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Abstract

We propose a new immunoassay technique, called etiagorce assisted electrochemical
sandwich immunoassay (MESIA), where serum biomarken be determined by magnetic
actuation and electrochemical detection of goldedaron oxide nanoparticles as probes for
immunocomplex formation. In MESIA, neither washimgffer nor fluidic parts are necessary,
because the formation of immunocomplexes and tmeoval of unbound probes are
controlled by magnetic forces. Electrochemical r@@iment and measurement of the gold-
coated magnetic probes allows highly sensitivecipeg and robust system for quantification
of target analytes. Using MESIA, the concentratdmprostate-specific antigen (PSA) in 10
ul of human serum is determined within 5 min. Theifiof detection is 0.085 ng/mL, and the
average coefficient of variance is 8.85% for fiviéeslent PSA concentrations ranging from 0
to 25 ng/mL. This method shows good precision aggraducibility (<10%) and high
correlation with cobas e 80X & 0.997). We believe this technique to be usefukhe
development of a point-of-care testing platform fliagnosis and prognosis of various

diseases, such as cancer, based on quantificdtmaroarkers in a drop of blood.

Keyword: prostate-specific antigen; electrochemistry; sdod immunoassay; magnetic

force; gold-coated magnetic nanoparticles



1. Introduction

Prostate cancer is currently the most prevalennfof cancer among men which
prompts an immediate demand for early diagnosiba#t been shown that the presence or
change in the level of specific biomarkers direattyrelate with cancer development [1].
However, due to technical difficulties, a simplertpble device to accurately measure these
biomarkers has yet to be implemented. One posafpeoach to this conundrum could be the
analysis of body fluids, such as blood or urinecscally designed to detect prostate cancer
biomarkers. Currently, serum prostate-specific gamti (PSA), a serine protease secreted
exclusively by prostatic epithelial cells, is theosh promising target for monitoring the
progression of prostate cancer [2)\&rious immunoassays which utilize electrochemigtty
fluorescence spectroscopy [5,6], and chemilumimesee[7] have demonstrated the
possibility of means to quantitatively measure P&Mcentrations from blood samples.
While these methods offer accurate results, thdfgrstrom low throughput and high cost

which restrain them for wider applications suclpamt-of-care testing (POCT).

For the last decade, the advancement of microfisitias laid the groundwork for
portable and automated POCT devices [8,9]. In &mirsal work by Fan et al. an integrated
blood barcode chip that not only is able to segapéisma from a few microliters of whole
blood but also detects multiple protein markersidmorporating a fluorescence sandwich
immunoassay has been demonstrated [10]. Moredwerintegrated blood barcode chip has
been further improved to detect pM concentratiohsore than 10 proteins from pinpricks
of whole blood [11]. While the aforementioned mituaic platforms provide highly
sensitive measurements, they are not quite appdidabportable use due to the requirement

of pre-stored buffers, reagents and their respegixmping devices.



To deal with this limitation, attempts have beerdm#o eliminate mixing and buffer
exchange steps. One such approach utilizes opticallced electrokinetics to control the
movement of fluids and probes using electric fidistribution with pre-programmed image
patterns. By controlling mixing and buffer exchargieps in the absence of any pumping
devices, a rapid and automated sandwich immunogssaéirout any moving parts and
human intervention was implemented [12]. Alternelyy Bruls and coworkers proposed an
optomagnetic system which utilizes superparamagmetnoparticles such that the mixing
and washing steps are be performed with a magfiekit within a stationary sample fluid
[13]. However, both methods require optical compdsefor detection. While these
approaches successfully sidestepped the necessifluidic manipulation components, the
optical components limit the implementation of POG@dvices in practice, since they are

relatively expensive and intolerant to environmefaetors such as vibration and dust.

Our group has demonstrated the potential feasitofithe electrochemical approach
by demonstrating protein biomarker detection viadsach assays [14]. Compared to optical
detection schemes, electrochemical approach magrbatit the requirements for POCT
devices due to its fast response time, low costsamgle instrumentation [15]. However,
layers of molecules on the electrochemical sensdiace often interferes with efficient
electron transfer from labels, resulting in low etgton sensitivity. Recently, it has been
shown that the sensitivity of the electrochemicamunoassay can be enhanced to the pM
range by incorporating gold nanoparticle labelihgng with a preoxidation step [16]. The
preoxidation step utilizes the high solubility obldg nanoparticles under overpotential

applications in chloride-rich conditions [17-20]hi$ works to an advantage because a



subsequent reduction step allows gold depositidiorio on the electrode resulting in signal

amplification.

In this paper, we introduce a new technique, caliledgnetic force-assisted
electrochemical sandwich immunoassay (MESIA). In QW all processes commonly
required in conventional immunoassays, such astiogacand washing steps, are
automatically controlled by magnetic force and tpgantification of target analytes is
performed by measuring the electrochemical sigi#d. incorporate gold-coated magnetic
nanoparticles (AuMNPs) with anti-PSA antibodies hsubat the amount of gold present
directly correlates to the amount of PSA in thecetehemical setup. We show that the
electrical preoxidation of gold plays a key rolethe sensitivity of the immunosensor. We
believe that MESIA is able to meet the urgent dasaof the POCT market, which has
sought for a method enabling a simple handheldceetiiat can offer automated, rapid, and
accurate detection of disease markers from a dfdpotogical fluids. The application of
MESIA is not only confined to PSA detection but Wbilbe scalable for any other protein

biomarkers.



2. Experimental
2.1 Materials

Gold(lll) chloride trinydrate (HAuGH3H,O), Tween-20, human sera, and all buffer
solutions were purchased from Sigma Aldrich (Stuikp USA). Carboxymethyl dextran
(CMD) was purchased from TdB Consultancy (UppsaBweden). 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC), N-hydroxyfsuccinimide (sulfo-NHS), and
MES buffer were purchased from Thermo Fisher Siier(tWalthan, USA). Bovine serum
albumin (BSA) was purchased from Bovogen BiologcéMelbourne, Australia). The
protein thiolation kit was purchased from Novuslbgicals (Littleton, USA). Antibodies and
magnetic nanoparticles (MNPs) were purchased frgmedt (Turku, Finland) and Micromod
(Rostock, Germany), respectively. All the agueclst®ns were prepared in deionized (DI)
water (18.2 M2-cm), which was obtained from a Milli-Q water-puc#ition system. Patient
samples were collected from patients treated atlS¢ational University Bundang Hospital

with appropriate Institutional Review Board (IRB)paoval.

2.2 Instruments

Cyclic voltammetry (CV) and electrochemical impecarspectroscopy (EIS) were
conducted using a Parstat MC potentiostat (AMETEi.,| Berwyn, PA). The proper
synthesis of antibody-immobilized AUMNPs was valethby scanning electron microscopy
(SEM) (Carl Zeiss, Oberkochen, Germany) and UV-fiectrometer (Molecular Devices,

San Jose, CA). The magnetic actuation of the adydsmmobilized AUMNPs was performed



using a custom-built magnet control system, in whibe movement of two permanent

magnets was precisely controlled by step motors.

2.3 Preparation of electrochemical sensors

Screen-printed carbon electrodes (SPCEs) were qaefdmy printing carbon as the
working and counter electrodes and Ag/AgCl as th&erence electrode. In order to
immobilize the anti-PSA antibodies onto the workeigctrode, first of all, 4l of 0.1 mg/mi
CMD solution prepared in DI water was loaded on wwking electrode and incubated
overnight at the room temperature in a humid chaumféer washing of any residual CMD
solution, 4ul of 0.1 M EDC and 0.1 M sulfo-NHS prepared in 0.M\MES buffer (pH 4.7)
was loaded on the working electrode and incubatethe room temperature for 1 h to
activate the carboxyl group of CMD. The workingattede was washed and immediately
treated with 0.05 mg/ml monoclonal anti-PSA antyp@dlution prepared in 10 mM PBS
buffer for 2 h. The antibody-immobilized SPCEs w#ren sequentially dipped and agitated
in 1% BSA solution for 1 h. Finally, the electrodesre washed with DI water and stored at

4°C until needed.

2.4 Preparation of gold-coated magnetic nanoparticles

0.5 mg of MNP (250 nm dia.) from the stock solutwas suspended in 10 mL of 10
mM phosphate buffer (PB). The solution was sonaté&be 10 min and stirred in a dark room.
We gently added 1 ml of 1% sodium citrate prepared0 mM PB and increased the
temperature to 100°C. Once the solution reached@0We added 0.2 ml of 10 mM
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HAuCl,- 3H,0 to seed gold nanoparticles on the surface of MNRg solution left on the
stirrer for an additional 10 min. The AuMNPs werashed 2 times with 10 mM PB and

finally resuspended with 0.5 ml of 10 mM PB.

2.5 Immobilization of antibodies on AUMNPs

To effectively immobilize monoclonal anti-PSA ardibes onto the AUMNPSs, we
introduced a free thiol group to the antibodiesusyng a protein thiolation kit. We then
mixed 10ug of thiolated antibodies with 0.5 ml of AUMNP sttun and rotated at 25°C for 1
h. The antibody-immobilized AUMNP probes were gegdeat the bottom of the vial, using a
magnet, after which the supernatant was replacéld ¥ BSA solution. The solution is
further mixed on a rotator for 1 h, then the ardjpéammobilized AuUMNP probes were
washed with 10 mM PB three times. Finally, 1 mghMNPs was stored at 4°C until

further use.

2.6 Electrochemical measurements

Prior to the quantitative measurements, a pretreattistep in PBS was conducted by
applying 1.5 V for 10 s and scanning potential frdnd to O V at 0.1 V/s scan for
electrochemical preoxidation and reduction of tb&lganoparticles on MNPs, respectively.
Subsequently, a CV measurement was conducted bytmdtcycling from 0.0 to 1.2 V at 0.1
V/s to obtain CV curves for quantification of bouAdMNPs. The cathodic and anodic peaks

in CV were analyzed using a custom software wriittehAVA.



2.7 Quantification of prostate-specific antigen in human serum

In order to perform all-in-one immunoassays to defSA in human serum with
MESIA, human blood sera with 0.5 M NaCl at desiRSIA concentrations were prepared. 5
x 10" AUMNP probes were added to fi0of PSA-spiked serum sample, followed by loading
the mixture on the SPCE sensor. During the reaqgpiactess, the AUMNP probes were
repeatedly pulled toward and away from the workeigctrode by continuously moving
permanent magnets above and under the SPCEs dexspectively. The AUMNP probes
were contacted to the antibody-immobilized workabgctrode for 2 s with the interval of 2 s
during the process to induce the formation of imouamplexes. After 3 min of reaction,
unbound AuMNP probes were removed by putting a paent magnet at the top for 25 s.
The immunocomplexes formed on the electrode werntified via CV scan after the
pretreatment step. The magnetic reaction and wgslpirocesses were automatically

performed using a custom electromechanical system.

2.8 Clinical sample analyses

All patient serum samples were collected followiagproval by the Seoul National
University Bundang Hospital Institutional Review &d (IRB). For comparison of the
methods, PSA concentration of the patient sampkse wnalyzed using cobas e 801 (Roche
Diagnostics, Risch-Rotkreuz, Switzerland) and theppsed method at the same time.
Passing-Bablock regression analysis was conduatediefine the Pearson correlation

coefficient.



3. Results and Discussion

A schematic diagram of MESIA, which is a sandwichmunoassay platform
utilizing magnetic fields and electrochemistry fquantification quantitatively measure
analyte concentrations in the absence of fluidicmigaation components and pre-stored
washing buffers, is shown in Figure la. The magnptbbes used in this platform are
designed such that detection antibodies, whichucapanalytes, are conjugated to gold-
coated iron oxide nanoparticles. The AUMNPs ardllgighaneuverable via magnetic fields
and the gold nanoparticles coated on the MNPst edtoong electrochemical signals. The
AUuMNP probes can form sandwich immunocomplexes ba antibody-immobilized
electrode surface via analytes. The antibody-antigeactions for the formation of
immunocomplexes and the removal of unbound prolpescantrolled and accelerated by
external magnetic fields. Finally, the amount otlgtes is quantified by measuring the
electrochemical signals from the AuUMNPs bound dhi sensor surface. Here we applied
this platform for the quantification of PSA in humaerum. First of all, the sample is mixed
with AUMNP probes (Figure 1b). Then magnetic fiednls applied such that magnetic probes
are interacted with the target analytes and forrmumocomplexes on the surface of the
working electrode (Figure 1c). After sufficient céian, the unbound magnetic probes are
cleared off of the working electrode by applyinghagnetic field (Figure 1d). We then apply
high electrical potential to induce electrochemioaidation of gold on the bound probes

(Figure 1e), followed by CV scan for the quantitatmeasurement (Figure 1f).

10



a S
—
Magnet
¢ PSA
. Reference AuMNP
Working electrode (RE) .
electrode (WE) Capture
Spacer Counter Y antibody
electrode (CE) ¥ Detection
antibody
b __ Magnefic field Magnetic field d Magnetic field
(o ] S o ) T
L T A )
o 'p-f.
’. = *
*r }-'f #
4P ! E_l/
o
3
¢
— = \WE
OFF | l
Magnetic field Magnetic field Magnetic field
Magnetic field
e [ off |
f
(1
Preoxidation
> o N E
A scannming [/
“ S : o E
Reduction r_;’)
DF_F : J Potential (mV)
Magnetic field

Figure 1. Schematic diagram of magnetic force-assisted relgoemical sandwich
immunoassay(a) Magnetic actuation and electrochemical detectibnamoprobes forming
sandwich immunocomplexes allow fast, highly semsjtrobust, and low-cost immunoassays
of serum biomarkers in a stationary fluid. In detés) gold-coated magnetic nanoparticles

(AuMNPs) conjugated with detection antibodies iatemwith the target analytes in a drop of
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human serum.(c) The AuMNPs are controlled by a magnetic force tormf
immunocomplexes on the working electrode of el@ttemical sensofd) After the reaction
step, unbound probes are removed by a magnetie.f@cFor highly sensitive detection of
the AUMNPs forming immunocomplexes, which corredatgth the concentration of target
analytes, electrochemical pretreatment is condu¢te#inally, the amount of target analytes

is quantitatively measured by electrochemical mgghguch as cyclic voltammetry.

3.1 Characterization of gold-coated magnetic nanoparticle (AuMNP) probes

The electrochemically-labelled magnetic nanopralsed in MESIA were prepared
by coating gold nanoparticles and anti-PSA antibsdbnto iron oxide nanoparticles, as
electrochemical redox labels and the analyte-capunolecules, respectively. Because the
strength and reproducibility of redox signals fra@V scan directly correlates with the
detection performances, our system relies gregihnuhe amount of gold present on the

MNP.

Comparison between back-scattered electron SEM emagf bare MNPs and
AuMNPs clearly depict gold nanopatrticles, of whathe ranges from ~50 to ~80 nm, present
on the MNP surface (Figures 2a and 2b). Furtherptbee UV-Vis spectra of the AUMNPs
present a definitive peak at ~550 nm, represengjolgl seeds (~50 to ~100 nm) [21],

compared to the monotonically decreasing spectriupai@ MNPs (Figure 2c).

Since MESIA utilizes the electrochemical redox mmies of gold, it is crucial to

confirm the redox peaks of the AuUMNPs prior to dagther experiments. Therefore, we
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prepared a PBS solution containing AUMNP probesmaagdnetically gathered them onto the
working electrode and ran a CV scan from 0.0 to\l& 0.1 V/s. However, the redox curve
of AUMNPs did not exhibit any appreciable redoxkpéagure 2d). It is possible that the lack
of signal is due to the lack of accessibility o tpold nanoparticles, residing on the MNPs,
and the carbon electrode caused by the thicknes®wl&cular layer on the electrode and the

size of MNPs (Figure 1b).

To deal with this problem, we applied a pretreativetap for the electrochemical
preoxidation and reduction of gold prior to the wmtitative measurement by CV. The
pretreatment step consists of an application ofh higoltage which strips the gold
nanoparticles followed by an immediate lower vodtaghich reduces the oxidized gold ions
onto the working electrode. Previous studies haponted successful oxidization of gold
nanoparticles labeled on the antibodies and sules¢gaduction onto the working electrode

in the presence of chloride ion-providing reag¢h820].

Here we applied 1.5 V for 10 s for the electricaldation of gold, followed by a
potential scan from 1.5 to 0.0 V at 0.1 V/s foruetibn. After this pretreatment step, a CV
scan from 0.0 to 1.2 V at 0.1 V/s was conducteddnfirm the oxidation and reduction
signals of gold. Consequently, we could obtain regdeaks strong enough to be utilized for
the assays at around 0.25 and 1.0 V, as shown gard-i2d. We could not find any
distinguishable peaks from bare MNPs and PBS des¢ipd same pretreatment step (Figure
2e), thus we can deduce that the peaks are froroxidation and reduction of gold. These
results collectively support the usefulness of AuR&Nthat we synthesized as the magnetic

probes for MESIA.
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Figure 2. Characterization of gold-coated magnetic nanogagi (AUMNPS). Scanning
electron microscopic images (&) bare magnetic nanoparticles (MNPs) @dAuMNPS.(c)
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AuMNPs before and after the electrochemical prétneat step(e) Cyclic voltammograms
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3.2 Characterization of sandwich complex formation

Each process for the fabrication of anti-PSA artipbased electrochemical sensors
and the sandwich assays was verified by EIS. Tinsisg electrodes were prepared by
treating the working electrode surface with CMDlJdawed by immobilization of anti-PSA
capture antibodies via sulfo-NHS cross-linker. Dgrithe assay, PSA molecules are
recognized by the antibodies on the electrode BeadAUMNP probes, respectively, resulting
in the formation of sandwich complexes on the wagkelectrode. To confirm whether the
antibodies and PSA bind together and form the satdeomplexes, the EIS measurements
were performed for each binding process (Figure Bag charge transfer resistanBg, was
measured at each step in the presence of 3 mM [JeCin KNO; as shown in Figure 3b.
The R gradually increased from 8.822kto 36.8 K2, 53.3 2, and 72.4 R after the
antibody immobilization, the recognition of PSA,dathe binding of AuUMNP probes,
respectively. The increase Ry after each step implies that molecular layers hasen
stacked on the working electrode, which interfelithwhe charge transfer and hinder the

access of redox agent to the electrode surface.

To validate the feasibility of this assay, we coctdd CV measurements in the
presence and absence of PSA. We first incubatedrttigody-immobilized electrodes with 0
and 10 ng/mL PSA for 1 h at room temperature, aadh&d out unbound PSA molecules
using a PBS solution. The magnetic probes were khated and performed the magnetic
reaction process for 3 min. Thereafter, the unbodoNP probes were removed using a
magnet or a PBS washing buffer. After the pretreatnstep, CVs were measured as shown
in Figures 4a and 4b. The results clearly showetl while no appreciable redox peak was

observed after washing in the absence of PSA (Eida), a distinct peak is shown in the
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presence of 10 ng/mL PSA (Figure 4b), regardlesth@fwashing method — a magnet or a
washing buffer. These results indicate that the afilization of capture antibodies and the
binding processes of the sandwich immunoassaypraggerly functioning, and the redox
peaks from gold on the MNP probes can be directBasured in our electrochemical
sandwich immunoassay system. These results alg@sugot only is it possible to form the
sandwich immunocomplexes on the working electrbdé also that the magnetic washing is

as effective as conventional flow washing
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Figure 3. Electrochemical impedance spectroscopy (EIS) amalpf the formation of
immunocomplexes(a) Processes of forming immunocomplexes on the worlelegtrode
surface for the EIS analysifh) EIS spectra of carbon electrode before and afiptuce
antibody (cAb) immobilization, prostate-specific tigen (PSA) binding, and

immunocomplex formation with gold-coated magnetooparticle (AUMNP).
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3.3 Optimization of reaction and washing times

We conducted all-in-one assay by adding AUMNP psdiscePSA sample solution.
After loading the mixture into a SPCE sensor, thESVA processes, which include the
magnetic control of immunocomplex formation, ance tklectrochemical analysis for

guantification, were automatically performed.

In order to obtain the optimal reaction and wasldgagditions, we further varied the
duration of each step, and measured the cathodi& parrent. The time for magnetic
washing of unbound AuMNP probes was examined fraim 80 s. The response current was
decreased as the washing time increases, anctiteg@ateady state at 25 s (Figure 4c). Thus,
the washing time was chosen to be 25 s. The reattiee of AUMNPSs to the antibodies on
the working electrode also varied from 0 to 5 mgnsaown in Figure 4d. The response was
increased gradually and reached steady state ah.3Timus, the optimal reaction time was

chosen to be 3 min.

17



a 15 , b 15 .
+++« No washing +++ No washing :"‘
— 10F == Flowwashing ,'\‘ — 10F == Flow washing ; '-‘
<§_ - Magnetic washing ‘o' 4 i - Magnetic washing ,n' %
:' 5k K Ve : 5k
c c -
7] (7] 5
= 0y = 0
3 : S
(&) ] L (&) 5
[0 D
- .“
_10 1 L 1 1 1 _10 L L 1 1 L
0 300 600 900 1200 0 300 600 900 1200
Potential (mV) Potential (mV)
C 10 d o
< | <
e =
:
S I
= 5F = 5
S 3
o I o
X - X
© ©
] I O
o i o
0 1 1 L L 'l 1 1 1 1 L 1 L 1
0O 5 10 15 20 25 30 0 1 2 3 4 5
Washing time (s) Reaction time (min)

Figure 4. Validation and optimization of magnetic controliofmunoreactions and washing
processes. Cyclic voltammograms measured after etiagemoval of nanoprobes in tfe
absence andb) presence of 10 ng/mL PSA, which are consistent witbse after
conventional flow washing. Intensities of cathopg&ak currents of CV from the assays of

PSA according to the magne(m) washing andd) reaction times.

18



To validate the system, we conducted the expersnenmith various PSA
concentrations from 0 to 25 ng/mL and obtained @wes (Figure 5a). The results show a
clear increase in peak currents in accordance th#hPSA concentrations. In particular, the
cathodic peak current was significantly correlatgth the PSA concentration as shown in
Figure 5b R = 0.96). These results suggest that the MESIAesystan be utilized for

guantification of PSA.

a 1o
[PSA]
— 25ng/ml
10 ng/mi
Sf = 1ng/ml
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== 0.01 ng/m

Current (nA)
o

0 300 600 900 1200
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' ) '
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Figure 5. Determination of PSA in PBS solution using magneforce-assisted
electrochemical sandwich immunoassays. (a) Cyclicltammograms for various
concentrations of PSA from 0 to 25 ng/mL. (b) Caibgeak currents vs. PSA concentration.

Mean + standard deviation ¢ 3). The fitting curve is also plotte®{= 0.96).
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3.4 Analysis of human serum

We applied the MESIA for the determination of P$Ahuman serum. To confirm
whether the change in solution affects the elebgoucal responses of AUMNPSs, CV curves
from assays of 10 ng/mL PSA in PBS solution and &rserum were compared to each
other (Figure 6). To our surprise, although thetrpegment step was conducted for both
cases, it was not possible to find any appreciabtiox peaks in the assays with human
serum, while we could observe clear redox peakbarassays with PBS solution. When we
performed the assays with PBS solution with seruatems including albumin, we could
obtain the same voltammogram with that of serumiclwimas no appreciable redox peaks
(data not shown). This implies that electroactigrum proteins might interfere with efficient

oxidation and reduction of gold in serum during phnetreatment step.

- PBS
- - Serum
— Serum + 0.5 M NaCl

Current (1A)

0 300 600 900 1200
Potential (mV)

Figure 6. Cyclic voltammograms in the assays of 10 ng/mL R&ABS solution, human
sera. Anodic and cathodic peaks of gold were olabdevwhen NaCl was added to human

serum.
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To deal with this issue, 0.5 M NaCl was added tmam serum, as it has been known
that chloride-rich conditions induce high solulyildaf gold nanoparticles under overpotential
applications [17-20]. As we expected, clear redeaks were observable in CV from the
assays of PSA in serum with 0.5 M NacCl, as showrigure 6. We were convinced that the
peaks are due to the electrochemical oxidationraddction of AUMNP probes, not NaCl or
others, because the peak currents increased aB3Aeconcentration in serum increased

(Figure 7a).

In the assays with human sera of various PSA cdrat@ns from 0 to 25 ng/mL, the
strength of cathodic peak at around 0.25 V incr@a@sethe concentration of PSA increased
(Figure 7a). The measured values of cathodic pealtemts highly correlated with the PSA
concentration as shown in Figure 7 € 0.97). The limit of detection for PSA was 0.085
ng/mL and the average coefficient of variance wab®. There was no high dose hook
effect and the coefficient of variance were sald than 10% up to 1,000 ng/mL of PSA, but
the cathodic peak current gradually decreased whenPSA concentration increased to
20,000 ng/mL. However, the signal intensity at PO,dg/mL PSA was still higher than that
at 30 ng/mL, which is the upper limit of measuriagge that we claim in this study. When
we tested the sensors after storing them underraitedt humidity (~20% RH) and
temperature (~€) conditions for more than 3 months, they showetsistent performances.
Considering the fact that clinical cut-off value BSA ranges from 2.5 to 4.0 ng/mL, our
results suggest that the MESIA would be potentib#yapplicable for future prostate cancer

diagnosis and prognosis based on blood tests.
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3.5 Clinical sample analyses

We confirmed recovery, precision and reprodudipilof the MESIA-based
guantitative PSA detection method using clinicalasd®SA at a known concentration was
spiked into female serum mixed with 0.5 M NaCl, ahe electrochemical signal was
measured with MESIA to compare the recovery ratevéen the values. Four concentrations
were selected to cover both normal and abnormaplkesnietween 0 and 30 ng/mL of PSA.
All values were included within the aimed recoveaye rangeX 95%) (See Table 1). In
addition, a precision test for serum PSA measurésnemas performed using four patient
samples in different PSA range (0.1 to 1, 1 to &9 %0, and 10 to 30 ng/mL). 3 different lots
of the MESIA devices were prepared and tested tteplcates during 2 runs each day for 5
days, and within-run, between-run, between-day, aetlveen-lot precision data were
investigated as summarized in Table 2. The MESIgedaPSA assays showed a precision
performance of less than 10% CV except the withim-precision (13.5%) at the lowest

concentration sample (See Table 2).
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Table 1. Spiked PSA recovery data of the MESIA-Hd38A assays

Added PSA Observed PS/
Recovery (%)
(ng/mL) (ng/mL)

1.02 99.03
1.03 1.00 97.09
1.01 98.06
5.60 99.82
5.60 5.42 96.79
5.55 99.11
12.98 98.04
13.24 13.21 99.77
13.32 100.6
24.89 99.98
24.92 24.13 96.83
25.11 100.8

Table 2. Precision data for the MESIA-based PSAyss

Sample  Mean PSA Coefficient of variation (%)
number (ng/mL) Within-run  Between-run Between-day Between-lot

1 0.264 13.5 7.5 5.1 6.5
2 1.02 8.6 1.6 1.6 5.8
3 5.56 5.4 6.8 6.8 7.1
4 29.1 6.1 7.6 5.5 3.0
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The PSA concentrations in 16 patient serum sampkssured by the MESIA were
compared with those measured by cobas e 801, vidialreference device (See Figure 8).
The linear regression analysis yielded a slope.@} &nd y-intercept of -0.124 ng/mt £
0.997) in the range from 0.103 to 29.1 ng/mL. Thessults imply that MESIA could be
applied for qualitative analysis of PSA in humawndd for diagnosis and management of

prostate cancer in the clinical practices.
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Figure 8. Comparison of the PSA values of 16 patient sampleasured by the proposed

method with those measured by a reference dewat@sce 801r(= 0.997y = 1.0& - 0.124)
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4. Conclusion

In this research, we present a new immunoassayitgahy called MESIA, in which
AuMNPs are utilized as probes for electrochemi@idsvich immunoassays of PSA. In
MESIA, magnetic control of the formation of immumoaplexes and removal of unbound
probes enables rapid and efficient interactionsragrtbe antibodies and target analytes in a
tiny volume of stationary fluid. In addition, eleasthemical measurement rejects the intrinsic
limitations of optical detection system, such aghhtost, intolerance to vibration, and high
sensitivity to ambient dust. Using the MESIA, wailkcbquantitatively determine PSA in 10
ul of human serum with the limit of detection of 80ng/mL within 5 min. The MESIA
showed satisfactory precision and reproducibikty, well as high correlation with cobas e
801 within the measuring range (0.085 to 30 ng/miiZhile the MESIA system was applied
for determining PSA in this study, the MESIA wouwtso be useful for quantification of
various biomarkers in bodily fluid samples. Duedtie advantages that the MESIA offers, we
believe that practical implementation for real lilsage as a handheld POCT device would be

achievable in the near future.
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FIGURE CAPTIONS:

Figure 1. Schematic diagram of magnetic force-assisted relgoemical sandwich
immunoassay(a) Magnetic actuation and electrochemical detectibnamoprobes forming
sandwich immunocomplexes allow fast, highly sewsjtrobust, and low-cost immunoassays
of serum biomarkers in a stationary fluid. In detéd) gold-coated magnetic nanoparticles
(AuUMNPSs) conjugated with detection antibodies iat¢with the target analytes in a drop of
human serum.(c) The AuMNPs are controlled by a magnetic force tormf
immunocomplexes on the working electrode of el@ttemical sensofd) After the reaction
step, unbound probes are removed by a magnetie.f@cFor highly sensitive detection of
the AUMNPs forming immunocomplexes, which corredatgth the concentration of target
analytes, electrochemical pretreatment is condu¢te#8inally, the amount of target analytes

is quantitatively measured by electrochemical mgghguch as cyclic voltammetry.

Figure 2. Characterization of gold-coated magnetic nanogagi (AUMNPS). Scanning
electron microscopic images (&) bare magnetic nanoparticles (MNPs) &bdAuMNPs.(c)

UV-Vis spectra of bare MNPs, AuUMNPs, and DI wat@) Cyclic voltammograms of
AuMNPs before and after the electrochemical prétneat step(e) Cyclic voltammograms

of AUMNPs, MNPs, and PBS solution, measured afterpretreatment step.

Figure 3. Electrochemical impedance spectroscopy (EIS) amalpf the formation of
immunocomplexes(a) Processes of forming immunocomplexes on the worlelegtrode
surface for the EIS analysih) EIS spectra of carbon electrode before and afiptuce
antibody (cAb) immobilization, prostate-specific tigen (PSA) binding, and

immunocomplex formation with gold-coated magnetooparticle (AUMNP).
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Figure 4. Validation and optimization of magnetic controliofmunoreactions and washing
processes. Cyclic voltammograms measured after etiagemoval of nanoprobes in tfe
absence andb) presence of 10 ng/mL PSA, which are consistent witbse after
conventional flow washing. Intensities of cathog&ak currents of CV from the assays of

PSA according to the magne(® washing andd) reaction times.

Figure 5. Determination of PSA in PBS solution using magneforce-assisted
electrochemical sandwich immunoassays. (a) Cyclioltasnmograms for various
concentrations of PSA from 0 to 25 ng/mL. (b) Caibgeak currents vs. PSA concentration.

Mean + standard deviation ¢ 3). The fitting curve is also plotte®&{= 0.96).

Figure 6. Cyclic voltammograms in the assays of 10 ng/mL RSABS solution, human
sera. Anodic and cathodic peaks of gold were olbédevwhen NaCl was added to human

serum.

Figure 7. Determination of PSA in human serum using magndtece-assisted
electrochemical sandwich immunoassay&@) Cyclic voltammograms for various
concentrations of PSA from 0 to 25 ng/nfh) Cathodic peak currents vs. PSA concentration.
Mean + standard deviation £ 3). The inset shows a log plot of the data. Ttig§ curve is

also plotted R = 0.97). The limit of detection was calculated&0.085 ng/mL.

Figure 8. Comparison of the PSA values of 16 patient sampleasured by the proposed

method with those measured by a reference dewat@sce 801r(= 0.997y = 1.0& - 0.124)
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Table 1. Spiked PSA recovery data of the MESIA-based PSA assays

Added PSA Observed PSA
Recovery (%)

(ng/ml) (ng/ml)
1.02 99.03
1.03 1.00 97.09
1.01 98.06
5.60 99.82
5.60 5.42 96.79
5.55 9.1
12.98 98.04
13.24 13.21 99.77
13.32 100.6
24.89 99.98
24.92 24.13 96.83
2511 100.8

Table 2. Precision data for the MESIA-based PSA assays

Sample Mean PSA Coefficient of variation (%)

number (ng/ml) Within-run Between-run Between-day Between-lot
1 0.264 135 75 5.1 6.5
2 1.02 8.6 16 1.6 5.8
3 5.56 5.4 6.8 6.8 71

4 29.1 6.1 7.6 55 3.0
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Highlights:

® Gold-coated magnetic nanoprobes enable fast and sensitive electrochemical

immunoassay
® Prostate-specific antigen in 10 pL of human serum could be determined within 5 min
® Limit of detection of 0.085 ng/ml was achieved using the present technique

® Recovery, reproducibility, and method comparison tests were conducted using patient

samples
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