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Abstract 

In this work we discuss a new label-free biosensing device based on indium tin oxide (ITO) coated 

section of a multimode optical fiber fused silica core. The sensor has been used to optical measurements 

also simultaneously interrogated electrochemically. Due to optimized thickness and optical properties of 

ITO film, a lossy-mode resonance (LMR) could be observed in the optical domain, where electrical 

properties of the film allowed for application of the sensor as a working electrode in an electrochemical 

setup. It has been confirmed that the LMR response depends on optical properties of the external 

medium, as well as potential applied to the electrode during cyclic voltammetry. After the ITO surface 

functionalization with amine groups and covalently attached biotin, the device has been applied for 

label-free biosensing of avidin in both the domains simultaneously. On the example of biotin-avidin 

detection system it was demonstrated that when avidin concentration increases a decrease in current 

and increase in LMR wavelength shift were recorded in electrochemical and optical domain, 

respectively. Both optical and electrochemical responses follow the protein interaction process, and 

thus can be used as cross-verification of the readouts. Moreover, an extended information has been 
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achieved comparing to solely electrochemical interrogation, i.e., the grafting process of biotin and avidin 

was directly monitored optically displaying individual steps of an incubation procedure.      

   

Keywords: optical fiber sensor, lossy-mode resonance, thin film, indium tin oxide (ITO), 

electrochemistry, label-free biosensing, multi-domain sensing 

 

1. Introduction 

Various biosensing instrumentations and procedures have been under intensive development in the 

recent years [1]. Combined efforts of both scientific and industrial communities are focused on 

improving functional properties of biosensors, mainly such as sensitivity, specificity, detection time, and 

cross-sensitivity, as well as reduction of sensor fabrication costs [2]. When high sensitivity is expected, 

the sensing instrumentation is often quite sophisticated and exceeds requirements as these for a simple 

strip test [3]. When detection time is crucial, such biological procedures as florescent labeling or 

biomaterial amplification can be pointed out as the most time-consuming [4, 5, 6]. That is why there is a 

significant interest in developing label-free biosensing methods where biological target is selectively 

recognized by receptor usually immobilized to the sensor’s surface, and changes in density/mass at the 

surface are detected [7].   

The biosensors may be interrogated in many domains, which mainly include optical, electrical and 

mechanical [8]. There are advantages of each of the interrogation schemes, e.g., when optical 

interrogation is employed, the biosensing procedure can be often monitored in a real time, and when in 

turn electrochemical (EC) procedures are applied, a high sensitivity can be expected [9]. Optical 

biosensors show limited capability to identify a single target without separation of possible interfering 

agents. In turn, the EC interrogation allows for reaching deep insight into biochemical reactivity of 

analytes. EC additionally offers a wide range of spatially localized electrografting reactions enabling site-

selective control of the surface chemistry (e.g. antibody grafting, click-chemistry) for selective 

recognition of biocompounds. Combining both optical and EC studies make possible to deliver additional 

quantitative information and unique insight into biochemical activity, what is unreachable with optical 

detection alone. 

For only a few sensors the interrogation in more than one domain is possible at the same time [10]. 

The multi-domain sensing concept may allow for cross-verification of the readouts and reduce a number 

of false-positive results, enhance detection range or deliver more information about the analyzed 

biological target than when interrogated in a single domain. An example of successful multi-domain 

sensing includes readouts coming from surface plasmon resonance (SPR) effect together with EC 

response (EC-SPR). For this purposes gold-coated glass slides [11, 12] or fused silica-based optical fiber 

structures [13] are typically used as sensors. While SPR empowers monitoring of changes of optical 
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properties in proximity of the gold surface, the same gold film is used as an electrode, and thus it can be 

electrochemically modified or interrogated. The advantages of using optical fiber sensor over a glass 

slide include compact sensor size, flexibility in the electrode positioning in the tested solution, as well as 

immunity to electromagnetic interference, which in many cases may disturb the readout. Optical fiber 

sensors usually offer low limit of detection along with capability to investigate low volumes of analytes 

and a needle-like shape of the sensor.  

Other multi-domain sensing concepts employs also EC-active, but optically transparent thin films. 

The requirements for such applications can be fulfilled, e.g., by some doped tin oxides, such as indium 

tin oxide (ITO) [14] or conductive carbon-based films, such as boron-doped diamond [15]. Due to the 

transparency, the electrode can also be interrogated optically in a broad spectral range. This makes it 

possible to gain more information about the investigated solution in comparison to single-domain 

analysis [16]. In this case, EC is the most often applied method for sensor surface functionalization or 

modification, e.g., by electropolymerization [17, 18]. Both the combined sensing concepts, namely EC-

SPR and spectroelectrochemistry are widely explored. Some other reported multi-domain label-free 

biosensing architectures combine EC with optical ring resonators [19], optical waveguides [20], localized 

SPR [21], as well as micro-cantilever resonators with Raman spectroscopy [22].   

In this work we discuss the use of ITO-coated optical fibers for label-free opto-EC biosensing. Optical 

properties and thickness of ITO film deposited on a short section of a multimode fused silica optical fiber 

core made appearing a lossy-mode resonance (LMR) possible [23]. The properties of the resonance 

observed in the fiber transmission spectrum depends on optical properties, that include refractive index 

(RI) of medium surrounding the ITO film. The resonant effect obtained here for sensing purposes thanks 

to the ITO overlay, allows for focusing on resonance wavelength as a parameter, what mitigates error 

coming from optical power fluctuations. This differs our sensing concepts from many other concepts 

reported up to date employing ITO-coated optical fiber, where due to lack of resonance effect just 

absorption has been measured [16, 17, 18, 24, 25]. When electrical potential is applied to the ITO film in 

EC setup, the properties of the resonance are influenced by composition of the electrolyte surrounding 

the sensor [26, 27]. For the ITO-LMR sensor, the impact of EC-polymerized ketoprofen [28] or PDOT:PSS 

[29] on the transmitted optical spectrum has been already reported. In this work we discuss for the first 

time the results of dual-domain (optical and EC) label-free biosensing experiment based on ITO-LMR 

sensor. Comparing to other fiber-based sensor interrogated in multiple domains, such as fiber-grating-

based devices [13, 30, 31], the approach stands out with simple and possible for mass production 

fabrication process.         
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2. Experimental details 

2.1 Fabrication of the sensor 

The sensor fabrication procedure has been described in details in [32]. Shortly, a 2.5 cm-long section 

of polymer-clad silica optical fiber core (400 μm core diameter) has been coated with ITO using RF 

magnetron sputtering. We used 3″ ITO target (In2O3-SnO2 - 90/10 wt% and purity of 99.99%) sputtered 

at 150 W in Ar atmosphere at pressure of 0.5 Pa. The fibers were located 20 cm away from the target 

surface and rotated during the deposition to maintain uniformity of the film around the fiber. Before 

further processing and measurements of the ITO-LMR sensors, the fiber end-faces were cleaved for 

efficient coupling with input and output fibers. The ITO thickness reached 350 nm and it made 

appearance of the second order LMR in the investigated spectral range possible [32].  

 

2.2 Optical and electrochemical measurements  

The optical transmission (T) has been investigated using USB4000 spectrometer and HL-2000 

tungsten light source, both from Ocean Optics. The optical data acquisition and processing has been 

controlled using custom Matlab script allowing to save full available optical spectrum (λ=350-1050 nm) 

approx. every 1.5 s. The integration time was set to 100 ms. Optical response of the ITO-LMR sensor to 

external RI has been investigated using water/glycerin solutions with RI varying from nD=1.3330 to 1.45 

RIU. The RI of the solutions was each time verified using Reichert AR200 automatic refractometer.  

Combined optical and EC responses were acquired using a custom measurement cell able to 

accommodate the ITO-LMR sensor that was electrically connected via copper tape away from the core 

section and sealed using two silicone gaskets [32]. The EC measurements were performed in controlled 

environment (temperature: 22 degC, humidity 45%) using PalmSens Emstat3+ potentiostat supported 

by a PSTrace 5.4 software and connected to three electrodes, namely the ITO-LMR sensor, an Ag/AgCl 

0.1M NaCl and a platinum wire. They were submerged in the measurement cell and used as a working 

(WE), reference (RE) and counter electrode (CE), respectively. During the experiment the electrodes 

were monitored for any contact between them. The cyclic voltammograms (CV) were recorded at 20 

mV/s scan rate in the potential (E) ranging from -1 to 1.5 V. Both, scan rate and the range of E were 

chosen as a result of our preliminary tests and found as the most suitable for simultaneous EC and 

optical detection. We are aware that the response from the redox probe used in this experiment can be 

also observed in a way narrower E range. However, the wide E window (from -1 V to 1.5 V) was 

intentionally applied to get more information from the experiment, such as how the changes in the E 

influence the optical response. It must also be mentioned, that ITO electrodes are EC stable within the 

applied potential range. All the measurements were carried in phosphate buffered saline (PBS, pH 7.4) 

as well as PBS containing 1 mM 1,1-ferrocenedimethanol (Fc(CH2OH)2) as a redox probe. PBS tablets 
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were bought from BioShop®Canada Inc., and contained 137 mM  NaCl, 2.7 mM KCl, and 10 mM 

phosphate buffer, pH 7.4. Schematic representation of the applied measurement setup is shown in Fig. 

1.  

 
Fig. 1. Schematic representation of combined optical and electrochemical (EC) measurements performed with ITO-LMR sensor 

installed in a custom-made measurement cell. Instalments of reference (RE), counter (CE) and ITO-LMR sensor as a working 

electrode (WE) were marked. The sensor was connected to the potentiostat via copper tape and submerged in the electrolyte 

as well as the other electrodes.  

 

2.3 ITO surface functionalization and biosensing procedure 

For the biosensing experiment we followed the procedure as the one for protein sensing described 

in details in [33]. Shortly, a 30 μL of a silane precursor (3-aminopropyltriethoxysilane, APTES) and a 10 μL 

of catalyst (triethylamine) were used for functionalization. The fiber samples were exposed to the 

precursor and the catalyst vapors in a desiccator at room temperature for 2 h under argon atmosphere, 

and later cured for 48 h to form the amine layer (ITO-NH2). 

Next, a receptor - biotin (1 mg/mL in PBS) was chemically bonded to ITO-NH2, like in [Biosensors and 

Bioelectronics 93 (2017) 102–109]. The carboxylic group of biotin was activated in N-(3-

dimethylaminopropyl)- N′-ethylcarbodiimide hydrochloride (EDC, 4 mg/mL in PBS) for 15 min. Later, the 

fiber samples with ITO-NH2 on their surfaces were immersed in the solution of activated biotin and left 

for 30 min at room temperature, then thoroughly washed with PBS. This was followed by addition of 

target protein – avidin with different concentrations, i.e., 0.1  µg/mL, 1 µg/mL, 10 µg/mL, and 100 

µg/mL, all in PBS. The biotin-terminated samples were immersed in solutions from the lowest to the 

highest avidin concentration, left for 30 min, then extensively washed with PBS, and finally measured in 

PBS. 

 

3. Results 

3.1. ITO-LMR sensor parametrization 

The ITO-LMR sensors revealed to be sensitive to external RI (next) [23, 34]. As a result of increase in 

next the resonance shifts towards longer wavelengths (Fig. 2(a)). A set of parameters can be investigated 

in the spectrum and used for quantitatively determining the RI sensitivity, i.e., shift of the resonance 

wavelength (λR) or T changes at a selected wavelength (Fig. 2(b)). In this work T at λ=630 nm (T630) has 
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been chosen. Both parameters, namely λR and T630 changes significantly with next. For the investigated 

case when the dλR/dnext is considered, it increases from about 320 nm/RIU to 800 nm/RIU at 1.34 and 

1.43 RIU, respectively. According to results of LMR-based biosensing experiment [35], such sensitivity 

makes it possible to monitor bio-overlay growth on the sensor’s surface. When the precision in 

determination of λR is limited, as it is for simple spectrometers, the dT630/dnext can be alternatively used. 

It offers higher resolution in identification of changes taking place at the ITO surface. One must be 

aware that when solely power-based interrogation is applied the result may be highly influenced by e.g. 

light source power fluctuations. That is why in this work where possible both parameters are discussed 

together. It facilitates identification of sources of errors more feasible than in case of single power 

interrogation. Moreover, as it will be shown in section 3.4, the identification of surface changes can be 

enhanced when additionally electrochemical modulation is implemented.  

 

(a)   (b)  

Fig. 2. Response of the ITO-LMR sensor to change in next between 1 and 1.45 RIU, where (a) shows transmission spectrum 

and (b) corresponding shift in resonance wavelength and transmission at λ=630 nm for measurements in various aqueous 

solutions.  

 

Next, E has been applied to the ITO-LMR sensor when it was immersed in PBS. As shown in Fig. 3, the 

increase and the decrease in E induces changes of both λR and T630. The changes in the optical response 

while sweeping the potential are caused by variation in external RI of both the ITO overlay and the 

electrolyte in the closest vicinity of the ITO-LMR electrode. The applied potential alternates the number 

of free carriers in the ITO overlay, which, in agreement with the Drude-Lorentz model [G.T. Reed, C.E. 

Jason Png, Silicon optical modulators, Mater. Today. 8 (2005) 40–50. doi:10.1016/S1369-7021(04)00678-

9], directly affects its real part of RI (n) as well as the imaginary part of RI (k) [A1]. Also, the double-layer 

formed on ITO, after immersion into the electrolyte, will be rearranged by repelling and attracting 

counterions with the sweeping potential [S. Grimnes, Ø.G. Martinsen, S. Grimnes, Ø.G. Martinsen, 

Electrodes, in: Bioimpedance Bioelectr. Basics, Elsevier, 2015: pp. 179–254. doi:10.1016/B978-0-12-

411470-8.00007-6.], which directly influences the external RI in the closest vicinity of ITO surface. Such 

behavior for multi-domain measurements of ITO-coated long-period fiber grating (LPFG) was previously 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


observed by us [31]. For the ITO-LMR sensor, contrary to LPFG device, the changes are well visible at 

both the negative and the positive potentials.  A hysteresis for both the selected parameters can be 

observed. In the applied E range, the λR alters by over 60 nm, what is comparable to the shift recorded 

during change in next from 1.33 to 1.45 RIU. It can be clearly seen here that due to limited resolution of 

the used spectrometer in wavelength domain and high sensitivity in determining changes in T, tracing of 

T630 may offer more accurate readouts (smoother curves) than when shift in λR is analyzed.    

(a)   (b)  

Fig. 3. Response of the ITO-LMR sensor to applied potential (E) varying between 0 V → 1.5 V → -1 V → 0 V, where (a) 

shows transmission (T) spectrum and (b) corresponding shift in resonance wavelength and transmission at λ=630 nm. PBS 

was used as an electrolyte and the scan rate was set to 20 mV/s. 

 

3.2. Monitoring of biological binding events 

Meaningful electrochemical analysis done according to label-free biosensing concept is limited 

to the steps of the procedure, which follow those aiming to remove physically adsorbed biological 

material. When the results for these steps are compared, the only parameter influencing the 

measurement should be related to binding events on the sensor surface. At these steps PBS or more 

often other buffer solution containing redox probes are used as an electrolyte, which allow for 

comparing between the steps the current resulting from oxidation or reduction reactions taking place at 

surface of the electrode. The advantage of introducing optical domain in this measurements is capability 

for in-situ monitoring of the sensor surface during every step of the biosensing procedure, which also 

include incubation process.  

In Fig. 4, results of incubation monitoring at selected steps of the procedure are shown. For 

clearer presentation of the results the T630 has been normalized. In Fig. 4(a) and 4(c) initial (start) and 

final (stop) spectra recorded for two incubation steps (1 µg/mL and 100 µg/mL concentration of avidin, 

respectively) were shown. Both the considered parameters, namely λR and T630/max(T630) shift toward 

higher values with incubation time (Fig. 4(b) and 4(d)), what correspond to the increase in next, or in 

other words densification of the medium in proximity of the sensor’s surface. As well as in the case of 

above investigated influences of E and next, changes in T630 can be better identified here. For incubation 

in the highest avidin concentration (100 µg/mL), the λR and T630/max(T630) increase by about 0.5 nm and 
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2%, respectively (Fig. 4(d)). It can be clearly seen that in case of 100 µg/mL avidin, the increase in λR and 

T630/max(T630) saturates after approx. 130 measurements, what corresponds to incubation time of 20 

minutes. After extensive washing of the sensor in PBS the parameters, i.e., the λR and T630/max(T630), 

were found to increase by about 1.4 nm and 1.7%. Drop in transmission indicate that an excess of 

avidin, which was only physically adsorbed to the surface, has been successively removed. Observation 

of only λR shift in may be misleading due to limited resolution in wavelength of the used spectrometer.         

(a) (b)  

(c) (d)  

Fig. 4. Normalized initial (start) and final (stop) spectra acquired for 30 min-long incubation in 1 µg/mL (a) and 100 µg/mL (c) 

avidin solution. Evolution of the selected spectral parameters during the incubation is shown in (b) and (d) for 1 µg/mL and 100 

µg/mL, respectively.   

 

3.3. Detection in electrochemical domain 

Fig. 5(a) depicts CV curves recorded in PBS and in presence of the redox probe (Fc(CH2OH)2) 

after incubation in 1 µg/mL and 10 µg/mL of avidin followed by extensive washing in PBS. In presence of 

Fc(CH2OH)2, two current peaks were recorded at E of about 0 V and 0.7 V, that correspond to reduction 

and oxidation processes, respectively. As a result of incubation in the solutions containing biological 

compounds, a drop of current at E > 0.5 V was observed. The drop was detected for both PBS and 

Fc(CH2OH)2. The CV curves recorded in PBS after sensor washing for all the steps of the experiment have 

been shown in Fig. 5(b). The decrease in current corresponds to elevated resistance of the interface, i.e., 

charge transfer blocking by the biomolecules immobilized at the functionalized ITO surface [37].         
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(a)  (b)  

Fig. 5. CV curves recorded after incubation in solutions containing biological compounds and washing in PBS, where (a) shows 

results obtained in PBS and 1 mM Fc(CH2OH)2/PBS (Ferr) for two selected avidin concentrations and (b) shows results in PBS for 

all steps of the experiment. Arrow in at E=1.5 V in (b) shows the drop in current. Scan rate was set to 20 mV/s.  

 

ITO has been widely applied as an electrode material, especially when together with electrochemical 

also spectrometric measurements are performed [14]. In those measurements typically ITO-coated glass 

slides are used, where ITO is thermally annealed as a part of post-deposition procedure to improve 

electrical properties of the films [36]. In case of ITO-coated fibers with polymer cladding the high-

temperature annealing is hardly possible due to low temperature resistance of the polymer. That is why 

the investigated ITO films may show slightly lower electrochemical activity analyzed in presence of 

Fc(CH2OH)2 than for commercially available ITO-coated glass slides [32].  

 

3.4. Detection in optical domain 

Simultaneously to interrogation in electrochemical domain, the ITO-LMR sensor was interrogated 

optically. In contrast to CV measurements, the optical spectrum has been acquired approx. every 1.5 s. 

In Fig. 6(a) the evolution in time of λR, as well as corresponding E is show for each step of the 

experiment. The E-scan (from 1.5 V to -1 V and back to 1.5 V) took approx. 250 s and for comparison 

purposes evolution of the λR was shown in line for each step of the experiment. Similarly to results 

shown in Fig. 3, the λR changes significantly with E, but here additionally the shift depends on the step of 

the experiment, which in turn correspond to change in the bio-overlay properties. In general, the λR 

follows the E and its total shift, observed mainly when negative potentials are applied (E < 0.5 V), 

increases from approx. 75 nm to 90 nm for initial measurement with no biotin attached and final step 

after incubation in 100 µg/mL avidin solution, respectively. Moreover, when more biological film is 

grafted to the surface, the λR better follows the decrease in E. The mentioned above differences are 

attributed  to changes in optical properties of electrolyte at the bio-layer – ITO interface, as well as at 

the electrolyte – bio-overlay interface. Increase in thickness and density of the bio-overlay, where later 

corresponds to its RI, from electrical point of view can be interpreted as appearance of an insulating 

layer. When negative E is applied, the concentration of free charge carriers (electrons) in ITO increases, 
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what is followed by decrease in n and increase in k of the film [A6]. These changes in optical properties 

of ITO make the LMR shift towards shorter wavelength and increase in its depth [23]. When an 

insulating bio-overlay appears on the ITO surface, it increases resistance of the interface, but also 

induces accumulation of electrons in ITO at its interface with the bio-overlay. The accumulation 

additionally modifies the optical properties of ITO and enhances shift of λR at negative E. The difference 

between the dλR/dE for decrease in E with  growth of the bio-overlay may in turn correspond to reduced 

double-layer i.e., lower capacitance at the electrolyte – bio-overlay interface when biological film 

reduces/suppress interactions between ions in the electrolyte and the ITO surface. For quantitative 

determination of the sensor performance in optical domain, the λR at E= -1 V has been compared for 

different steps of the experiment (Fig. 6(b)). At low E values, the λR changes more and can be better 

identified than for higher E values, where the resonance becomes shallow (Fig. 3(a)). It can be clearly 

seen that for the entire experiment, i.e. from the reference step before incubation in biotin up to the 

one for 100 µg/mL concentration of avidin, the λR at E= -1 V decreases by over 17 nm, and its decrease is 

higher for the avidin concentration up to 1 µg/mL than for its higher concentrations. It must be noted 

that the shift is significantly greater than those measured during biosensing experiment based on LMR 

effect with no E-scanning applied (not shown here), where for the entire experiment the shift reached 

about 4 nm. When change in current at E= 1.5 V is compared to change in λR, the trends of readouts in 

optical and electrochemical domains correspond to each other (Fig. 6(b)). The total current decreases in 

the whole biosensing experiment by 8 µA. 

It must be noted that in this work we investigated response of the sensor to relatively high 

concentrations of analytes. Our aim was to more to show a novel sensing concept and its performance 

in broad range of analyte concentrations than to focus on the sensor optimization towards reaching low 

limit of detection (LOD). It can be assumed that for the shown case the LOD corresponds with the lowest 

measured avidin concentration (0.1 µg/mL). However, it can be lowered when higher resolution in 

investigated sensing parameters is investigated in narrow range of negative potentials.          

 

(a) (b)  

Fig. 6. (a) Influence of the E change on λR at different steps of the experiment performed in PBS. E-scan at each the 

experimental step took approx. 250 s and was set in line with other steps as indicated at the bottom of the plot. Optical (λR at E 

= -1 V) and electrochemical (I at E = 1.5 V) readouts for each step of the experiment were compared in (b).  
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5. Conclusion 

In this paper we discuss for the first time the combined optical and electrochemical label-free 

biosensing based on resonant effect achieved for indium tin oxide thin film deposited on side surface of 

a multimode optical fiber core. In the optical domain, the measurements were based on the lossy-mode 

resonance effect. The electrical conductivity of the ITO overlay, in turn, made simultaneous use of the 

sensor as an electrode along with electrochemical investigation of its readout possible. In this work, the 

standard biotin-avidin biological complex was applied to verify functional properties of the sensor. 

While the sensor can be interrogated electrochemically only at certain steps of the experiment, which 

exclude incubation in liquids containing biological compounds, the LMR-based optical interrogation is 

possible in real-time during the entire biosensing procedure. When selected parameters of optical and 

electrochemical readouts are traced, the results of changes at the sensor’s surface in both the domains 

correspond well to each other. Thus, we believe the second domain can be used to verify the results 

received in the first one. What is more, it has been found that the applied potential significantly 

enhances the optical readouts. The enhancement was achieved mainly at negative potentials applied to 

the electrode and corresponds to semiconducting character of the ITO film. 

Small size of the ITO-LMR device, probe-like shape, which is common for electrochemical analysis, 

and capability for batch fabrication of the devices, can be pointed out as advantages of the proposed 

approach. Comparing to other opto-electrochemical sensing concepts, where metal film is used as an 

electrode, due to high transparency of ITO, also other spectroelectrochemical measurements can be 

additionally combined with the system and allow for even more in-depth analysis of a wider selection of 

biocompounds.   
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