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Abstract 23 

Current approaches for diagnosis of hearing or vestibular disorders are mostly based on physical 24 

examinations that cannot provide information about the exact location of cellular damage inside the 25 

inner ear. Therefore, there is a need for new diagnostic methods capable of identifying the sites of 26 

damage through the detection of inner ear blood-circulating biomarkers. Here, we developed the first 27 

biosensor platform for rapid detection of otolin-1 and prestin, blood-circulating proteins specifically 28 

expressed in the vestibule and cochlea, respectively. The platform was designed on a DNA-based 29 

immunoassay that employed conjugated antibodies for target protein recognition, which when bound, 30 

altered the DNA-DNA hybridization on the surface, resulting in generation of a concentration-dependent 31 

signal. The signal was recorded when the redox moiety brought to the surface by the target enabled a 32 

selective electrochemical output directly in whole blood. Signal amplification was acquired by 33 

employing high-curvature nanostructured electrodes for sensitive sample analysis at picomolar 34 

concentrations with a three-fold quantitative range. The combination of nanostructuring and optimum 35 

density of the probes on the surface provided low-picomolar detection limits while utilizing small 10 µL 36 

sample volume with a 10-minute response time. The proposed immuno-biosensor is highly selective and 37 

quantitative and can easily be adapted for rapid detection of any blood-circulating protein using their 38 

specific antibodies as recognition elements. 39 

 40 

Keywords 41 

Rapid diagnostics, Electrochemical biosensor, Cochlea, Hearing loss, Vestibular disorders, Point-of-42 
care. 43 
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1. Introduction 48 

In the past two decades, rapid accurate diagnostic approaches based on the detection of biomarkers 49 

have been penetrating in many areas of medical diagnostics including infectious diseases (Laksanasopin 50 

et al., 2015; Pang et al., 2019), cancers (Mattox et al., 2019), and neurological disorders (Moon et al., 51 

2018; Wei et al., 2018), but not yet inner ear diseases. In fact, current methods to measure inner ear 52 

function utilize a set of physical and neurological examinations such as audiograms (Stapells and Oates, 53 

1997) (for hearing thresholds), vestibular evoked myogenic potentials (Rosengren et al., 2010) (for 54 

vestibular function), or posturography (Visser et al., 2008) (for balance evaluations), which do not 55 

indicate the specific sites of degeneration within the inner ear (Landegger et al., 2016). Permanent 56 

damage to the cellular sites of the inner ear – sensory hair cells, neurons, synapses, or stria vascularis – 57 

due to noise exposure, aging, and side effect of antibiotics (aminoglycosides) or chemotherapeutic drugs 58 

(cisplatin) can result in hearing loss and/or vestibular disorders (Liberman et al., 2016; Moser and Starr, 59 

2016), which can only be identified post mortem. This leads clinicians to adopt a one-size-fits-all-60 

approach to the treatment, as they are not equipped with the information required to apply targeted 61 

treatment or rehabilitation for the specific injury. As new strategies based on gene and stem cell 62 

therapies are being developed (Meas et al., 2018; Nacher-Soler et al., 2019; Omichi et al., 2019; 63 

Samarajeewa et al. 2019; Taiber and Avraham, 2019), there is an unmet need for the development of 64 

novel diagnostic approaches based on the detection of inner ear effective biomarkers circulating in the 65 

blood, to be able to identify the sites of cellular damage resulting in more precise diagnostics to 66 

ultimately guide therapy.  67 

The lack of knowledge about inner ear specific biomarkers has been a main challenge toward the 68 

development of such advancements. However, recent studies have shown the alteration of a number of 69 

serum proteins in human and animal models as indicators of inner ear disorders (Avallone et al., 2018; 70 
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Doğan et al., 2019; Hana and Bawi, 2018; Naples et al., 2018). Otolin-1 is a scaffolding protein 71 

expressed in the utricle and saccule – the otolith organs which are part of the vestibular component of 72 

the inner ear (Deans et al., 2010), and prestin is a motor protein uniquely expressed in the cochlea, 73 

particularly in outer hair cells (Dallos and Fakler, 2002; Mio et al., 2008). Changes in serum otolin-1 74 

levels are detectable in patients with balance/vestibular end organ problems such as benign paroxysmal 75 

positional vertigo (Parham et al., 2014). Furthermore, in an animal-ototoxicity model, changes in prestin 76 

blood levels were detectable before any shifts in audiometric thresholds could be traced (Parham and 77 

Dyhrfjeld-Johnsen, 2016), indicating the ability of the two proteins to perform as potential biomarkers 78 

for inner ear blood-based diagnosis. 79 

Recently, approaches for rapid point-of-care detection of macromolecules, particularly proteins, for 80 

disease diagnostics have been developed with the aim of reducing the time and limit of detection 81 

compared to currently available multiple-step detection processes (e.g., enzyme-linked immunosorbent 82 

assay (ELISA) (Engvall and Perlmann, 1971) and Western blots (Towbin et al., 1979)) (Budhathoki-83 

Uprety et al., 2019; Chinnadayyala et al., 2019; Hassan et al., 2017). Among platforms based on optical 84 

or mass detection, the electrochemical biosensors, in principle, provide selectivity for capturing target 85 

molecules while delivering a specific measurable signal (Chen et al., 2020; Labib et al., 2016). 86 

However, achieving high levels of sensitivity and selectivity in whole blood remains challenging. In this 87 

case, various recognition strategies are proposed utilizing antibodies, proteins, synthetic DNAs, and 88 

small-molecules interactions with the target of interest (Chambers et al., 2008; Lin et al., 2016; Mahshid 89 

et al., 2019; Mahshid et al., 2017a; Ricci et al., 2012). Furthermore, the sensor’s surface, when 90 

combined with nanostructured electrodes, offers a large surface area in small sample volumes (Mahshid 91 

et al., 2016), and enhancement in the molecular capturing mechanism on the limited geometry of the 92 
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surface (De Luna et al., 2017), resulting in the improvement of the sensitivity and detection limit of 93 

electrochemical biosensors (Kelley et al., 2014).  94 

Here, we developed the first biosensor platform utilizing a DNA-based immunoassay immobilized 95 

on nanostructured electrodes for the detection of otolin-1 and prestin proteins, which are potential 96 

biomarkers of balance and hearing disorders, respectively. Taking advantage of the steric hindrance 97 

mechanism (Mahshid et al., 2015) on the nanostructured electrodes (Mahshid et al., 2017b), we designed 98 

a recognition strategy adapting the conjugated antibodies that can be extended further to a variety of 99 

different target proteins by incorporating their specific antibodies. The proposed electrochemical 100 

biosensor can potentially overcome the challenges toward one-step rapid detection at the point-of-care. 101 

2. Materials and Methods 102 

Reagents. Glass chips (Telic; Valenica, CA), HAuCl4 solution (Sigma-Aldrich), 6N-hydrochloric 103 

acid (HCl; VWR), Tris(2-carboxyethyl) phosphine hydrochloride (TCEP; Sigma-Aldrich), 6-Mercapto-104 

1-hexanol (MCH; Sigma-Aldrich), Phosphate-buffered saline (PBS, pH 7.4, 1X; Invitrogen), 105 

magnesium chloride (MgCl2; ≥98%; Sigma-Aldrich). The DNA constructs (Table S1) synthesized and 106 

HPLC (high-performance liquid chromatography) purified (Biosearch Technologies Inc., Novato, CA), 107 

were aliquoted and stored at -20 °C. Biotin-conjugated rabbit polyclonal antibody to human otolin-1 and 108 

to human SLC26A5 (prestin) (anti-OTOL1 and anti-PRES; LifeSpan Biosciences Inc.); streptavidin 109 

(Sigma-Aldrich), otolin-1 protein antigen (26 kDa; Novus Biologicals) were all aliquoted and stored at -110 

20°C for long-term storage and at 4°C for short-term use. SLC26A5 or prestin protein (81.4 kDa; Novus 111 

Biologicals) was aliquoted and stored at -80°C. Single-donor human whole blood from Innovative 112 

Research, that contains heparin as an anticoagulant, was aliquoted and frozen at -20°C prior to use. 113 

 114 
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Instrumentation. Chronoamperometry and square wave voltammetry (SWV) was carried out by 115 

PalmSens4 potentiostat/galvanostat/impedance analyzer combined with MUS08R2 multiplexer 116 

(PalmSens Instruments, Netherland). A conventional three-electrode cell was used with a platinum wire 117 

counter electrode (CE; Sigma-Aldrich), an Ag/AgCl reference electrode (RE; CH Instruments), and the 118 

chip substrate as the working electrode.  119 

On-chip electrode preparation. Glass chips were patterned with the leads and the electrodes at 120 

their terminals by first precoating with a 5 nm-Cr, coating with a 50 nm-Au, coating with a layer of AZ 121 

1600 positive photoresist, selective exposure to 900 W UV for 12 s, developing in MF 312 for 40 s, and 122 

wet etching of Au and Cr on the unprotected areas. The 10 µm-apertures were then formed on the 123 

electrodes by spin-cast of the negative photoresist (SU-8 2002) at 4500 rpm for 40 s on the patterned 124 

chips, exposing for 12 s, and then developing for 1 min. Chip substrates with twenty addressable 10 µm-125 

apertures were rinsed with acetone, isopropyl alcohol, and deionized water (DI water), then dried with 126 

the flow of nitrogen (Figure S1, steps 1 to 7).  127 

Chips were immersed in a 3 ml electrolyte solution containing 50 mM HAuCl4 and 0.5 M HCl. The 128 

gold nanostructured electrodes (NEs) were electrodeposited on the apertures using chronoamperometry 129 

at 0 mV for 200 s (for 200 µm NE1 and NE2) and 100 s (for 100 µm NE3). All the experiments were 130 

done at room temperature. The chips were then rinsed with DI water and dried by air-blowing to become 131 

ready for capturing probe immobilization (Figure S1, step 8).  132 

Surface immobilization was done with 100 nM and 200 nM capturing probes in 1X PBS + 10 mM 133 

MgCl2. Prior to immobilization, 1 µl of 0.1 mM capturing probes were incubated with 2 µl of 10 mM 134 

TCEP for 1 hr for reduction of disulfide bonds, then diluted in 1X PBS + 10 mM MgCl2 to the desired 135 

concentrations; 100 µL of capturing probe solutions of 100 nM (on NE1 and NE3) and 200 nM (on 136 

NE2) were applied on the individual chips, to cover all the area of the electrodes and kept overnight. 137 
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After washing with 1X PBS, 100 µL of 3 mM MCH was put on the electrodes for 3 hr and then washed 138 

with 1X PBS. The surface density of the capturing probes was calculated between 1×1012 – 5×1012 cm-2 139 

depending on the size of the electrode (Figure S1, steps 9 and 10) (Mahshid et al., 2015). Scanning 140 

electron microscopy (SEM) images of the electrodes’ microstructure were acquired before 141 

immobilization using a Quanta FEG 250 ESEM (Figure S1). The electrodes were stable after several 142 

days of storage at 4°C as demonstrated by testing (Figure S2). 143 

Electrochemical measurement. SWV was used to collect the experimental data from -0.45 to 0.05 144 

V in increments of 0.001 V vs. Ag/AgCl, with an amplitude of 50 mV and a frequency of 60 Hz. Peak 145 

currents were fitted using the PSTrace software (PalmSens Instruments).  146 

In buffer media: The recognition complex was prepared by pre-incubation of antibodies with 147 

streptavidin (1:1) overnight. Then the signaling probe was added to the mixture (5:1) and (10:1) 148 

overnight to make a final recognition solution of 25 nM signaling probe + 5 nM streptavidin-conjugated-149 

antibody and 10 nM signaling probe + 100 pM streptavidin-conjugated-antibody, respectively.  150 

In human whole blood (≥71%): 10 µL of the pre-(overnight)incubated recognition complex solution 151 

of 20 nM (described above) is mixed with 1 µL of the 1 µM signaling probe overnight and reached to 40 152 

µL volume by adding whole blood. Proteins were first spiked in whole blood (0.2 µL of protein to 10 µL 153 

of whole blood) prior to mixing with the recognition compound. 154 

All measurements were taken immediately after 15 min incubation of protein with the mixture of 155 

recognition bound to signaling probe solution. For the incubation, the chips were divided into two zones 156 

using a hydrophobic pen (showed Figure 1), each having ten electrodes that were loaded with 10 µL-157 

solution. One of the zones on the chip was always assigned for the control test. After 10 min of 158 

acquisition (will later be extracted from Figure 3), the chips were unloaded and reloaded with 1X PBS or 159 
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with whole blood (100%) for the signal measurement in buffer media and whole blood, respectively. 160 

Results are presented in terms of current (knowing that the geometric area of the electrode is 0.03 mm2 161 

for NE1 and NE2 and 0.008 mm2 for NE3). Control samples (ctrl.) represent the response to 10 nM of 162 

signaling probes after 10 min. 163 

Gain reduction. This value was calculated as the difference in peak current of the samples with and 164 

without the target protein divided by the initial peak current (without target protein). 165 

Binding curve. Binding curves or dose-response curves were obtained by testing various 166 

concentrations of protein on the platform. Individual curves were fitted to a single-site binding 167 

mechanism. C0 = background current; C50% is the concentration of target proteins when the sensor 168 

reaches 50% of the signal amplitude: 169 

C�������	 = C� + 
�Target	�current amplitude�
�Target	 + C��% ! 

 170 

Probe density calculations. Capturing probe surface density is defined by the number of moles of 171 

capturing probes per unit area of the NE (Nt) that is equivalent to the number of redox moiety, 172 

methylene blue (MB) being placed on the surface through hybridization: n = 2, number of electrons 173 

transferred per MB label; F, Faraday constant; R, universal gas constant; T, temperature; Eac, amplitude; 174 

f, frequency of the applied voltage perturbation. 175 

"#$% &'((#)* = 2),-./
01)ℎ 3)-4$&56 7

&80ℎ 3)-4$&56 7 + 1  

 176 

We estimated the capturing probes surface density on three different NEs (based on the size and 177 

immobilization concentration) after 10 min of hybridizing to 100 nM signaling probes (Table 1). 178 
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Table 1. The estimated density of capturing probes.  179 

 area, cm2 [probe], nM density, 1/cm2 

NE1 0.0003 100 (1.26± 0.38)×1012 

NE2 0.0003 200 (4.57± 0.84)×1012 

NE3 0.00008 100 (3.64± 0.56)×1012 

 180 

Statistics. Data for bar charts and binding curves are reported as mean values ± standard errors of 181 

the means and were analyzed using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA). Data 182 

for Figures 1C-blue, 2, and 4 were analyzed by one-way analysis of variance (ANOVA) with omnibus 183 

statistics in Table S2. Post hoc comparisons were done by Tukey’s Honest Significant Difference (HSD) 184 

test. P-values below the alpha criterion (probability of Type 1 error) of 0.05 were considered statistically 185 

significant in all post hoc tests, whereas the alpha criterion for one-way ANOVA tests (described in 186 

Table S2) were Bonferroni-corrected due to multiple testing. For the data in Figure 1C-green, the 187 

independent t-tests were done for the analysis with statistics in Table S3. 188 

3. Results  189 

Overview of approach. We designed a single-step assay taking advantage of the specificity of 190 

interactions of oligonucleotide sequences in the sensor’s signal, even when deployed in complex media 191 

(Drummond et al., 2003) (Figure 1). We electrodeposited nanostructures with high curvature, as 192 

working electrodes (NEs) on the 10 µm-apertures of a glass chip with twenty addressable leads (Figure 193 

1A). The nanostructuring of the surface provides tunable sensitivities and linear detection ranges for the 194 

electrochemical detection platform. Short single-strand capturing DNA probes (blue strands) are 195 

immobilized on the gold nanostructures (Figure 1B). The signaling DNA probes (orange strands) are 196 

shorter and complementary to the capturing strands, which upon hybridization, can bring the redox 197 
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moiety (here, the MB), to the surface and generate a current signal (Figure 1B’, top row). On the other 198 

extremity, the signaling probes carry the recognition element utilizing a streptavidin-biotin interaction. 199 

This can apply steric effects on surface hybridization, which can be diminished within the curvatures of 200 

the nanostructured surface. When the target protein is bound to the recognition element on the signaling 201 

DNA probe (Figure 1B’’, bottom row), steric hindrance is increased, limiting the number of successful 202 

hybridizations to the surface resulting in a reduction in the current signal (blue curve vs. black curve). 203 
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 204 

Figure 1. Schematic illustration and proof of principle for the immunosensor developed on 205 

nanostructures. (A) The 20-lead chip having 200 µm nanostructures electrodeposited (top) on the 10 206 

µm-apertures (bottom) of addressable electrodes. (B) The immunoassay has a layer of capturing probes 207 

immobilized on the surface of nanostructures. When not attached to the target proteins (B’ , top), the 208 

current signal from hybridization of signaling probes carrying the recognition-antibodies is relatively 209 
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high (black). Upon binding to the target protein (B’’, bottom), the steric hindrance of target proteins will 210 

reduce the number of successful hybridizations to the surface and consequently suppress the current 211 

signal (blue). (C) The sensor’s performance was tested and confirmed to be similar in PBS buffer (C’ ) 212 

and in whole blood (C’’) by comparing the signal gain reduction at 10 nM (34% vs 33%) and 20 nM 213 

(64% vs 67%) of otolin-1 (OTOL1-blue) and 20 nM (77% vs 78%) of prestin (PRES-green). Sample 214 

media: 1X PBS+10 mM MgCl2 buffer, and 100% human whole blood; recognition compound: 5 nM of 215 

streptavidin-conjugated antibody previously bound to 25 nM of signaling probes; chips were divided 216 

into two zones with a hydrophobic line, each zone was loaded with 10 µL of target solution for 10 min-217 

incubation, and kept in a humid chamber; ****P < 0.0001, **P < 0.01. 218 

Detection of otolin-1 and prestin. The mammalian inner ear contains proteins that circulate in the 219 

bloodstream. Otolin-1, a glycoprotein expressed within the vestibular supporting cells, provides a 220 

scaffold for otoconia on the sensory epithelia maintaining the body balance (Parham et al., 2014). 221 

Prestin is a motor protein in the cellular membrane of outer hair cells and operates to elongate the cells 222 

in support of normal hearing sensitivity (Liberman et al., 2002). As proof of principle to our DNA-based 223 

immunoassay, we targeted protein detection (here, a 26-kDa otolin-1 antigen and an 81-kDa prestin) in 224 

buffer as well as in whole blood (Figure 1C). To do so, we first designed a recognition element by 225 

having their antibodies (anti-otolin-1 and anti-prestin) attached to the signaling probes via streptavidin-226 

biotin conjugation. Then the sensor platform was developed to maintain the steric hindrance of the target 227 

protein despite the potential steric effects of other components of the assay (e.g. the antibody, 228 

streptavidin, or the DNA probes). The incorporation of synthetic DNA probes, combined with the anti-229 

protein specific antibody, regulates the capturing and detection of protein without any interference from 230 

the non-specific interactions when deployed in whole blood. This is evident by comparing the signal 231 

gain reductions of otolin-1 (OTOL1, blue) in the buffer (34% and 64%) and whole blood (33% and 232 
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67%) at 10 nM and 20 nM protein concentrations. The detection of prestin (PRES, green) at 20 nM, 233 

further proved the similarity of the sensor’s response in the buffer (77%) and whole blood (78%). The 234 

increase in the signal gain of prestin compared to otolin-1 (78% vs. 67%) could be attributed to the 235 

difference in the size of the target proteins (26 kDa vs. 81 kDa). Furthermore, increasing the 236 

concentration of protein (10 nM to 20 nM) resulted in more signal loss (33% vs. 67%), representing the 237 

quantitative ability of the sensor even in whole blood. 238 

Immunoassay design and validation for otolin-1 and prestin. Surface immobilization was done on 239 

nanostructures via sulfur-gold bonds, at a high surface density of the capturing probes, followed by 240 

back-filling with the MCH. We used a thiol-modified (on the 5’ end) 32-base DNA construct, as the 241 

capturing probe on the electrode’s surface. The current response of such a surface represents no peak 242 

(Figure 2- (1, 1’, and 1”)). Signaling probes were designed to be 16-base long with a biotin on the 5’ end 243 

and the MB on the 3’ end, complementary to the lower half of the capturing probe construct. Upon 244 

hybridization to the high-density of capturing probes on the NEs, a relatively high peak current was 245 

measured as the MB is placed on the electrode surface resulting in a successful electron transfer (Figure 246 

2- (2, 2’, and 2”)). The response peak was not affected by the presence of otolin-1 (OTOL1-blue) and 247 

prestin (PRES-green) proteins (3, 3’and 3”) or their antibodies (4, 4’, and 4”). 248 

However, once the signaling probes were introduced to the streptavidin (SA, 55 kDa) (Figure 2- (5, 249 

5’, and 5’’)), or the streptavidin-conjugated antibodies (SA-antiOTOL1 or SA-antiPRES, 210 kDa) 250 

(Figure 2- (6, 6’, and 6’’)), the current signal decreased by 25% and ~60% (SA-anti-OTOL1, 62% and 251 

SA-anti-PRES, 58%), respectively. This is due to the interactions between streptavidin and biotin on the 252 

signaling probes, and consequently, the steric hindrance of attached molecules on the surface 253 

hybridization. A further signal decrease occurred when the recognition molecule was attached to the 254 
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target proteins (otolin-1 antigen: 26kDa and prestin: 81kDa), resulting in elevated steric hindrance effect 255 

of a bigger molecular compound (OTOL1 compound, 262 kDa and PRES compound, 372 kDa) on the 256 

surface hybridization (Figures 2- (7, 7’, and 7’’).  257 

 258 

Figure 2. Steric-based assay validation for the detection of otolin-1 and prestin. Assay illustration, 259 

square wave voltammetry responses, and the resulting current signal of the immobilized nanostructured 260 

electrodes reported, (1, 1’, 1”) in buffer, then in signaling probes (2, 2’, 2”) alone, (3, 3’, 3”) with 261 

otolin-1 (OTOL1, blue) or prestin (PRES, green), (4, 4’, 4”) with otolin-1 antibody (anti-OTOL1, blue) 262 

or prestin antibody (anti-PRES, green), (5, 5’, 5”) with streptavidin (SA), and signaling probes with 263 

recognition elements of SA-antiOTOL1 (blue) and SA-antiPRES (green) (6, 6’, 6”) in the absence of 264 
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target, and (7, 7’, 7”) in the presence of target. ctrl.: control/signaling probes; 10 nM signaling probes, 265 

100 pM recognition element (1:1 SA:antibody), 500 pM otolin-1 and 500 pM prestin protein; buffer 266 

media: PBS 1X 10 mM MgCl2. ****P < 0.0001, ***P < 0.001, *P < 0.05, and ns: non-significant. 267 

The signal suppression within this assay originated from, first, the smaller number of signaling 268 

probes reaching the surface due to the steric hindrance of attached macromolecules, and second, their 269 

lower rate of hybridization (Mahshid et al., 2017b). We studied the hybridization kinetics of signaling 270 

probes carrying the recognition element in the absence and presence of the target otolin-1 (Figure 3A). 271 

The calculated rate and time of hybridization (Table 2) indicated that there was a slight delay in 272 

hybridization to the surface in the presence of the target. We then measured the increase in the signal 273 

gain reduction of the sensor versus time, which shows a gradual decrease after the first few minutes. 274 

This implies that the maximum performance of the assay can be achieved within the first 10 min (Figure 275 

3B). 276 

 277 

Figure 3. Assay response-time using kinetics and gain reduction. (A) Hybridization kinetics of the 278 

signaling probes in the absence and presence of target otolin-1. (B) The slight changes in the gain 279 

reduction versus time, indicating the maximum performance of the assay was within the first 10 min. 280 

 281 

 282 

 283 
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Table 2. The hybridization kinetics and the consequent rate and time of hybridization. 284 

 285 

 286 

 287 

Immunoassay optimization. The maximum surface density of capturing probes combined with the 288 

optimum size of the electrode is required to differentiate the signal of the target protein from the 289 

background signal (steric hindrance of the conjugated antibody with and without target protein). Then, 290 

the minimum amount of signaling probes required to saturate the surface hybridization, and the 291 

minimum amount required to generate a measurable signal, can be deducted from the dose-response 292 

curves on three NEs with variations in size and immobilized-capturing probe concentration – NE1 (200 293 

µm, 100 nM), NE2 (200 µm, 200 nM) and NE3 (100 µm, 100 nM) (Figure 4 A, A’). We used tree-like 294 

nanostructures that possess high-curvatures to ensure  high-surface density of capturing probes as well 295 

as high density of hybridization to the surface (De Luna et al., 2017). In this case, we showed that when 296 

the immobilization concentration is adjusted to 100 nM, and the concentration of the signaling probe to 297 

10 nM, we could maintain a high current signal as well as minimize the background current induced by 298 

the large (210 kDa) recognition element. 299 

We also estimated the minimum amount of recognition molecule required to maintain the steric 300 

hindrance of the target molecule once it was attached to the signaling probe, as well as a high current 301 

signal in the absence of the target molecule. The dose-response curves of the recognition molecules were 302 

measured with 10 nM of signaling probes (deducted from C50% of Figure 4 A, A’) on the NEs (Figure 4 303 

B, B’; C50%,NE1 = 750 pM and C50%,NE3 = 85 pM) implying that the smaller NEs (NE3) were capable of 304 

 k, min-1  t1/2, min 

no target 0.03 23 

with target 0.02 37 
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complete suppression of the background current. With an optimum amount of recognition element (data 305 

is shown for 100 pM), we then conducted the binding curve of target protein (here, otolin-1; Figure 4 C, 306 

C’). The resulting C50% was measured at 280 pM on NE1 and 2 pM on NE3. We showed that with NE3, 307 

we could detect low picomolar concentrations of the protein within a three-fold quantitative range within 308 

less than 10 min, which demonstrated the capacity of this technique for rapid point-of-care detection of 309 

proteins.  310 

  311 

Figure 4. Optimization of the assay through the study of dose-response curves. Comparison of dose-312 

response curves on NE1, NE2, NE3 when applied in signaling probes (A, A’ ) without recognition 313 

element have C50%, A, NE1 = 16±3 nM; C50%, A, NE2 = 10±3 nM; and C50%, A’, NE3 = 85±13 nM; 314 

and (B, B’) with recognition element in the absence of protein have C50%, B, NE1 = 750 nM and 315 

C50%, B’, NE3 = 85 nM; and (C, C’) with recognition element in the presence of protein have C50%, 316 
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C, NE1 = 280 pM and C50%, C’, NE3 = 2 pM. NEs 1 to 3 are introduced in Table 1; ****P < 0.0001, 317 

***P < 0.001, *P < 0.05, and ns: non-significant. †Although the ANOVA model for panel 4C was not 318 

significant, at the highest level of the Otolin1 antigen (500 pM), the reduction in the response was at the 319 

start of the dose-response curve and had significantly reduced (*P<0.05). 320 

4. Discussion  321 

Using the idea of steric hindrance on nanostructured surfaces that could alter the hybridization of 322 

DNA probes to their complementary strands on the surface generating a measurable linear range, we 323 

created the first biosensor for electrochemical detection of otolin-1 and prestin, two circulating 324 

biomarkers of the mammalian inner ear. Compared with the complicated multiple-step ELISA-based 325 

approaches that are used as the gold standard for the detection of inner ear proteins, our approach has the 326 

advantage of rapidity and specificity of the signal, making it a strong candidate for the point-of-care 327 

diagnostic platforms for inner ear diseases. Although this report is on the detection of two inner ear 328 

proteins, otolin-1 and prestin, it can be adapted for other inner ear biomarkers as well as for any other 329 

circulating protein biomarkers.  330 

Our DNA-based detection platform incorporates a recognition strategy with an antibody conjugated 331 

to streptavidin for the detection of proteins at low concentrations. In this case, a combination of the high 332 

density of capturing DNA probes on the surface, and an optimal density of signaling complementary 333 

DNA probes carrying the streptavidin-antibody recognition element to the surface was calculated to 334 

ensure the best performance of the assay on the nanostructured electrodes for quantitative detection of 335 

protein. We showed that by using small-scale nanostructured electrodes, we could improve the 336 

sensitivity down to low picomolar concentrations with a three-fold linear detection range. We also 337 

demonstrated the assay detection time is less than ten minutes, indicating that the assay can be utilized 338 

for rapid diagnostic techniques.  339 



19 
 

The physiological levels of otolin-1 and prestin in human blood are in the femtomolar ranges. Their 340 

variations start from around 1 fM (~100 pg/ml) in healthy individuals to about 15 fM (~1000 pg/ml) 341 

depending on the age and level of damage (Doğan et al., 2019; Parham et al., 2014; Tabtabai et al., 342 

2017). While quantitative measurements within whole blood can be challenging, mainly when detecting 343 

low physiological levels, such as for the inner ear proteins (Kelley et al., 2014; Yousefi et al., 2019), we 344 

proposed a strategy to reduce the detection limit and yet maintain the linearity of the sensor by lowering 345 

the electrode’s dimension while enabling the high curvatures of nanostructuring. The combination of 346 

synthetic assays with nanostructured electrodes can also be improved to promote the rate of reactions 347 

and can be adapted within a microfluidic device to accelerate the rate of target delivery and develop a 348 

rapid test platform in therapeutic ranges.  349 

5. Conclusion 350 

Better diagnostics are needed to distinguish the cellular site of lesion in hearing and balance organs. 351 

Here, we developed an electrochemical immuno-biosensor that can detect two inner ear biomarkers in 352 

whole blood. We have shown that we are able to detect these proteins rapidly and at low concentrations 353 

providing potential opportunities for use at the point-of-care.  In the future, in order to ameliorate 354 

hearing and balance disorders, we need to identify new diagnostic and prognostic biomarkers to better 355 

understand disease initiation and progression and be able to assess treatment efficacy. Our biosensor 356 

platform can be utilized for newly discovered inner ear protein biomarkers as well as other disease 357 

biomarkers. 358 
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Highlights 

• There is no diagnostic test to identify the exact location of inner ear cellular damage.  

• A new diagnostic method developed for detecting inner ear circulating biomarkers. 

• The immuno-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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