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Abstract

Abnormal protein concentration levels in human bdldyds, such as urine, serum etc., are
considered to associate with disease states, [mgvessential information for the pre-clinical
diagnosis. This paper presents a wireless immubogtocoated magnetoelastic (ME) biosensor
for fast, cost-effective detections of human sealbumin (HSA) with small sample volumes at
a microliter scale. This is the first portable nemiot sensor based on magnetostrictive effect that
can monitor different molecular states of HSA. AABA Immunoglobulin G (IgG) was

immobilized on the surface of the ME sensor todglely capture HSA. The rapid conjugation
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between the antibody and antigen changed the ssndace states and thus induced resonance
frequency shifts (RFS), which were monitored inl tgae for the qualitative and quantitative
analysis of HSA. This paper brings forward a SystentChip (SoC)-based system architecture
to realize the function of RFS sampling. The parfance of the portable device was validated to
be comparable to that of the Vector Network Anatyf&NA) AV3620 using different
concentrations of HSA solution. The RFS were lilyeproportional to the HSA concentrations
in the range from 0.1 to 1Q®/mL with a linearity up to 0.998, a sensitivity&70 Hz{ig.mL-1

and a detection limit of 0.039y/mL, indicating good feasibility of this method eshwhile, the
response of this portable ME biosensor was quick specific to HSA targets. This ME

biosensor shows high potential to be used in disiggcabnormal HSA.

Keywords: Portable Device, Magnetoelastic (ME) Biosensormidn Serum Albumin (HSA),

Resonance Frequency Shift (RFS), anti-HSA Immuragio G (I1gG),

1. Introduction

Human serum albumin (HSA) levels, which correlatéthwhe overall HSA solution
concentration, have been investigated for the easlessment of diseas@ang et al., 2018)
Many studies have confirmed that liver diseasesaaseciated with a reduction in HSA. Rolla et
al. (Rolla et al., 2000used HSA content sensing as a core factor for ligé&rdiagnosis. Allarakha
et al.(Allarakha et al., 2016have suggested that elevated levels of HSA anti#sodere associated
with diseases in diabetic subjects. An abnormal HBAtent is also one of the symptoms of

nephrotic syndrome and other kidney disedges Joanne, A.O., Kun-Lin, Y., 2011 herefore, the
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development of rapid and low-cost approaches foA Hi&asurement has attracted extensive

research interest for its clinical applicatidhso et al., 2018)

The research on HSA detection in the past decades focused on how to promote
technical innovation and commercialization, suclhasBromocresol green (BCG) meth@tiou
et al., 2016) the enzyme-linked immunosorbent assay (ELIS&3pens, T., Ooijevaar-de Heer, P.,
2016),and the Bromocresol purple albumin (BCP) methitd S., 2016).All of these approaches
have typically required large sample volumes, anftesed from long measurement times, low
sensitivity, high-costs, and narrow detection rangdormally, in the area of bio-analysis,
sample volumes are available only in small quaetitiThus, there is an urgent need for HSA
measurement devices that can work with a limitedime. In addition, portable and low-cost

devices are highly desirable for smart applicati@® et al., 2016)

The problems noted above have stimulated many nasedforts in developing novel
methods for HSA portable detection. Various miclecto-mechanical systems (MEMS)-based
biosensors have been proposed. Quartz crystalaggs(Smith et al., 2014; Yang, M., He, J., 2016;
Lu, C., Czanderna, A.W., 2012)surface acoustic wave sensofdardi et al., 2012),and
microcantilevergPietrantonio et al., 2013; Chen et al., 20b&@ve been developed as piezoelectric
sensors. The advantages of these sensors inclsgesémsitive sensing using a small volume.
Among the various resonant microsensors, microeaetis have captured a great amount of
attention and have been investigated for measuhi@doad quality of different substances, due
to their low detection limits and high sensitivigor example, Datar R. et &ohgawa et al., 2013;
Datar et al., 2009; Datar et al., 200developed a microcantilever-based sensor for pezific
detection of DNA sequences and other chemicals withne sample. However, since they use

optical equipment, the extreme complexity of thenmtantilever sensor units poses a serious

4
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challenge in the manipulation of resonant paramedtdection (Jie, W., 2017) Furthermore,
microcantilevers have a limited degree of bendihgmvthe mass load is small, resulting in a low

RFS, limiting their usage due to low load quality.

As a new category of resonating sensors, ME biassndetect HSA based on the
magnetostrictive effect, which produces a reliatidgection of the internal resonance on the
sensing chip(Chen et al., 2017; Li et al, 2012)The process takes advantage of simple
instrumentation and is highly efficient. In additjoME biosensors can be easily miniaturized.
The ME biosensor chip consists of a micro-sizeg dfiamorphous ferromagnetic alloy (RAFA)
that oscillates along its length directigNowicki, M., 2018). Depending on vibration in the
longitudinal modgZzhang, H., 2014)ME biosensors have on high operational sensitiwtaking
it suitable in the detection of a wide range ofuioh concentrations. Furthermore, Sokolov et al
showed that the fabrication cost of a single MEssenvas less than 1/100,000 of one US Dollar

(USD), making the sensors disposable economi¢adiyolov et al., 2009)

Various instruments have been introduced that earelayed on the ME biosensor model.
Holmes et al(Holmes et al., 2012vere among the early researchers that producegbplicability
study of ME sensors based on the simple ME stractdiremath et al(Hiremath et al., 2015)
tested the quality of bacteria using a multiple mmmglobulin coating on an ME biosensor. The
ME biosensor has been employed to detect heavyl ma&for monitoring human health and to
prevent cancer, neurodegenerative diseases, castiohar disease and nervous system failure
(Guo et al., 2018; Ma et al., 2015; Verma, Roli.[B Gupta., 2015)In the various ME biosensor studies
mentioned, the ME biosensors were biologically roole-functionalized with antigen-antibody

complexes to qualitatively assess the level of dr&gt viruses, decomposed organitsaria
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Encina AulloMaestro et al., 201,7and other paramete(siguyen et al., 2019)Furthermore, an ME

sensor can determine the mass of a substance tvased RFS.

In this study, an immunoglobulin-based ME biosenbas been demonstrated to
successfully measure HSA in the light of a quatit#aassay, thereby providing early warnings
for potential patients that may prevent the ocoweeof certain diseases. In addition, the
proposed biosensor has a system architecture lwmaséite SoC processor (ARM Cortex M-3
core) as the primary controller. This biosensortues simple hardware, low-power
consumption, good real-time detection, low detectimits, and a compact system construction
that makes it suitable for rapid medical diagnosighis study, the performance of the detection
system was characterized using sample solutiorts waitious ratios. The resonant frequency of
the ME modified biosensor against the HSA concéptravas systematically measured. Finally,
the capability of measuring the HSA concentratismg the portable ME biosensor system has

been confirmed.

2. Theory and Related Work

The ME biosensor is a freestanding micro-rectarrgatap fabricated from a high-
strength ME superalloy. Under the function of ateralating magnetic field, the ME biosensor
oscillates along its length. When the ME biosengitnrates at a characteristic resonance
frequency, the mechanical vibration reaches itsimam. Correspondingly, the mechanical
vibration of the ME biosensor induces a changdérmagnetic flux, that is sensed by a pick-up

coil (Laistler, E., Moser, E., 2018)
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Figure 1, shows a schematic diagram of the devdlb{$A detection system based on an
ME biosensor and a solenoid coil. To measure th® &Rhe ME biosensor, the chip is placed in
a test slot and inserted into the solenoid coile Tangth direction of the solenoid coil is
perpendicular to the coil turns, as shown in Figiee The direct digital synthesis (DDS)
generates a sweep signal that acts on the solendidWhen the ME biosensor vibrates at a
characteristic resonance frequency, the inductatage of the solenoid coil is at its minimum,
which can be sensed by a pick-up coil. The anti-H§3 is immobilized on the surface of the
ME sensor to form the ME biosensor. The ME bioserssased to selectively adsorb the HSA at
37°C. Due to the combination of the anti-HSA IgQl &SA antigen, the extra load mass on the
ME biosensor increases, which in turn causes thenance frequency to decreggebo et al.,

2015)

Solenoid Coil

4 Voltage

Amplitude  The Resonance
Frequency Shift
(Afi)

Biosensor Chip

A& !

IN ,/I Ts~o =
, Human Serum Albumin ( HSA ) i
Anti-HSA Antibody —
The Au Layer |
idadopadaidade.  © ittty
Direct Digital
SINE © 1 (d)

Figure 1. Schematic diagram of the HSA measurement systenM&nBiosensor Sensing mechanism. (a) The

solenoid coil generates an Alternating Current (A@gnetic field to actuate the ME biosensor chip in
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oscillate in the Test Strifgb) After the combination, the RFS of ME biosensocurs. (c) The ME sensor has a
layer of the anti-HSA IgG on the surface to form liEsensor. (d) The ME biosensor selectively adstib

HSA.

The magnetic energy converts into elastic energypedding on the strength of ME
biosensor vibrates. In this case, vibration is e tesonance frequency, which results in
maximum string vibration. Meanwhile, the outputtagle on pick-up coil achieves its minimum
(Xu, H. G et al.,, 2017) Therefore, the pick-up coil continues samplingilun is under the

frequency of resonance. We can detect differentiardps of voltage by an oscilloscope. Based

on the ME biosensor with a lengthlgfwidth of W and height oH, the resonant frequencJO()

of longitudinal vibration in slot is expressed(8sng et al., 2016)

1 E

fo=or P

R.1
WhereE, 9 andp are the Young’'s modulus, Poisson’s ratio and dgnséspectively.
Due to the Antigen-antibody complexes, the exti@dlonass on the ME biosensor increases,
which in turn causes the resonance frequency deeraa shown in Figure 1b. By correlating the
RFES to the concentration of the determinant, thehaeism of ME biosensors can be established

When the test temperature is constant, the reserfaeguency of the ME sensor is sensitive to

the mass change on its surface. For an extra |@as wf2M on the ME biosensor with a mass

M | the RFS @fi) is expressed gsliremathet al., 2015; Schmidt, S., Grimes, C.A., 2001)

Af. = —LAm
2M (2.2)
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Form Eg. (2.2), the RFSA(fi) is proportional to the load mass of HSA. As shawn
Figure 1d, the anti-HSA 1gG is immobilized on theface of the ME biosensor to selectively
adsorb the HSA. Since the Antigen-antibody commexbe extra load mass on the ME
biosensor increases, which in turn causes the a@senfrequency decrease. Finally, the HSA

can be detected by monitoring the resonance freyuefithe ME biosensor.

3. Implementation and M easur ement

3.1 Preparation of the ME biosensor

The ME biosensor chip is composed of a Metglasy@®&26MB (FaoNioP14Bs), which
is in a strip-shaped form with a thickness of |#8. In this study, the ribbon was diced into
rectangular strips for use as freestanding ME Inisses chips with the geometrical parameters of
1 mm x 5 mm x 28m, as shown in Figure 2c. The gold-coated sensesraleaned using an
ultrasonic cleaning device in an acetone solutamnl® minutes, followed by ultrasonic cleaning
using isopropanol, anhydrous ethanol, and deioniz@r for 10 minutes each. The sensor was
immersed in a 40 mmol/L cysteamine (CYS) solutionif2 hours at room temperature to form a
self-assembled monolayer. The unbonded thiols tene removed from the modified sensor by
rinsing several times in ethanol. An antibody solutof 200ug/mL was diluted to 2g/mL
using a phosphate buffered saline (PBS) solutiotd@fuL. Then, it was dipped into a solution
that contained  1-ethyl-3-(3-dimethylaminopropyl) rlwadiimide (EDC) and N-
hydroxysulfosuccinimide (NHS) for 30 minutes to gert the active carboxylic terminal groups
to an NHS-ester. Then, the modified sensor was msegein an anti-HSA IgG solution at 37 °C

for one hour. Finally, the ME biosensor was formasl,shown in Figure 2c. The CYS, PBS,
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EDC, and NHS were purchased from Sigma Aldrich (US¥ati-HSA 1gG was purchased from

the Shanghai Yugong Biotechnology Co., Ltd.

Reference chip Sensing chip

Up-to-anti-HSA
Antibody

\
% /
“\Jmmx 5mmx 28um .’

S <7 (0)

Figure2. (a) Two test slots for ME biosensors chips inclgdieference chip and sensing chip. (b) The
components and the assembly process of the MErnsiosg(c) The photograph of sensing chip and paienne
1 mmX 5mmX 28 um; The AFM image of the surface of the ME bioser{dpibefore the combination of

the anti-HSA IgG and HSA antigen and (e) afterdbenbination.

Two test slots exist on the test strip of the MEBsensor for a reference chip and a
sensing chip. The slots are slightly larger thanME biosensor due to the 3D printing process,
as shown in Figure 2a. During the concentrationsuesament, ME biosensors were placed in
this slot, which positions the sensor chip and enéy the chip moving in the coil. After that, the
test strip was inserted into the middle of the soleé coils. A numerical simulation and the
experimental validation were used to study thiatrehship. The simulation results showed that
along the central axis of the coil, the magnetduction in the middle was much larger than in

the two ends, regardless of the position of thetatkon section. Hence, the middle of the coil
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was the best detection position for the ME bioseSang et al., 2015; Wei et al., 2013; Wei, X J.,
2013) In the solenoid coils, the copper wire is adjatera glass tube of 3 mm in diameter. The
apparent peak in the resonance appeared by chabsingtional parameters of the coil. In this
design, the number of coil turns was 200, and ¢imgth of coil line was 20 mm, as shown in

Figure 2b.

AFM scans (typically 1 pum x 1 um) were carried out several surface positions to
check the surface uniformity. Figure 2d shows tbens result on the sample that immobilized
anti-HSA 1gG (labeled as antibody). The averagekpgeavalley height was 40.0 nmfter the
anti-HSA 1gG is immobilized on the surface of theeMensor, the ME biosensor selectively
adsorbs the HSA. Figure 2e shows that the appea@nueaks has a uniform and homogenous
distribution on the surface (labeled as Full). Doghe combination of the anti-HSA 1gG and
HSA antigen, the average peak to valley heightatemit 100.0 nm. The experimentally confirm
that the average peak to valley height has obwogklange modifications of the surface

morphology occurred.

3.2 Sensing mechanism

The ME biosensor is inserted into an air-coredrsatécoil, and an AC excitation signal
acts on the coil. Due to the AC magnetic field, tbé drives the ME biosensor to oscillate, and
the higher the AC current, the stronger the vibratiThis causes a maximum in the mechanical
energy at the resonance frequency. In contrast,difextion of the bias magnetic field is
perpendicular to the pick-up coil, which eliminateg effect of frequency doubling. Based on
the impedance detuning technig@ao et al., 2012; Grimes et al., 2011e vibration amplitude

and phase are measured as a function of frequandythe impedance is measured by the pick-

11
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up solenoid. Along with magnetic-flux increasesg tME biosensor achieves a condition of
resonance, while a significant sharp peak occuthersolenoid impedance spectrum. Hence, in

terms of this sharp peak, the resonance frequehityedME biosensor can be measured.

Start
Sweep
Signal . —
Generating Sweep-signal omology
G Sweep-signal
enerator Pt

| ——

v v
Reference chi Sensing chi

Resonance P g chip

Features | |

o v h 4
Tracking Resonance Resonance

Features Features
h 4 ) 4
RMS-to-Digital
RFS
Sampling & |
Display Bresenham
J Algorithm
v
End Reference curve Sensing curve

Figure 3. Flow chart of the induced system detection stsateg

STEP1. Sweeping Signals. After the initialization, sweeping signals arepiemented
using a software-defined radio (SDR). By prograngrammicroprogrammed control unit (MCU),
virtual ME resonance modules were built using tuszitte components. By the use of sweeping
signal switching, the MCU redistributes these sméses to each probe (driver coil) and

establishes an excitation sequence for parallesoreaents.

STEP2. Resonance Feature Tracking. The MCU also includes sampling functional

blocks, such as a microcontroller with ME resonafM®) modules, internal data storage, and

12
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other functional blocks. After each sine pulse, thsulting MR signal is recorded, and two

signals (on a reference chip and a sensing cheplligitally converted into the MCU.

STEP3. Results Exhibition. The MCU processes the acquisition data, to provide
information in the external FLASH. Using Bresenhalgorithm optimization, the acquisition
data can be displayed on a screen. Using two disghannels, users can compare the two

analysis results obtained from the reference anslisg chips, and confirm the HSA detection.

3.3 Hardware implementation

In this study, a portable HSA detection system wgslemented using an ARM-based
SoC component. The DDS generated the sweep sidnadl aécted on the solenoid coil.
Improvements were made to certain elements ofdhisit, such as a new microcontroller that
had a 12-bit multi-channel analog to digital congeon the chip, and a display. A diagram of
the circuit design is shown in Figure 4. The keynponents and processes of the device are the

following:

MCU module: The STM32F103RCT6 chip has been adopted as the eonatirol chip in
this system. As a production of 32-bit processdMS32F103RCT6 (Basic-Frequency: 72MHz)
is based on ARM Cortex-M3 architecture. It suppseitgle-cycle DSP instructions and floating-
point calculation, on-chip integrating 12-bit sussi®e approximation analog-to-digital
converters (ADC), SRAM (48KB) and FLASH (256KB). dile are several features including
low-power consumption (L&\/MHz), Mini-size, low-cost, high reliability andotnpatibility.

According to Nyquist sampling theorerIFZZfimaX, where f, and Fimex are the sampling

13
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frequency and the frequency of the highest frequermmponent of the input signal. In this

design, due tofimaX=450 KHz, the single sampling rate is sgt=2.4MHz.

o |
| oosma | " DDSoUT1 DDSOUT2
DDSINT = — iasing |
'5 agnetic
. . . =) mplifigf mpw ’
Direct Digital Synthesis 4 B
3 ng: %
~ (DDS) AD9850 ELP* 5[.—
SRR
CANBANLN = VINT VIN2
’ CLKA
 © l
ks DDS Controller = FD AD
2 2| % | | s
u N
Sampling Logic .
— Display )
= Driver =
= RAM Controller FLASH 16M
< oo
T N
840 STM32F103 | APPIO23] (a)
] WHSO:-11 ' .
CLKD ]
! TFT-LCD
:\ Spectrum Curve |
Freql: 452.600k vlmin: 551.mv vlmax: 777mv Freql: 449.024k vimin: 440.mv vlmax: 798mv
(b)

Figure4. (a) A portable system structure of our rapid H®#tedtion. (b) The RFS change of ME biosensor
before and after the combination of the anti-HS& lnd HSA antigen. (c) The components of the sgnsin
system including Biasing Magnetic, Solenoid coiRM-based Sampling circuit, ME Biosensors strip and

Display.

DDS: The AD9850 generates a frequency/phase-agile save wsing DDS technology,

in the form of a numerically controlled oscillat@DS is in the form of a numerically controlled

14
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oscillator that allows fast and precise manipulatas its output frequency under full digital
control. In our case, the AD9850 employed a séo@il mode that simulates a sine wave range
from 444.000 kHz to 464.480 kHz, and a synthesiwede with a frequency resolution of

0.0291Hz.

RM Sto-DC converter: A root-mean-square to direct current (RMS-to-DGierter is
used to enable the internal analog-to-digital (Ahverter of the MCU sample analysis. An
RMS-to-DC converter, AD536A, is used to compute titue root-mean-square (RMS) value of
the AC signal. It is a complete monolithic integdhtcircuit that performs a true RMS-to-DC
conversion. The AD536A has a 450 kHz bandwidth pedorms the RMS-to-DC conversion

with the aid of an external capacitor.

Others. A Direct Current (DC) biasing magnetic field caa provided by the magnet
that makes the sensor from an optimal operatioasitf view, to facilitate sensor excitation.
The Serial Flash memory (W25Q128BMMB) provides an extended storage solution for
systems. The power system support 3.3v and 5Vtbiin batteries. A display (solution 350
pixel*240 pixel) is selected to display the indegence spectrum curve, resonance frequency

and other parameters.

4. Resultsand Discussion

In a healthy individual, the levels of kidney HS#\less than 3Qg/mL in urine albumin.
In a clinical diagnosis, it ranges from 30 to 1@@mL of urine albumin in a state of kidney
injury (Alino et al., 2011).The real-time responses of the immune reactionhenME biosensor
surface (as a response function of the immersiar)tbased on HSA (purchased from Shanghai

Yugong Biotechnology Co., Ltd.) concentrations wagyfrom 0.1 to 10Qug/mL is tested. After
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the ME biosensor was immersed in the HSA suspenaioc&7°C, an immune reaction was
activated between the immobilized antibody andHB& antigen. This type of situation resulted
in the HSA molecule binding on the biosensor swfand the anti-HSA 1gG proportionately
combined with the HSA antigen. In addition, a cdesable increase in the mass on the surface
caused a decrease in the resonance frequency d¥Ehbeiosensor after an initial period of
induction. Normally, this experiment would requiae induction time. The RFS of the ME
biosensor at different HSA concentrations werewdated as the frequency difference between
the varied concentrations andu@/mL of HSA. At each concentration, the RFS of ME&
biosensor was monitored and recorded for 40 minatt@stervals of 5 minutes. The steady-state

response can was achieved in 40 minutes (see FgnSSupplemental Information).
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Figureb. (a) The resonance spectra of the ME sensor comidminaf the anti-HSA IgG and different HSA
antigen concentrations. (b) Response of the MEebies to other interferences with the concentraifatD
pg/mL and 10Qug/mL, respectively. (c) A function of concentratiohHSA and frequency shift, and the

Goodness of Fit is equal to 0.998. (d) Comparet thié results of the VNA AV3620 with the same chip.

The performance of the ME biosensor-based massagehip for HSA detecting was
characterized. By adjusting the concentration of tSA, the test solutions had a wide
concentration range. Figure 5a shows the resorgrexra of the ME biosensor combination of

the anti-HSA 1gG and HSA antigen. In addition, theonant frequency of the ME biosensor and

17
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the resonant amplitude decreased, due to an icreahe HSA concentration from 0.1 to 100
ug/mL. To determine the resonance parameters, tlasuned voltage spectrum was fitted using
the Lorentz function. According to the fitting rétsuin Figure 5a, the resonance frequency
parameter of the ME biosensor was calibrated tdH8A concentration. In this experiment, the
chip with an HSA concentration of y/mL was used as the reference. To demonstratehbat
response of the ME biosensor was only because eofspiecific binding to HSA, a contrast
experiment was conducted without HSA (PBS curveiclviexhibited a noise level 6f70 Hz
due to nonspecific binding. Nevertheless, the RF&h® ME biosensor was 300-Hz at the 0.1
ug/mL HSA concentration. Hence, an indistinctive R&&urred without specific binding

between the anti-HSA antigen and HSA.

To investigate the specificity of the ME biosensawards different proteins, the specificity
was tested by determining the ME biosensor respgotssémmunoglobulins light chain (IGL),
humanp2-micro globulin 2-MG), albumin from bovine serum (BSA), hemoglobiHGB), and
lysozyme (LZM), each at concentrations of g@mL. The IGL,p2-MG, HGB and LZM were
purchased from the Shanghai Fanke Biological TelcdygyoCo., Ltd. The BSA was purchased
from Sigma Aldrich (USA). The ME biosensor exhikitan insignificant response to these
selected interferences because of non-specificrptiso, with response levels familiar to the
blank sample PBS. The results confirmed that th& R@&s due to the specific binding of the
HSA and anti-HSA 1gG modified on the biosensor acef (see Fig. S2 in Supplemental
Information). Furthermore, the ME biosensor exl@tistrong specific binding to HSA antigen,
illustrating the potential feasibility for actual SA detection. Matrix effect was evaluated

according to the following equatigbd. Moreno-Gonzalez et al., 2017; Jia et al., 2016)
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. A
— - 0
Matrix effect % 1x 100% (4.1)

where A is the calibration curve slope in matrixi@his the calibration curve slope in solvent.

In this study, matrix effect was estimated for eachcentration of 1g/mL and 10Qug/mL
in the mixture sample and pure sample. To evalitenatrix effect in the proposed method, the
calibration curves in standard solution (pure sa&nphd in sample matrix (mixture) obtained
from the linear analysis were compared. The madfigct of the portable device were -1.65%
and -9.76% (see Table S2 in Supplemental InformatiMatrix effect was lower than |15]|%
which involves that the proposed sample treatmentnabled to remove co-interferences in
studied cases which indicated no significant magfbects(wan et al., 2018) Therefore, matrix
effects were negligible in studied cases, so thatuise of matrix-matched calibration would not
be mandatory when the portable device was usedalyze HSA in complex biological samples
accurately. In tiny detecting chamber, with theré&asing concentration, the viscosity of the
mixture becomes higher, which has been reportexliimprevious workSang et al., 2014; Peng et
al., 2015;) There is a negligible difference in viscosity betwehe mixture and the single HSA at
a concentration of 10 pg/mL. Therefore, the freqyeresponses are almost the same. However,
because of biological macromolecules (IG}2-MG, HGB, LZM, HSA), there is a little
difference in viscosity between the mixture and¢mgle HSA at a concentration of 100 pg/mL
system, resulting in a significant difference @dduency responses, as shown in Figure 5b. The
resonant frequency amplitude decreases, while #f@ iRcreases with an increase of the HSA
concentration. The analyzed data were obtained \mraging the results of experiments.
Compared with the results of the VNA AV3620, thegision of this device is close to that of a
standard device, but the overall dimension is aygprately 1/40 the size of the AV3620. The

concentration variation of the HSA antigen solusioraried from 0.1ug/mL to 100 pg/mL.
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Figure 5d shows a comparison of the RFS betweeN e and the device in the work. Figure
5c shows that the RFS follows a linear relationshifh the HSA solution concentration. The
results in Figure 5c indicate that the RFS of theé Mosensor depends on the concentration of
HSA antigen solutions. In the linear region, thasseg sensitivity determined using the RFS is
approximately 8.70 Hpg.mL-1. Due to the high sensitivity, this methodgpropriate for HSA
detection. The concentration of HSA was obtaineithgusghe calibrated function: X =
(Y+613.897)/ (-290.961), where X and Y are the H®M&centration and RFS, respectively. By
comparing the goodness of fit of the two linedr=R0.998, the principle of the method was
proven. The stability of the ME biosensor was itgeded by determining the RFS, which was
stored in a refrigerator at 4°C. Similarly, thelslity of the ME biosensor was tested over the
course of seven days using seven ME biosensorpendently, each at a concentration of 10
ug/mL and 100ug/mL. The obtained values exhibited no distinctnges, and the developed
ME biosensor had an acceptable relative standarittesn (RSD) = 0.57% and RSD = 0.46%
(see Fig. S1b in Supplemental Information), forneeoncentration. The stability was attributed
to the fact that the HSA was firmly attached onghdace of the ME biosensor. Compared with
other biosensor@a-Jun et al., 2018; Xu et al., 2018; Fan et2dl16; Li et al., 2018;for HSA detection
presented in Table I, the proposed ME biosensowstican equal or better performance. The
limit of detections (LODs) of HSA were nearly eety in the range of microgram per milliliter
units. Under the premise that the linear rangee&ly the same, the ME biosensor in this work
showed a better detection limit. Additionally, theoposed method in this work has a greater
potential for miniaturization and creation of binsers for individual use because it does not

require complex and expensive devices (such asA)VN
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Table I. Performance of this method compared teratt§A biosensors

HSA biosensors LOD(ug/mL) Linear rangaf{g/mL) References
Fluorescent HSA sensor 1.23 0-100 (Da-Jun et al., 201
High-selective HSA sensor 0.30 0-500 (Xu et al., 201¢
Near-infrared fluorescent sensor 8.4 0-1000 (Fan etal., 2(6)
Rapid-response fluorescent sensor 1.91 0-100 (Lietal., 2018
Our biosensor 0.039 0-100 This work

Therefore, according to the RFS, the ME biosensan distinguish varying
concentrations of HSA. The results demonstrated tha detection device based on ME
biosensing is suitable for rapid screening of pésiewith abnormal concentrations of HSA

solution.

5. Conclusion

In conclusion, a novel portable ME biosensor dewies designed and fabricated based
on SoC processor. This sensing device is smalt;eftective, stable, and able to detect HSA
rapidly and specifically, with a detection limit Esv as 0.039ug/mL. The superior performance
relied on magnetostrictive effect in the RFS of ME biosensor, of which the chamber was
modified with anti-HSA IgG. The selective conjugetiof HSA led to the load mass increase,
which in turn caused the resonance frequency deerebBhe results verified that this ME
biosensor can accurately determine the concentsattd HSA in the linear range of 0.1 to 100
ug/mL. Our ongoing work is to integrate the curréevice with sampling units to purify the
clinical samples. This novel portable device haghtpotential for pre-clinical diagnosis of HSA.
With the same strategy, it can detect other pretbynusing specific antibodies for the analysis

of biomedical information.
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Highlights

* This is the first portable resonant sensor basedn magnetostrictive effect that
can monitor different molecular states of human sarm albumin (HSA).

» This paper presents a wireless immunoglobulin-caead magnetoelastic (ME)
biosensor for fast, cost-effective detections of HSwith small sample volumes at
a microliter scale.

» Device in this paper can determine the specifigitin detecting HSA with a
sensitivity of 8.70 Hzfig.mL-1 and detection limit of 0.03%g/ml.
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