplitudes from highest to lowest are ranked as: C
> A > B > D > E, which agrees with the dc hysteresis loop
measurements of magnetic moment per volume of MNP
suspension. In addition, these higher harmonics are caused by
the nonlinear magnetic responses of MNPs under ac magnetic
fields. Thus, the degree of nonlinearity in the hysteresis loops
under an external magnetic field of —300 Oe to +300 Oe
(Figure S2f—j) also explains the higher harmonic amplitudes in
samples A and C and lower harmonic amplitudes in samples D
and E. Since the hydrodynamic sizes of MNPs from samples
A—E are similar, the MNP amount/concentration and the
nonlinearity of magnetization curves directly cause the
different magnetic responses and different magnitudes of
higher harmonics.

We listed the averaged 3rd harmonic amplitude from each
sample in Table 1 for comparison. The 3rd harmonic
amplitude shows a similar trend with respect to the magnetic
moment per volume of sample at 300 Oe. In addition, the
calculated 3rd harmonic amplitude per microgram of iron
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oxide MNP is also listed in Table 1, which shows a similar
trend with respect to the specific magnetizations under a
magnetic field of 300 Oe.

4.2. Minimum Amount of Iron Oxide MNPs Detect-
able by the MagiCoil Portable Device. To demonstrate
the sensitivity of our MagiCoil portable device in detecting the
lowest amount of iron oxide MNPs, 80 uL of SHB30 iron
oxide MNP samples are prepared by two-fold dilutions, as
listed in Table 2. From samples 1 to S, the MNP weight per
vial drops from 64 to 4 ug. Sample index blank is a glass vial
containing 80 L of PBS. As shown in Figure 4b, the higher
harmonics from samples 1—5 are summarized and compared
with the blank sample. It is clearly seen that sample 1 shows
highest MPS signals followed by samples 2 and 3, Although
samples 4 and 5 show similar harmonic amplitudes compared
to blank sample as shown in Figure 4c, the two-sample t test
results show that the 9th and the 11th harmonics from sample
4 are significantly different from the blank sample, with p-
values of 0.034 and 0.01, respectively. In addition, the 11th
harmonic from sample 5 is significantly different from the
blank sample, showing a p-value of 0.04. Thus, we can
conclude that our MagiCoil portable device can detect as low
as 4 pg of iron oxide MNPs. The calculated lowest detectable
magnetic moment by this portable device is 273.2 yemu, signal
from blank sample.

4.3. MagiCoil Portable Device for Streptavidin
Detection. Herein, the capability of our MagiCoil portable
device for bioassay applications is demonstrated by using a
streptavidin-biotin binding system. Since sample A shows the
highest MPS harmonic amplitude per microgram of iron oxide
MNP, which allows for bioassays with minimum amount of
MNPs per test, and thus, herein, we choose SHB30 from
sample A for the streptavidin detection. Eighty microliters of 1
mg/mL SHB30 iron oxide MNPs are mixed with varying
concentrations/amounts of 80 uL of streptavidin protein. As
shown in Table 3, samples I-IX are prepared by twofold

Table 3. Samples of Varying Amounts of Streptavidin

sample index  streptavidin concentration (nM)  MNP:streptavidin ratio

1 2048 1:60
I 1024 1:30
111 512 1:15
v 256 1:7.5
\% 128 1:3.75
VI 64 1:1.88
VII 32 1:0.94
VIII 16 1:0.47
X 8 1:0.24
X 0

dilution of streptavidin, with streptavidin concentrations varied
from 2048 nM down to 8 nM. Sample X is prepared by mixing
80 uL of 1 mg/mL SHB30 iron oxide MNPs with 80 uL of
PBS. The MNP to streptavidin ratios are also listed in Table 3.
All the samples are incubated at room temperature for 30 min
to allow the binding of streptavidin molecules to biotins from
the MNP surface.

We carried out six independent MPS measurements on each
sample, as shown in the scatter plots in Figure Sa. Two-sample
t test is carried out on each sample to compare with the control
group (sample index X, 0 nM). As shown in Figure Sa, the 3rd
harmonic amplitudes from samples I-V are significantly
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Figure S. (a) Box plots of the 3rd harmonics from samples I-X with
varying amounts of streptavidin. Two-sample ¢ test is carried out on
each sample compared with sample X (control group). (b)
Photographs of samples I-X showing different degrees of MNP
clustering caused by streptavidin. *** p < 0.001, ** p < 0.01, * p <
0.0S. Box plots of the Sth and the 7th harmonics from samples I-X
along with p-values are given in the Supporting Information, S4.

different from the control sample X with p-values smaller
than 0.05. However, the 3rd harmonics from samples VI-IX
are not significantly different from the control sample X with p-
values larger than 0.05. Thus, based on the 3rd harmonic as the
sole metric, the detection limit of our MagiCoil portable device
for streptavidin is 128 nM (equal to 10.24 pmole).

Figure Sb shows the photograph of samples I-X after the 30
min of incubation. Precipitates are observed from samples I
(2048 nM) and II (1024 nM), and the supernatants are clearer
due to decreased amount of MNPs left in the solution, which
indicates that larger amount of streptavidin proteins
(MNP:streptavidin ratios of 1:60 and 1:30) are causing the
MNPs to form clusters. Due to the cross-linking of MNPs and
streptavidin, MNPs are closely compacted and their hydro-
dynamic sizes dramatically increase. As a result, the Brownian
relaxation of bound MNPs is blocked and their dynamic
magnetic responses become weaker.

The dynamic size of MNPs (and MNP clusters) from
samples I, III, V, VII, and X are measured on a DLS system. As
shown in Figure 6a,b, samples X (0 nM, control group) and
VII (32 nM) are showing very similar size distributions both
with particle size peaks at ~50 nm, indicating that small
amount of streptavidin in sample VII cannot effectively
increase the hydrodynamic sizes of MNPs. Furthermore, the
two-sample ¢ test on samples VII and X shows that there is no
significant change of MNP hydrodynamic size (p = 0.96).

As we increase the amount of streptavidin, the distribution
of particle sizes becomes wider and particles with several
hundreds and thousands of nanometers’ sizes are observed.
The two-sample ¢ test on samples V and X shows a p-value of
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Figure 6. Hydrodynamic size distributions of MNPs from samples (a) X (control group, 0 nM), (b) VII (32 nM), (c) V (128 nM), (d) III (512
nM), and (e) I (2048 nM) measured by DLS. *** p < 0.001, ** p < 0.01, * p < 0.05.

0.58 and this small difference can be explained by the peak tail
in Figure 6¢ within a size range of 100—300 nm. From sample
III in Figure 6d, we observed a second particle size peak at
~175 nm. On the other hand, a second particle size peak is
also observed at ~300 nm from sample I in Figure 6e. The
insets in Figure 6d,e show that larger particles with several
thousand nanometers size are present in samples I and III,
proving that the higher concentration/amount of streptavidin
is causing MNP cross-linking and clustering. As a result, the
increased hydrodynamic size weakens the dynamic magnetic
responses and lower MPS harmonic amplitudes are detected
from the MagiCoil portable device.

Figure 7a shows the 3rd to the 15th harmonics from samples
I to X. For each sample, harmonic amplitudes drop as
harmonic index increases but still above the noise floor. Due to
the larger amount of streptavidin in the samples, samples I and
II show significantly lower harmonic amplitudes than other
samples. Furthermore, we summarized the higher harmonic
amplitudes (the 3rd to the 1Sth harmonics) of samples I-X
from six independent MPS measurements. Then, we applied
two-sample ¢ test to compare the i harmonics of sample j to
the i harmonics of sample X, where i = 3, 5,7, 9, 11, 13, and
15, and j = I-X. Each population consists of six data points
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collected from six independent MPS measurements. For the
case of j = X, the harmonics from sample X will be evaluated
on itself, and thus, the p-values are equal to 1, indicating that
these two populations are identical. As seen from the p-value
heatmap in Figure 7b, all the higher harmonics from samples I
and II are significantly different from the control sample X,
with p-values smaller than 0.001. For samples III-V, the 3rd
harmonics are significantly different from control sample X. It’s
worth to mention that the 7th, the 11th, and the 15th
harmonics of sample VI are significantly different from control
sample X with p-values smaller than 0.0S, demonstrating that
by using multiple higher harmonics as metrics, our MagiCoil
portable device is able to detect as low as 64 nM of streptavidin
(equal to 5.12 pmole). The streptavidin concentration
response curves are plotted in the Supporting Information,
S5 based on the 3rd, the 5th, and the 7th harmonic amplitudes
from samples I to X. All the harmonic metrics show a linear
dynamic range from 500 to 2000 nM.

5. DISCUSSIONS

To sum up, the higher harmonics from MPS spectra such as
the 3rd to the 15th harmonics can be used as metrics to
quantitatively characterize target biomarkers. By applying two-
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Figure 7. (a) MPS harmonics from samples I-X, monitored by the
MagiCoil portable device. Error bars represent standard deviations.
(b) Heatmap of p-values. *** p < 0.001, ** p < 0.01, * p < 0.05.

sample f test on samples’ higher harmonics, we can achieve
better sensitivity from the MagiCoil device. Since the harmonic
amplitudes are proportional to amount of MNPs in the sample,
thus, the MPS spectra is biased by errors introduced during
MNP sample preparation. This type of error can be mitigated
by using higher harmonic phase angles and harmonic ratios
(e.g, amplitude ratio of the Sth over the 3rd harmonics) as
metrics, which are MNP quantity-independent.”****"** On
the other hand, biological sample preparation step is the most
error-prone part for all kinds of bioassays, especially for
detecting the very low concentration/amount of target
analytes. This type of error can be reduced by preparing
multiple samples at the same concentration and performing
independent determinations.

In addition to the sample incubation time, the data
collection step is fully automatic and raw data is transferred
to laptop in 0.54 s. At the current stage, the time domain
discrete signal requires further processing such as discrete
Fourier transform (DFT) to get frequency domain MPS
spectra. In the future, this part of data processing can be
combined in smartphone user applications.

It should be noted that the present implementation of the
MPS handheld system is based on direct sampling of the MPS
response followed by Fourier transform implementation in
software. This implementation faces sensitivity shortcomings
because of three major reasons: (1) harmonic distortions due
to power amplifiers used, (2) sampling rate limitations, and (3)
lower excitation frequencies used for excitations of primary and
secondary coils. As can be seen from the output of the blank
vial, higher harmonics are present as a result of distortion of
the background sinusoidal signal due to the power amplifier
currently employed. This issue only worsens by the sampling
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rate limitations. The currently used STMF7 microcontroller
can deliver a maximum sampling frequency of 316 kSPS as
implemented, but tests done with a dedicated DAQ unit (from
National Instruments) show that a sampling rate greater than
500 kSPS is required for the best SNR results of the sampled
MPS signal. Sensitivity of the device could also be further
improved by choosing higher values for f; and f; excitation
frequencies, and the present values used are S kHz and 50 Hz,
respectively. The choice was made as we are presently limited
by the sampling rate as choosing higher fi; and f; would also
demand for even higher sampling rates. In the future, we plan
on alleviating limitations 2 and 3 (as noted above) by using a
lock-in amplifier-based approach.

Furthermore, we will extend the application of detecting
different types of protein biomarkers by conjugating
corresponding pAb onto MNPs. Two of the major issues
leading to a sensitivity hit for current implementation of the
MagiCoil system are (1) unbalanced set of coils causing for a
background sinusoid, which is ~2 orders higher than the
response of magnetic nanoparticles, and (2) low SNR of the
signal at the ADC input, with present implementation that we
are only getting an effective number of bits (ENOB) of 12 for a
24-bit ADC, which is far from the ideal. The sensitivity and
robustness of the MagiCoil device can be further improved by
designing a better set of balanced coils and implementing on-
board lock-in modality for improvement of SNR. In addition,
on-board microfluid channels are to be integrated on our
MagiCoil device to (1) precisely control and process sub-
microliter (sub-uL) biofluid samples, (2) reduce the
incubation time by adding liquid mixing channels, and (3)
concentrate all the MNPs in a smaller space where the external
magnetic fields could be more uniform.

In addition, this work reports the proof-of-concept wash-free
MPS bioassays on a portable device, using the streptavidin-
biotin as a model. For practical applications of detecting target
analytes from complex biological media such as blood, nasal
swab, and sputum samples, further surface modifications on
MNPs should be made to minimize or block the nonspecific
bindings (NSB). Block buffers are suggested after the MNP
surface functionalization step to occupy all the remaining NSB
sites. Dextrans, ethanolamine, and bovine serum albumin
(BSA) are frequently used as blocking reagents under these
circumstances. *~*

Although it is in the prototype stage, we can see its great
potential as a portable diagnostic device for a layperson in
nonclinical settings. Many literatures have reported the
flexibility of the MPS technology for a wide variety of target
analytes detection. Its short assay time (typically less than 10
min) along with portability and low price make it a promising
candidate for future personal healthcare. By combining this
MPS technology with a lateral flow platform, researchers have
reported the feasibility of multiplexed bioassays.””*" Table S2
in the Supporting Information qualitatively compared different
diagnostic tools available in the market. At the current stage,
the total cost of one MagiCoil device is approximately $300
and the user application is free of charge. Each assay uses
several micrograms of iron oxide nanoparticles (less than 1
pmole of nanoparticles), and can use a few pmole of nucleic
acids (i.e, DNA and RNA) and proteins (e.g, antibodies,
peptides, etc.) for different applications. Therefore, the
material cost per test is less than $5 and can be even lower
if mass produced.
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6. CONCLUSIONS

Herein, we have introduced a MagiCoil portable device based
on the MPS technique. This portable device allows one-step,
wash-free, and rapid bioassays handled by a layperson in non-
laboratory settings. The capability of our MagiCoil portable
device is first demonstrated in detecting different types of
MNPs. The dynamic magnetic responses of different types of
MNPs are monitored by our MagiCoil device and higher
harmonics are summarized. It is demonstrated that the
harmonic amplitudes are directly correlated to the magnetic
properties of MNPs. MNPs with higher magnetic moment per
volume show stronger magnetic responses as well as higher
harmonic amplitudes. Based on this, we choose high moment
(high magnetization per volume) SHB30 MNPs for further
studies. Then, we explored the minimum amount of iron oxide
MNPs that can be detected by our device. By using higher
harmonics as metrics and two-sample t test, we demonstrated
that this MagiCoil portable device can detect as low as 4 ug of
iron oxide MNPs (equal to magnetic moment of 273.2 yemu).

We also demonstrated the feasibility of this platform for
bioassay application by using the streptavidin-biotin binding
system as a model. The streptavidin caused cross-linking of
MNPs results in weaker dynamic magnetic responses and
lower harmonic amplitudes. By analyzing the reduction of
harmonic amplitudes, we can quantitatively detect the
concentration/amount of target biomarkers. The streptavidin
concentration response curves show a linear detection range
from 500 to 2000 nM. Based on the 3rd harmonic as the sole
metric, we obtained a detection limit of 128 nM (equal to
10.24 pmole). By analyzing multiple higher harmonics as
metrics and using the two-sample ¢ test, we observed a
detection limit of 64 nM for streptavidin (equal to S5.12
pmole). Compared with other MPS-based bioassays reported
so far, this MPS POC device is not very sensitive at this stage.
To overcome this obstacle, further improvements must be
made, such as higher sampling rate, higher excitation field
frequency, and the introduction of a lock-in amplifier to reduce
harmonic distortion.

It should be noted that the sensitivity to binding events of
MNPs are affected by many parameters including the magnetic
properties of MNPs (i.e., effective anisotropy and saturation
magnetization) as well as the shape and size (i.e., magnetic
core size and hydrodynamic size). As shown in Figure S4 in the
Supporting Information, the slope of linear region from
response curve is determined by the MNP’s intrinsic sensitivity
to bindings. In this work, we used the commercially available
SHB30 MNPs for proof-of-concept, thus, we did not explore
the best MNPs for an improved detection limit and a wider
linear detection range. Future work should be carried out to
search for MNPs with superior sensitivity to binding events.
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