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Abstract

Current approaches for diagnosis of hearing orlwalstr disorders are mostly based on physical
examinations that cannot provide information alibatexact location of cellular damage inside the
inner ear. Therefore, there is a need for new distim methods capable of identifying the sites of
damage through the detection of inner ear blooclitating biomarkers. Here, we developed the first
biosensor platform for rapid detection of otoliid prestin, blood-circulating proteins specifigall
expressed in the vestibule and cochlea, respegtiVee platform was designed on a DNA-based
immunoassay that employed conjugated antibodiesfget protein recognition, which when bound,
altered the DNA-DNA hybridization on the surfacesulting in generation of a concentration-dependent
signal. The signal was recorded when the redoxmbm@ught to the surface by the target enabled a
selective electrochemical output directly in whbleod. Signal amplification was acquired by
employing high-curvature nanostructured electrddesensitive sample analysis at picomolar
concentrations with a three-fold quantitative rarigee combination of nanostructuring and optimum
density of the probes on the surface provided law@+polar detection limits while utilizing small 10
sample volume with a 10-minute response time. Thpgsed immuno-biosensor is highly selective and
guantitative and can easily be adapted for rapidatien of any blood-circulating protein using thei

specific antibodies as recognition elements.

Keywords

Rapid diagnostics, Electrochemical biosensor, GagHearing loss, Vestibular disorders, Point-of-
care.
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1. Introduction
In the past two decades, rapid accurate diagnagpmaches based on the detection of biomarkers
have been penetrating in many areas of medicahd#igs including infectious diseases (Laksanasopin
et al., 2015; Pang et al., 2019), cancers (Matt@.£2019), and neurological disorders (Moonlgt a
2018; Wei et al., 2018), but not yet inner ear as&s. In fact, current methods to measure inner ear
function utilize a set of physical and neurologieahminations such as audiograms (Stapells andgQate
1997) (for hearing thresholds), vestibular evokgagenic potentials (Rosengren et al., 2010) (for
vestibular function), or posturography (Visserlet2008) (for balance evaluations), which do not
indicate the specific sites of degeneration withiminner ear (Landegger et al., 2016). Permanent
damage to the cellular sites of the inner ear s@grhair cells, neurons, synapses, or stria vagsut
due to noise exposure, aging, and side effecttdfiatics (aminoglycosides) or chemotherapeuticggru
(cisplatin) can result in hearing loss and/or \rg#r disorders (Liberman et al., 2016; Moser atairS
2016), which can only be identified post mortemisThads clinicians to adopt a one-size-fits-all-
approach to the treatment, as they are not equipfibdhe information required to apply targeted
treatment or rehabilitation for the specific injuAs new strategies based on gene and stem cell
therapies are being developed (Meas et al., 20a8h&r-Soler et al., 2019; Omichi et al., 2019;
Samarajeewa et al. 2019; Taiber and Avraham, 2@ is an unmet need for the development of
novel diagnostic approaches based on the deteaattimmer ear effective biomarkers circulating ie th
blood, to be able to identify the sites of cellidamage resulting in more precise diagnostics to

ultimately guide therapy.

The lack of knowledge about inner ear specific ladtars has been a main challenge toward the
development of such advancements. However, retiies have shown the alteration of a number of

serum proteins in human and animal models as itateaf inner ear disorders (Avallone et al., 2018;
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Dogan et al., 2019; Hana and Bawi, 2018; Naples £2@l8). Otolin-1 is a scaffolding protein
expressed in the utricle and saccule — the otoligfans which are part of the vestibular componént o
the inner ear (Deans et al., 2010), and prestmi®tor protein uniquely expressed in the cochlea,
particularly in outer hair cells (Dallos and Faki2@02; Mio et al., 2008). Changes in serum otdalin-
levels are detectable in patients with balanceitvalsir end organ problems such as benign paroxysmal
positional vertigo (Parham et al., 2014). Furthereno an animal-ototoxicity model, changes in pres
blood levels were detectable before any shiftaigi@nmetric thresholds could be traced (Parham and
Dyhrfjeld-Johnsen, 2016), indicating the abilitytbé two proteins to perform as potential biomasker

for inner ear blood-based diagnosis.

Recently, approaches for rapid point-of-care deiaaif macromolecules, particularly proteins, for
disease diagnostics have been developed with thefaieducing the time and limit of detection
compared to currently available multiple-step débdecprocesses (e.g., enzyme-linked immunosorbent
assay (ELISA) (Engvall and Perlmann, 1971) and ¥fedblots (Towbin et al., 1979)) (Budhathoki-
Uprety et al., 2019; Chinnadayyala et al., 201%4d4a et al., 2017). Among platforms based on dptica
or mass detection, the electrochemical biosensogsijnciple, provide selectivity for capturing tgat
molecules while delivering a specific measurabjmai (Chen et al., 2020; Labib et al., 2016).
However, achieving high levels of sensitivity amdestivity in whole blood remains challenging. hst
case, various recognition strategies are proposking antibodies, proteins, synthetic DNAs, and
small-molecules interactions with the target oérast (Chambers et al., 2008; Lin et al., 2016; $hah
et al., 2019; Mahshid et al., 2017a; Ricci et2012). Furthermore, the sensor’s surface, when
combined with nanostructured electrodes, offeer@el surface area in small sample volumes (Mahshid

et al., 2016), and enhancement in the moleculaudag mechanism on the limited geometry of the
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surface (De Luna et al., 2017), resulting in thpriovement of the sensitivity and detection limit of

electrochemical biosensors (Kelley et al., 2014).

Here, we developed the first biosensor platforrizing a DNA-based immunoassay immobilized
on nanostructured electrodes for the detectiontaimel and prestin proteins, which are potential
biomarkers of balance and hearing disorders, réispbc Taking advantage of the steric hindrance
mechanism (Mahshid et al., 2015) on the nanostredtelectrodes (Mahshid et al., 2017b), we designed
a recognition strategy adapting the conjugatedadies that can be extended further to a variety of
different target proteins by incorporating theiesific antibodies. The proposed electrochemical

biosensor can potentially overcome the challengeard one-step rapid detection at the point-of-care

2. Materials and Methods

Reagents. Glass chips (Telic; Valenica, CA), HAuXolution (Sigma-Aldrich), 6N-hydrochloric
acid (HCI; VWR), Tris(2-carboxyethyl) phosphine mgdhloride (TCEP; Sigma-Aldrich), 6-Mercapto-
1-hexanol (MCH; Sigma-Aldrich), Phosphate-buffesatine (PBS, pH 7.4, 1X; Invitrogen),
magnesium chloride (Mggil>98%; Sigma-Aldrich). The DNA constructs (Table Sghthesized and
HPLC (high-performance liquid chromatography) pedf(Biosearch Technologies Inc., Novato, CA),
were aliquoted and stored at -20 °C. Biotin-confjadaabbit polyclonal antibody to human otolin-Han
to human SLC26A5 (prestin) (anti-OTOL1 and anti-FREifeSpan Biosciences Inc.); streptavidin
(Sigma-Aldrich), otolin-1 protein antigen (26 kD¥ovus Biologicals) were all aliquoted and stored at
20°C for long-term storage and at 4°C for shontrteise. SLC26A5 or prestin protein (81.4 kDa; Novus
Biologicals) was aliquoted and stored at -80°Cgiirdonor human whole blood from Innovative

Research, that contains heparin as an anticoaguwastaliquoted and frozen at -20°C prior to use.
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Instrumentation. Chronoamperometry and square wave voltammetry\{BMas carried out by
PalmSens4 potentiostat/galvanostat/impedance aratgmbined with MUSO8R2 multiplexer
(PalmSens Instruments, Netherland). A conventitimak-electrode cell was used with a platinum wire
counter electrode (CE; Sigma-Aldrich), an Ag/Ag€lerence electrode (RE; CH Instruments), and the

chip substrate as the working electrode.

On-chip electrode preparation.Glass chips were patterned with the leads andléotredes at
their terminals by first precoating with a 5 nm-€oating with a 50 nm-Au, coating with a layer of A
1600 positive photoresist, selective exposure \8OUV for 12 s, developing in MF 312 for 40 s, and
wet etching of Au and Cr on the unprotected aréhs.10 pm-apertures were then formed on the
electrodes by spin-cast of the negative photoréSIdt8 2002) at 4500 rpm for 40 s on the patterned
chips, exposing for 12 s, and then developing fonid. Chip substrates with twenty addressable 10 pm
apertures were rinsed with acetone, isopropyl aka@nd deionized water (DI water), then dried with
the flow of nitrogen (Figure S1, steps 1 to 7).

Chips were immersed in a 3 ml electrolyte soluttiontaining 50 mM HAuGland 0.5 M HCI. The
gold nanostructured electrodes (NEs) were elechagleed on the apertures using chronoamperometry
at 0 mV for 200 s (for 200 um NE1 and NE2) and 4@fr 100 um NES3). All the experiments were
done at room temperature. The chips were thending DI water and dried by air-blowing to become
ready for capturing probe immobilization (Figure Step 8).

Surface immobilization was done with 100 nM and 2@80capturing probes in 1X PBS + 10 mM
MgCl,. Prior to immobilization, 1 pl of 0.1 mM capturipgobes were incubated with 2 pl of 10 mM
TCEP for 1 hr for reduction of disulfide bonds,rigiluted in 1X PBS + 10 mM Mgglo the desired
concentrations; 100 pL of capturing probe solutioh$00 nM (on NE1 and NE3) and 200 nM (on

NEZ2) were applied on the individual chips, to coakthe area of the electrodes and kept overnight.
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After washing with 1X PBS, 100 pL of 3 mM MCH wastn the electrodes for 3 hr and then washed
with 1X PBS. The surface density of the capturingbes was calculated between 1¥105x103? cm®
depending on the size of the electrode (Figurest&ps 9 and 10) (Mahshid et al., 2015). Scanning
electron microscopy (SEM) images of the electrod@stostructure were acquired before
immobilization using a Quanta FEG 250 ESEM (Figot®. The electrodes were stable after several

days of storage at 4°C as demonstrated by tedfiggre S2).

Electrochemical measurementSWV was used to collect the experimental data #0m@5 to 0.05
V in increments of 0.001 Vs. Ag/AgCl, with an amplitude of 50 mV and a frequgof 60 Hz. Peak

currents were fitted using the PSTrace softwaré(Bans Instruments).

In buffer media: The recognition complex was prepared by pre-intabaf antibodies with
streptavidin (1:1) overnight. Then the signalingher was added to the mixture (5:1) and (10:1)
overnight to make a final recognition solution &ff2M signaling probe + 5 nM streptavidin-conjugated

antibody and 10 nM signaling probe + 100 pM streigia-conjugated-antibody, respectively.

In human whole blood (>71%): 10 pL of the pre-(overnight)incubated recognitbmmplex solution
of 20 nM (described above) is mixed with 1 pL o thpuM signaling probe overnight and reached to 40
pL volume by adding whole blood. Proteins weret fgked in whole blood (0.2 pL of protein to 10 pL
of whole blood) prior to mixing with the recogniti@compound.

All measurements were taken immediately after b imgubation of protein with the mixture of
recognition bound to signaling probe solution. #a incubation, the chips were divided into twoe®n
using a hydrophobic pen (showed Figure 1), eacingden electrodes that were loaded with 10 pL-
solution. One of the zones on the chip was alwaggyaed for the control test. After 10 min of

acquisition (will later be extracted from Figure 8)e chips were unloaded and reloaded with 1X BBS



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

with whole blood (100%) for the signal measuremerituffer media and whole blood, respectively.
Results are presented in terms of current (knowiagthe geometric area of the electrode is 0.03 mm
for NE1 and NE2 and 0.008 nirfor NE3). Control samples (ctrl.) represent trepmmse to 10 nM of

signaling probes after 10 min.

Gain reduction. This value was calculated as the difference irkpearent of the samples with and

without the target protein divided by the initi@gk current (without target protein).

Binding curve. Binding curves or dose-response curves were aatdy testing various
concentrations of protein on the platform. Indivatlaurves were fitted to a single-site binding
mechanism. CO = background current; C50% is theemination of target proteins when the sensor

reaches 50% of the signal amplitude:

[Target](current amplitude)
[Target] + Csgo,

C[Target] =Co + <

Probe density calculations. Capturing probe surface density is defined byniin@ber of moles of
capturing probes per unit area of the N (Nat is equivalent to the number of redox moiety,
methylene blue (MB) being placed on the surfaceugh hybridization: n = 2, number of electrons
transferred per MB label; F, Faraday constant;rfy/arsal gas constant; T, temperature; Eac, angajtu

f, frequency of the applied voltage perturbation.

nFE aC)

sinh( RT
cosh (%) +1

peak current = 2nfFN;

We estimated the capturing probes surface densitiiree different NEs (based on the size and

immobilization concentration) after 10 min of hydizing to 100 nM signaling probes (Table 1).
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Table 1.The estimated density of capturing probes.

area, cm’®  [probg], nM  density, 1/cn?

NE1 0.0003 100 (1.26+ 0.38)x1b
NE2 0.0003 200 (4.57+ 0.84)x1b
NE3 0.00008 100 (3.64+ 0.56)x10

Satistics. Data for bar charts and binding curves are regdoss mean values * standard errors of
the means and were analyzed using GraphPad Piis(@BphPad Software Inc., San Diego, CA). Data
for Figures 1C-blue, 2, and 4 were analyzed bywag-analysis of variance (ANOVA) with omnibus
statistics in Table SPost hoc comparisons were done by Tukey’s Honest Signifi€ifference (HSD)
test. P-values below the alpha criterion (probgbdf Type 1 error) of 0.05 were considered statidly
significant in allpost hoc tests, whereas the alpha criterion for one-way ANMQ&sts (described in
Table S2) were Bonferroni-corrected due to multipiing. For the data in Figure 1C-green, the

independent-tests were done for the analysis with statisticEable S3.

3. Results

Overview of approach.We designed a single-step assay taking advantate specificity of
interactions of oligonucleotide sequences in tmsges signal, even when deployed in complex media
(Drummond et al., 2003) (Figure 1). We electrodé@pdsanostructures with high curvature, as
working electrodes (NEs) on the 10 pm-apertures gifiss chip with twenty addressable leads (Figure
1A). The nanostructuring of the surface providemhle sensitivities and linear detection rangesHer
electrochemical detection platform. Short singlewstl capturing DNA probes (blue strands) are
immobilized on the gold nanostructures (Figure IB)e signaling DNA probes (orange strands) are

shorter and complementary to the capturing stramd&h upon hybridization, can bring the redox
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moiety (here, the MB), to the surface and genaaaterrent signal (Figure 1B’, top row). On the athe
extremity, the signaling probes carry the recognitlement utilizing a streptavidin-biotin interact
This can apply steric effects on surface hybridgtwhich can be diminished within the curvatuoés
the nanostructured surface. When the target pragdiound to the recognition element on the sigigali
DNA probe (Figure 1B”, bottom row), steric hind@is increased, limiting the number of successful

hybridizations to the surface resulting in a redrctn the current signal (blue curve vs. blackve)r
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209 current signal from hybridization of signaling pesbcarrying the recognition-antibodies is relagivel
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high (black). Upon binding to the target proteiri (Bottom), the steric hindrance of target proteiill
reduce the number of successful hybridizationfi¢osurface and consequently suppress the current
signal (blue).C) The sensor’s performance was tested and confitmbd similar in PBS buffelY)

and in whole blood (C”) by comparing the signalrgeeduction at 10 nM (34% vs 33%) and 20 nM
(64% vs 67%) of otolin-1 (OTOL1-blue) and 20 nM ¥ %'s 78%) of prestin (PRES-green). Sample
media: 1X PBS+10 mM Mggbuffer, and 100% human whole blood; recognitiompound: 5 nM of
streptavidin-conjugated antibody previously boum@% nM of signaling probes; chips were divided
into two zones with a hydrophobic line, each zomes Woaded with 10 pL of target solution for 10 min-

incubation, and kept in a humid chamber; ***P 9001, **P < 0.01.

Detection of otolin-1 and prestin.The mammalian inner ear contains proteins thatlzte in the
bloodstream. Otolin-1, a glycoprotein expressedthiwithe vestibular supporting cells, provides a
scaffold for otoconia on the sensory epithelia raimng the body balance (Parham et al., 2014).
Prestin is a motor protein in the cellular membraheuter hair cells and operates to elongate ¢fis ¢
in support of normal hearing sensitivity (Libermetral., 2002). As proof of principle to our DNA-leals
immunoassay, we targeted protein detection (he2é;kDa otolin-1 antigen and an 81-kDa prestin) in
buffer as well as in whole blood (Figure 1C). Tosdo we first designed a recognition element by
having their antibodies (anti-otolin-1 and antigine) attached to the signaling probes via stregiayv
biotin conjugation. Then the sensor platform wagetlgped to maintain the steric hindrance of thgear
protein despite the potential steric effects okottomponents of the assay (e.g. the antibody,
streptavidin, or the DNA probes). The incorporatdrsynthetic DNA probes, combined with the anti-
protein specific antibody, regulates the captuand detection of protein without any interferenaef
the non-specific interactions when deployed in \eHabod. This is evident by comparing the signal

gain reductions of otolin-1 (OTOL1, blue) in theffien (34% and 64%) and whole blood (33% and

12
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67%) at 10 nM and 20 nM protein concentrations. dékection of prestin (PRES, green) at 20 nM,
further proved the similarity of the sensor’s rasgmin the buffer (77%) and whole blood (78%). The
increase in the signal gain of prestin compareatatin-1 (78% vs. 67%) could be attributed to the
difference in the size of the target proteins (P& k's. 81 kDa). Furthermore, increasing the
concentration of protein (10 nM to 20 nM) resuliedanore signal loss (33% vs. 67%), representing the

guantitative ability of the sensor even in wholedal.

Immunoassay design and validation for otolin-1 and prestin. Surface immobilization was done on

nanostructures via sulfur-gold bonds, at a higlfeserdensity of the capturing probes, followed by
back-filling with the MCH. We used a thiol-modifi€dn the 5’ end) 32-base DNA construct, as the
capturing probe on the electrode’s surface. Theeatiresponse of such a surface represents no peak
(Figure 2- (1, 1’, and 17)). Signaling probes weéesigned to be 16-base long with a biotin on thenst
and the MB on the 3’ end, complementary to the lowedf of the capturing probe construct. Upon
hybridization to the high-density of capturing peslon the NEs, a relatively high peak current was
measured as the MB is placed on the electrodecgurésulting in a successful electron transferyi€ig
2- (2, 2, and 2")). The response peak was notcéf by the presence of otolin-1 (OTOL1-blue) and

prestin (PRES-green) proteins (3, 3'and 3”) orrthatibodies (4, 4’, and 4”).

However, once the signaling probes were introducdbe streptavidin (SA, 55 kDa) (Figure 2- (5,
5, and 5™)), or the streptavidin-conjugated awiilies (SA-antiOTOL1 or SA-antiPRES, 210 kDa)
(Figure 2- (6, 6’, and 6")), the current signalcdeased by 25% and ~60% (SA-anti-OTOL1, 62% and
SA-anti-PRES, 58%), respectively. This is due ®ititeractions between streptavidin and biotinren t
signaling probes, and consequently, the stericrhimzk of attached molecules on the surface

hybridization. A further signal decrease occurrétemthe recognition molecule was attached to the

13



255 target proteins (otolin-1 antigen: 26kDa and pres8ilkDa), resulting in elevated steric hindranidect
256  of a bigger molecular compound (OTOL1 compound, B2 and PRES compound, 372 kDa) on the

257  surface hybridization (Figures 2- (7, 7, and 7).
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259  Figure 2. Steric-based assay validation for the detection a@ftolin-1 and prestin. Assay illustration,
260 square wave voltammetry responses, and the regultiment signal of the immobilized nanostructured
261 electrodes reportedl (1, 1”) in buffer, then in signaling probe3, 2’, 2”) alone, 8, 3’, 3”) with

262 otolin-1 (OTOL1, blue) or prestin (PRES, greed),4’, 4”) with otolin-1 antibody (anti-OTOL1, blue)
263 or prestin antibody (anti-PRES, greer), %', 5”) with streptavidin (SA), and signaling probes with

264  recognition elements of SA-antiOTOLL1 (blue) and &XHPRES (green)( 6’, 6”) in the absence of

14
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270

271

272

273

274

275

276

277

278

279

280

281

282

283

target, and¥{, 7’, 7”) in the presence of target. ctrl.: control/signglprobes; 10 nM signaling probes,
100 pM recognition element (1:1 SA:antibody), 500 gtolin-1 and 500 pM prestin protein; buffer

media: PBS 1X 10 mM MgGIl****P < 0.0001, ***P < 0.001, *P < 0.05, and neon-significant.

The signal suppression within this assay origintesh, first, the smaller number of signaling
probes reaching the surface due to the steric &unoer of attached macromolecules, and second, their
lower rate of hybridization (Mahshid et al., 20LMje studied the hybridization kinetics of signglin
probes carrying the recognition element in the abs@nd presence of the target otolin-1 (Figure 3A)
The calculated rate and time of hybridization (EaB) indicated that there was a slight delay in
hybridization to the surface in the presence otdnget. We then measured the increase in thelsigna
gain reduction of the sensor versus time, whicwsh& gradual decrease after the first few minutes.

This implies that the maximum performance of theagcan be achieved within the first 10 min (Figure

3B).
0.004, (4 % 504 (B)
i o 8 =g,
< 0003; % E_Iw' i
5

*; ,f g _30ﬂ
£ 0.002. / 3
£ ,q)r = .20
: : §

00014 427 nootolin-1  80-10 |

4 —with otolin-1
0 0

0 10 20 30 40 0 10 20 30 40

t, min t, min

Figure 3. Assay response-time using kinetics and gain reduoti. (A) Hybridization kinetics of the
signaling probes in the absence and presencegdttarolin-1. B) The slight changes in the gain

reduction versus time, indicating the maximum panfance of the assay was within the first 10 min.
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Table 2. The hybridization kinetics and the consequent ratand time of hybridization.

k mint  tyo, iR

no target 0.03 23
286
with target 0.02 37

Immunoassay optimization. The maximum surface density of capturing probeshsoed with the

optimum size of the electrode is required to déferate the signal of the target protein from the
background signal (steric hindrance of the conggaintibody with and without target protein). Then,
the minimum amount of signaling probes requiredaturate the surface hybridization, and the
minimum amount required to generate a measurafphalsican be deducted from the dose-response
curves on three NEs with variations in size and ahitized-capturing probe concentration — NE1 (200
pm, 100 nM), NE2 (200 um, 200 nM) and NE3 (100 p69 nM) (Figure 4 A, A’). We used tree-like
nanostructures that possess high-curvatures toeertsgh-surface density of capturing probes as$ wel
as high density of hybridization to the surface (Ibea et al., 2017). In this case, we showed thregrw
the immobilization concentration is adjusted to 100, and the concentration of the signaling prabe t
10 nM, we could maintain a high current signal @ as minimize the background current induced by

the large (210 kDa) recognition element.

We also estimated the minimum amount of recognitnahecule required to maintain the steric
hindrance of the target molecule once it was aéd¢b the signaling probe, as well as a high ctirren
signal in the absence of the target molecule. Tse-desponse curves of the recognition molecules we
measured with 10 nM of signaling probes (deduatechfGso, Of Figure 4 A, A’) on the NEs (Figure 4

B, B’; Cso0ne1= 750 pM and Goo nes= 85 pM) implying that the smaller NEs (NE3) wesgpable of
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306

307

308

309

310

311

312

313

314

315

316

complete suppression of the background currenth @fitoptimum amount of recognition element (data
is shown for 100 pM), we then conducted the bindinge of target protein (here, otolin-1; Figur€4
C’). The resulting G Was measured at 280 pM on NE1 and 2 pM on NE3sh@eved that with NE3,
we could detect low picomolar concentrations ofghaein within a three-fold quantitative range hvirit
less than 10 min, which demonstrated the capatityi®technique for rapid point-of-care detectain

proteins.

200 pm <

10 K r 10"10’210"10“’10g 16° 10’ 16" 10 16" 10" 16°
[Signaling probe] (M) [SA-Ab] (M) [Otolin1 antigen] (M)

kK

(A/) (B’) (C’) * Rk ok

0.01 b 0.004

0.008 0.003

< 0.006 *EEE <
L Zo002
0.004 Lii]
0.002 [E\ 0.001
g 9 8 7 <10 9

10100 10 10’310‘210”10‘%0g 10° 10’ 10" 16 10™ 16" 1g'° 10
[signaling probe] (M) [SA-Ab] (M) [otolin-1 antigen] (M)

Figure 4. Optimization of the assay through the study of doseesponse curvesComparison of dose-
response curves on NE1, NE2, NE3 when appliedimading probesA, A’) without recognition
element have C50%, A, NE1 = 16+3 nM; C50%, A, NEPO£3 nM; and C50%, A’, NE3 = 85+13 nM;
and B, B’) with recognition element in the absence of proteve C50%, B, NE1 = 750 nM and

C50%, B’, NE3 = 85 nM; and3, C’) with recognition element in the presence of groteve C50%,
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C, NE1 = 280 pM and C50%, C’, NE3 = 2 pM. NEs Btare introduced in Table 1; ***P < 0.0001,
***P < 0.001, *P < 0.05, and ns: non-significanAlthough the ANOVA model for panel 4C was not
significant, at the highest level of the Otolintigen (500 pM), the reduction in the response wdkea

start of the dose-response curve and had signifjceeduced (*P<0.05).

4. Discussion

Using the idea of steric hindrance on nanostrudtstefaces that could alter the hybridization of
DNA probes to their complementary strands on titeasa generating a measurable linear range, we
created the first biosensor for electrochemicaéck&in of otolin-1 and prestin, two circulating
biomarkers of the mammalian inner ear. Compareld thi2 complicated multiple-step ELISA-based
approaches that are used as the gold standargefaletection of inner ear proteins, our approachtina
advantage of rapidity and specificity of the sigmaaking it a strong candidate for the point-ofecar
diagnostic platforms for inner ear diseases. Algiothis report is on the detection of two inner ear
proteins, otolin-1 and prestin, it can be adaptedther inner ear biomarkers as well as for ahgiot

circulating protein biomarkers.

Our DNA-based detection platform incorporates agedion strategy with an antibody conjugated
to streptavidin for the detection of proteins av lconcentrations. In this case, a combination eftigh
density of capturing DNA probes on the surface, amadptimal density of signaling complementary
DNA probes carrying the streptavidin-antibody raadtign element to the surface was calculated to
ensure the best performance of the assay on tlustmactured electrodes for quantitative detection o
protein. We showed that by using small-scale nandstred electrodes, we could improve the
sensitivity down to low picomolar concentrationghwa three-fold linear detection range. We also
demonstrated the assay detection time is lesstémaminutes, indicating that the assay can bezadli

for rapid diagnostic techniques.
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The physiological levels of otolin-1 and prestirntmman blood are in the femtomolar ranges. Their
variations start from around 1 fM (~100 pg/ml) iedithy individuals to about 15 fM (~1000 pg/ml)
depending on the age and level of damagezéidcet al., 2019; Parham et al., 2014; Tabtabdi,et a
2017). While quantitative measurements within wha¢od can be challenging, mainly when detecting
low physiological levels, such as for the inner gateins (Kelley et al., 2014; Yousefi et al., 2Dlwe
proposed a strategy to reduce the detection lindtyeet maintain the linearity of the sensor by long
the electrode’s dimension while enabling the highvatures of nanostructuring. The combination of
synthetic assays with nanostructured electrodesisanbe improved to promote the rate of reactions
and can be adapted within a microfluidic devicadoelerate the rate of target delivery and devalop

rapid test platform in therapeutic ranges.

5. Conclusion

Better diagnostics are needed to distinguish tHelaesite of lesion in hearing and balance organs
Here, we developed an electrochemical immuno-bsxsetihat can detect two inner ear biomarkers in
whole blood. We have shown that we are able tactiétese proteins rapidly and at low concentrations
providing potential opportunities for use at thénpaf-care. In the future, in order to ameliorate
hearing and balance disorders, we need to ideméfy diagnostic and prognostic biomarkers to better
understand disease initiation and progression arable to assess treatment efficacy. Our biosensor
platform can be utilized for newly discovered inear protein biomarkers as well as other disease

biomarkers.
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Highlights

» Thereisno diagnostic test to identify the exact location of inner ear cellular damage.
* A new diagnostic method developed for detecting inner ear circul ating biomarkers.
*  Theimmuno-biosensor showed rapid sensitive response to prestin and otolin-1.

» The specificity and robustness of the biosensor was tested in whole blood samples.
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