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Abstract 

Herein we report the use of scanning electrochemical microscopy (SECM) together 

with electrochemical and spectroscopic techniques to develop and characterise a 

stable and uniformly reactive chemically modified platinum electrode for NADH 

electrocatalysis. In order to achieve this, a range of different approaches for thionine 

entrapment within an electropolymerised poly(3,4-ethylendioxythiophene) (PEDOT) 

film were evaluated using SECM imaging in the presence of NADH, demonstrating 

the uniformity of the reactive layer towards NADH oxidation. The effect of 

electrolyte type and time scale employed during PEDOT electropolymerisation was 

examined with respect to thionine loading and the resulting charge transport diffusion 

coefficient (DCT) estimated via chronoamperometry.  These studies indicated a 

decrease in DCT as thionine loading increased within the PEDOT film, suggesting that 

charge transport was diffusion limited within the film. Additionally, thionine 

functionalised nanotubes were formed, providing a stable support for lactate 
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dehydrogenase entrapment while lowering the rate of thionine leaching, determined 

via SECM imaging and enabling lactate determination at Eapp = 0.0 V vs Ag/AgCl 

over the range 0.25-5 mM in the presence of 1 mM NAD+.   

 

Keywords: Thionine, poly-3,4-ethylenedioxythiophene (PEDOT), multiwalled 

carbon nanotubes (MWNT), lactate biosensor, lactate dehydrogenase (LDH), 

scanning electrochemical microscopy (SECM), charge transport studies. 
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1. Introduction 

More than 400 dehydrogenase enzymes catalyse reactions in the presence of their 

cofactor, nicotinamide adenine dinucleotide (NAD+) or nicotinamide adenine 

dinucleotide phosphate (NADP+),  which act as the electron and hydrogen acceptor in 

the reaction catalysed by the enzyme to generate the reduced NAD(P)H coenzyme [1] .  

Direct electrochemical oxidation of NAD(P)H is achievable on bare electrodes, 

however its high overpotential can lead to undesirable side reactions and is subject to  

interferences from electroactive materials within a sample matrix (ascorbic and uric 

acids). Many organic mediators have been investigated to help overcome this, the 

majority of which possess a quinone or phenyldiimine structure. Examples of such 

materials include organic dyes e.g. Meldola’s Blue [2-5], methylene green/ blue [6,7]    

Nile Blue A [8], Prussian Blue [9,10] and thionine [11-14]. One of the main issues 

with these redox active dyes is their high water solubility, which causes them to 

readily diffuse from their immobilised state at the electrode surface into the bulk 

solution. In addition to ease of surface attachment and stability, ensuring facile charge 

transport between immobilised redox sites is important such that the whole redox film 

contributes to NADH oxidation [15].  

 

There have been some reports of non-covalent modification of carbon  nanotubes with 

functional molecules such as NAD+ [16] and thionine [17]. The positive charge of 

these molecules in solution enables adsorption onto nanotube walls via π- π stacking 

interactions and so anchors the mediator to a stable support material. Prevention of 

aggregation and improved solubilisation of nanotubes has been an area of significant 

interest and has obtained some success via attachment of polymers [18], and ionic 
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modification with dispersion with surfactants [19]. Bandyopadhyaya et al. [20] 

presented an alternative to these approaches through non-specific physical adsorption 

of the biopolymer Gum Arabic, and proposed the use of a 0.5-15% wt solution which 

allows for a stable aqueous suspension of full length tubes, which can be dried and 

resuspended with ease. The application of conducting polymers as an immobilisation 

matrix for redox materials and biological components has achieved much attention 

[21-25] and recent reports regarding the use of PEDOT describe the immobilisation of 

catechin [26] and 4-phenyl azo aniline [27] for the electrooxidation of NADH. 

Balamurugan et al., [28] describe a PEDOT coated electrode modified with silver 

nanoparticles and Meldola’s Blue for NADH detection with minimal interference of 

electroactive compounds. 

 

Scanning electrochemical microscopy (SECM) has been proven experimentally to be 

a very versatile technique for the visualisation of localised chemical and 

electrochemical activity within surface confined films and is the subject of recent 

reviews [29-31]. It is based on a scanning microelectrode in close contact with a 

surface of interest with current dependant on local concentration of electroactive 

species, realising electron transfer kinetics, high resolution imaging and topography 

examinations [32]. SECM can pattern the substrate surface, visualise its topography 

and prove chemical reactivity on the µm or nm scale [33].  

 

Unlike STM and AFM tips which are sharp cones, a typical SECM tip is a conductive 

disk surrounded by a flat ring of insulating glass. This  ultramicroelectrode (UME), 

capable of moving in x, y and z directions, is positioned very close to an interface, 

and can be used to investigate the topography, reactivity or permeability of that 
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surface with high spatial resolution [34].  The tip can induce chemical changes and 

collect electrochemical information while approaching or scanning the surface of 

interest, which can be biased, serving as the second electrode [33]. 

 

Studies of redox enzymes commonly utilise either feedback or generation/collection 

modes, both tip and substrate currents being measured in the latter case.   In  Substrate 

Generation – Tip Collection (SG-TC) mode, the tip probes reactions that occur at a  

substrate, which is held at a constant potential while the tip travels within a thick 

diffusion layer generated by the substrate electrode. When scanning in the x/y 

direction over the substrate,  the tip can identify hot spots where reactions occur at 

higher rates [35].  In this mode, an enzyme causes regeneration of a mediator species, 

which is consumed at the ultramicroelectrode and the rate of the enzyme reaction is 

transduced into current measured by the SECM. The magnitude of the feedback 

response depends on the rate at which the enzyme catalytically regenerates the bulk 

form of the species [36]. 

 

The theory and experimental applications of SECM – induced transfer (SECMIT) has 

been described by Barker et al. [37], as an approach for probing partitioning of 

electroactive solutes between two immicible phases. The equilibrium is perturbed by 

electrolysis of the target species at the UME tip which is placed close to the interface 

with the second phase. Gonsalves et al. [38] have employed the induced transfer 

(SECMIT) mode of SECM to image the permeability of methyl viologen in articular 

cartilage. By scanning the UME over the sample surface, detection of methyl viologen 

was performed amperometrically via the UME.  
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Prior work in our group has reported a Thionine/PEDOT catalytic layer for NADH 

oxidation [39].  Here we advance the work with exploitation of thionine 

functionalised carbon nanotubes (MWNTs) using Gum Arabic as suspension reagent, 

in order to limit leaching of thionine from the electrode surface and to further exploit 

amine functionalities as a linker group for enzyme attachment. The characterisation 

and performance of thionine modified carbon nanotubes as a support for the 

stabilisation of thionine on the electrode surface and for the fixation of lactate 

dehydrogenase is examined here for the first time, realising successful lactate 

detection. Complementary electrochemical characterisation and SECM imaging 

evaluate the films via  different modes, SECMIT and Substrate Generation-Tip 

collection (SG-TC), allowing for optimisation of the immobilisation method in terms 

of thionine uniformity, reactivity and stability. 

 

2. Experimental 

2.1. Instrumentation and Reagents 

All electrochemical experiments were carried out on a CHI 1030 or CHI 660a 

electrochemical workstation (CH Instruments). A single-compartment 

electrochemical cell was used with platinum counter electrode and a saturated 

Ag/AgCl reference for aqueous solutions. Working electrodes were 3 mm diameter 

platinum discs. SECM analysis was carried out using a CHI920 bipotentiostat / 

SECM equipped with an adjustable stage for tilt correction. The tip electrodes used 

were 10 and 25 µm platinum microelectrodes obtained from CH Instruments. RG 

values of 5-10 were calculated based on RG = rg/a where rg is the outer radius of the 

insulating sheath and a is the microelectrode radius. UV Spectroscopy was carried out 

on a T80 UV-Visible spectrometer - PG Instruments. SEM analysis was performed 
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using a Joel LV-6390. 3,4-ethylene dioxythiophene/EDOT, LiClO4, sodium p-toluene 

sulphonate, thionine acetate, ethanol, nitric acid, multiwall carbon nanotubes, Gum 

Arabic, NADH, NAD+, lactate dehydrogenase 579 units/mg (USB), 25% 

glutaraldehyde, sodium lactate, ferrocene methanol, phosphate buffered saline (pH 7.4) 

were received from Sigma Aldrich and used as received unless otherwise specified. 

 

2.2. Procedures 

2.2.1. Preparation of Thionine Modified Functionalised Multiwalled Carbon 

Nanotubes (Th-fMWNT’s) 

100 mg of multiwalled carbon nanotubes (MWNTs) were sonicated in deionised 

water for 30 minutes, followed by filtration through a polycarbonate membrane. The 

solid was washed several times with deionised water, ensuring the filtrate was clear. 

The washed solid was then refluxed in 10% HNO3 at 80oC for 24 hrs with vigorous 

stirring. The acid solution was filtered through a hydrophobic PTFE 

(polytetrafluoroethylene) membrane, followed by washing with deionised water and 

acetone several times. The acid functionalised MWNT’s (fMWNTs) were then dried 

at 110 oC for 12 hrs under vacuum. 2 mg of fMWNT were suspended in 2 cm3 

deionised water with the aid of mild sonication (400 W). 100-150 µM thionine was 

added to the suspension and shaken for ca. 2 minutes until the solution turned clear 

and the nanotubes fell out of suspension, indicating absorption of thionine onto the 

nanotubes. Gum Arabic was added to the solution to a final concentration of 1% and 

sonication was carried out to re-suspend the modified nanotubes, denoted Th-fMWNT. 

 

2.2.2. Lactate Dehydrogenase attachment to Th-fMWNT (LDH-Th-fMWNT) 
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7.6 µl of 2.5% glutaraldehyde was added to a stable suspension of Th-fMWNT’s (2 

cm3) and stirred for 1 hour to activate the amine groups on the thionine. Meanwhile 

lactate dehydrogenase was dissolved in 2 cm3 PBS and mixed with the Th-fMWNT / 

glutaraldehyde solution. Stirring was maintained for a number of hours at room 

temperature and the solution was maintained at 4 oC overnight. Modification of Pt 

electrodes with this material was achieved by depositing 5 µL of the solution onto the 

surface of the electrode and allowing it to air dry for ~ 30 minutes. 

 

2.2.3. Electrochemical Procedures 

Pt electrodes were cleaned by polishing with alumina slurries (1, 0.5 and 0.05 µm) 

with washing and gentle sonication in between each grade. Prior to polymer 

deposition the electrode was electrochemically activated in 0.5 M H2S04 via potential 

cycling between -1.5 - + 1.5 V vs. Ag/AgCl with stirring, followed by holding the 

electrode at -1.5 V vs. Ag/AgCl for 900 s, with stirring.  

 

2.2.3.1 Formation of Thionine-PEDOT and PEDOT/Thionine films 

Thionine-PEDOT films were prepared as described previously [39]. Briefly, films 

were formed from 10 mM thionine acetate, 15 mM EDOT in 10 mM LiClO4 via 

chronocoulometry (5 mC charge passed at EAPP 1.2 V vs. Ag/AgCl). 

 

In the case of PEDOT/Thionine and PEDOT/Th-fMWNT films an activated Pt 

electrode was modified with PEDOT using chronocoulometry to form a 79.6 mC.cm-2 

film - EAPP +1.2 V vs Ag/AgCl from a solution of 10 mM EDOT aqueous solution 

with 0.1 M electrolyte. Thionine was then incorporated into this film by placing the 

PEDOT modified electrode in a 0.5 mM aqueous thionine solution and holding the 
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applied potential at –0.5 V vs. Ag/AgCl for various time periods (15 to 90 min). The 

electrode was then rinsed with deionised water prior to use. For inclusion of Th-

fMWNT, the same procedure was followed, where a stable suspension of the Th-

fMWNT’s  replaced the thionine solution. 

 

2.2.3.2. Charge Transport Diffusion Coefficient (DCT) Determination by 

Chronoamperometry 

The PEDOT/Thionine modified (Pt) electrodes were analysed in PBS pH 7.4. The 

electrodes were first subjected to potential cycling at 0.1 V.s-1 (-0.7 → +0.4 V vs. 

Ag/AgCl, for 25 cycles) and then 5 mV.s-1 for 3 cycles (over the same range) to 

ensure any loosely bound thionine was removed from the electrode surface, and that 

stable currents were obtained. Two sets of potentials were determined from the stable 

CV. For background measurements, the potentials were chosen where no redox 

reaction occurs, i.e. potentials prior to oxidation and following the reduction wave; 

normally -0.7 to -0.6 V vs. Ag/AgCl. This single step measurement was carried out 5 

times and an average current obtained. For the actual measurements, the potential was 

stepped from a region prior to thionine oxidation i.e. -0.7 V vs. Ag/AgCl, to a region 

where the current was diffusion controlled, typically +0.35 V vs. Ag/AgCl. This 

current measurement was taken 5 times and averaged. Background subtraction was 

then applied to the averaged results. 

 

2.2.4. Film Preparation on ITO Slides - UV Analysis 

ITO slides were cleaned with IPA, followed by soaking in 10% NaOH at 55 oC for 3 

minutes, after which the slides were rinsed with deionised water and dried to ensure 

no water marks were present prior to use. Cleaned slides were stored in ethanol until 
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use, with adequate rinsing with deionised water and drying prior to use. A specific 

area (~1 cm2) was marked off using masking tape to allow for accurate film 

measurements. Once the films were formed on the surface as described above, the 

modified slides were soaked in deionised water until the leaching of loosely bound 

thionine had ceased. The films were then allowed to dry under ambient conditions and 

then stored in the dessicator overnight, or until their use. 

 

 

2.2.5. SECM Procedures 

2.2.5.1. Modification of SECM Tip Electrode for Imaging of Enzyme Substrate 

A 25 µm Pt tip electrode was scanned in a solution of ferrocenemethanol to ensure 

that the expected electrochemical response was achieved. If deemed necessary the tip 

electrode was activated in 0.5 M H2SO4 as described in section 2.2.3. The tip was then 

modified with a PEDOT film as described above (2.2.3.1), following which Th-

fMWNT was incorporated over a 2 hour time frame by cathodic constant potential 

deposition at Eapp = -0.5 V vs. Ag/AgCl (PEDOT/Th-fMWNT). 

 

2.2.5.2. SECM Substrate Generation – Tip Collection (SG-TC) Imaging for NADH 

Reactivity 

The PEDOT/Thionine layer under investigation was deposited onto the Pt substrate 

electrode (d=2 mm), rinsed to remove any unbound thionine and inserted into the 

SECM cell. The unmodified tip electrode was a 25 µm Pt microelectrode (cleaned and 

activated as above) and was placed into the tip holder so as to barely touch the 

substrate electrode and then withdrawn a safe distance (z / µm) in order not to touch 

the film during imaging. Imaging was carried out at a rate of 500 µm.s-1 for all images. 
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The substrate electrode was maintained at the reduction potential of the thionine in the 

PEDOT film (-0.2 V vs Ag/AgCl) while the tip (+0.1 V vs Ag/AgCl) played the role 

of generating oxidised thionine sites thus triggering NADH electrocatalysis (Scheme 

1 (a)) using substrate generation-tip collection mode.  

 

2.2.5.3. Induced transfer (SECMIT) mode imaging for Thionine Film Stability  

The PEDOT/Thionine layer under investigation was deposited onto the Pt substrate 

electrode (d=2 mm), rinsed well to remove any unbound thionine and inserted into the 

SECM cell. The unmodified tip was placed into the tip holder so as to barely touch 

the substrate electrode and then withdrawn a safe distance (z / µm) in order not to 

touch the film during imaging. Imaging was performed at a rate of 500 µm.s-1 in all 

cases. The substrate electrode was maintained at the reduction potential of the 

thionine/PEDOT film (-0.5 V vs Ag/AgCl) while the tip was held at the oxidation 

potential (+0.4 V vs Ag/AgCl). (Scheme 1 (b)) so as to enable detection of leached 

thionine from the substrate modified film (PEDOT/Thionine).  

 

2.2.5.4. SECM Substrate Generation – Tip Collection (SG-TC) Imaging of NADH 

Generation at Lactate Dehydrogenase Modified Electrode 

The modified (PEDOT/Th-fMWNT) tip electrode was prepared as described above, 

while the substrate electrode was modified with 10 µL of the enzyme-Th-fMWNT 

mixture (prepared according to section 2.2.2)  and air dried for 1 hour. Imaging was 

carried out initially in 1 mM NAD+/PBS pH 7.4, ESUBSTRATE : OFF    ETIP : +0.3V vs. 

Ag/AgCl. 5 mM Lactate was added to solution and the image repeated to detect the 

NADH generated at the tip electrode (Scheme 1 (c)). This mode generated catalytic 

signals associated with substrate generated NADH at a thionine modified tip, thus 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 12

enabling the lactate dehydrogenase enzyme layer reactivity to be imaged in the 

presence of enzyme substrate (lactate).  

 

2.2.6. UV Analysis – Determination of Thionine Concentration in PEDOT films 

UV-visible spectroscopy was performed using aqueous solutions of thionine (10 – 70 

µM in PBS pH 7.4) and the molar extinction coefficient (ε 22814 M-1.cm-1) calculated 

and used to determine thionine concentration within the PEDOT films. UV analysis of 

the PEDOT/Thionine films was achieved using a PEDOT film as background in order 

to eliminate any interference from  the UV absorption of the PEDOT film itself. 

 

 2.2.7. Scanning Electron Microscopy Analysis 

PEDOT/Th-fMWNT films were prepared on Pt electrodes as described in section 

2.2.3.1. rinsed well with deionised water and dried overnight. The electrodes were 

analysed dry without sputter coating using an accelerating voltage of 5 kV.  

 

3. Results and Discussion 

 

3.1. Formation of Thionine-PEDOT and PEDOT/Thionine Films  

These electrodes were prepared as described above (2.2.3.1) where thionine was 

incorporated into a PEDOT film both (a) during [Thionine/PEDOT] and (b) following 

[PEDOT/Thionine] electropolymerisation at Pt electrodes. In the case of the former 

(a), the thionine concentration must be sufficiently high such that PEDOT 

polymerisation is hindered, enabling sufficiently high thionine loading to be realised. 

Thionine has a tendency to form aggregates in solution if the concentration is too high 

[40], which can influence film reproducibility and performance. This approach (a) is 
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based on prior work in our group [39] which generated an NADH electrocatalytic 

layer with subsequent glutamate detection (at glutamate dehydrogenase  modified 

electrodes). Further optimisation of this immobilisation approach was deemed 

necessary in order to improve thionine loading and uniformity (hence approach (b) as 

outlined below). The assistance of scanning probe electrochemical methods and 

charge transport investigations also enabled successful  lactate biosensing at a lactate 

dehydrogenase modified electrode (LDH-Th-fMWNT). 

 

Incorporation of thionine into a PEDOT film following electropolymerisation 

[PEDOT/Thionone (b)], via the subsequent application of a reduction potential (-0.5 

V vs. Ag/AgCl) in the presence of 0.5 mM thionine allowed for better control of 

thionine loading. The thickness of the PEDOT layer was critical in that it must be 

sufficient to give uniform coverage of the electrode area and be capable of retaining a 

suitable volume of thionine, but not so thick so as to hinder charge transport to the 

electrode surface. Thionine loading using this approach can be controlled using the 

timescale of the experiment at thionine concentrations where aggregation is 

eliminated.  A comparison of the electrochemistry of two such films indicated 

enhanced thionine redox activity in the case of the film formed by incorporation of 

thionine following PEDOT formation via chronocoulometry [PEDOT/Thionine]. 

Voltammetric responses (data not shown) resulted in Ep(a) = -0.02 V and Ep(c) = -0.5 V 

with ∆Ep = 0.43 V and E1/2 = -0.215 vs. Ag/AgCl for the 2 electron 1 proton process 

at pH 7.4 (scan rate 0.1 Vs-1).  

 

3.2. Reactivity of PEDOT/Thionine films by SECM Imaging with NADH in Solution 
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Films were analysed using SECM (at a 25 µM Pt tip electrode) in the presence of 1 

mM NADH in order to determine the uniformity of the reactive layer on the electrode 

surface (Format (a) in Scheme 1). The considered mechanism for this process is that 

the tip is close enough to the modified surface in order to influence the regeneration 

of the oxidised form of thionine and detect enhanced currents associated with the 

catalytic interaction of thionine (ox) and NADH at the substrate modified 

PEDOT/Thionine layer).  

 

Figure 1 (a, b) shows SECM images of the redox films formed by the two different 

immobilisation methods, (a) where thionine was incorporated during PEDOT 

polymerisation [39] and (b) where the thionine was incorporated following PEDOT 

formation (as described above). It was apparent that method (b) produces a more 

uniformly reactive film with almost an order of magnitude higher (3.95 x10-10 A) 

anodic response relative to that of (a) (5.55x10-11 A). All films discussed from this 

point onwards were prepared using method (b) as described above in section 2.2.3.1. 

 

3.3. Influence of electrolyte type and polymerisation potential on PEDOT Formation 

and Thionine Inclusion 

Dopant anions employed during the electropolymerisation procedure can have a 

profound effect on the resulting polymer. Smaller dopant anions can result in a denser 

polymer framework while the incorporation of larger anions can generate a more 

porous polymer structure [41]. In this work the effect of using both p-

toluenesulphonate and perchlorate as the dopant anions during PEDOT 

electropolymerisation was investigated. These films were analysed in terms of their 

ability to effectively ‘load’ thionine. As expected, when p-toluene sulphonate was 
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used for PEDOT polymerisation, the time required to achieve maximum loading  time 

(at EAPP = -0.5 V)  from a 0.5 mM thionine solution increased from 45 minutes (in the 

case of ClO4
-) up to 75 minutes for the larger anion (sodium p – toluene sulphonate). 

These results support the idea that the larger the dopant anion the more porous the 

film and therefore a longer time is required to obtain a stable saturation thionine film 

concentration. Figure 1(c) shows a comparison of cyclic voltammograms of 

PEDOT/Thionine films prepared in the presence of (a) perchlorate, and (b) p-toluene 

sulphonate, following  45 minutes thionine inclusion time (at -0.5 V vs. Ag/AgCl in 

0.5 mM thionine). Results indicated that the thionine oxidation and reduction peaks 

were more evident in the case of the sodium p –toluene sulphonate film and resulted 

in a smaller ∆EP (104 mV vs. 228 mV) relative to films formed from LiClO4.   

Therefore 0.1 M sodium p –toluene sulphonate was chosen as the preferred electrolyte 

for further PEDOT electropolymerisation studies. The effect of PEDOT 

electropolymerisation potential was also investigated during chronocoulometric film 

formation. As expected, when EAPP was reduced from +1.2 to + 0.8 V vs. Ag/AgCl, 

the time taken to obtain 79.6 mC.cm-2 increased significantly. No dramatic difference 

in thionine loading between the films formed at different potentials was observed, and 

therefore the optimum, +1.2 V vs. Ag/AgCl was employed for all film formation. 

 

3.4. UV-Visible Spectroscopic Analysis of PEDOT/Thionine Films 

UV spectra were obtained for an aqueous solution of thionine (0.5 mM), and each 

PEDOT/Thionine film prepared on ITOs as per section 2.2.4 using either LiClO4 or p-

toluene sulphonate electrolyte. Free thionine showed a sharp band at λmax 600 nm (α 

band) attributed to the monomeric form, and a shoulder at 560 nm (β band) which 

may be  attributed to higher aggregates of thionine [42-43]. For the PEDOT/Thionine 
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films formed on ITOs the λmax was observed at 570 nm, attributable to the large 

thionine aggregation within the film with higher wavelength signal at 620 nm. The  

absorbance ratios of the two signals for the ITO loaded films  were close to  1:1 or 

0.51:0.49 (and did not change upon varying thionine concentration), whereas for the 

solution of free thionine the absorbance ratios were 0.4:0.6  (560:600 nm),  which 

based on prior reports,  implies that the red shift of the band at 600 nm may be  

attributed to oligomer formation via electron releasing groups (NH2 pendant groups) 

and the proposed N-C coupling forming nitrogen bridges between monomer units 

[40,44]. A similar red shift of 10 and 20 nm (respectively) was evident in our system 

in the case of both peaks.  

 

3.5. Effect of thionine loading on DCT  values obtained via chronoamperometry. 

PEDOT films were loaded with thionine as per section 2.2.3.1 over time periods 15-

90 min in order to determine the optimum/maximum thionine incorporation time. 

Chronoamperometric measurements were carried out to determine the Dct values for 

each film in PBS electrolyte.  ITO slides were prepared in parallel and analysed using 

UV-visible spectroscopy to measure the thionine concentration with respect to loading 

time. Table 1 (A) shows that thionine concentration within the PEDOT/LiClO4 film 

increases up to 45 minutes and then starts to decrease. Therefore 45 minutes was 

taken as the maximum loading time for these films. Table 1(B) shows the 

corresponding data for PEDOT/sodium p-toluene sulphonate films indicating that an 

increase in thionine concentration with time occurred up to 75 minutes, after which 

time it started to decrease. The main contrast between Tables 1a) and b) is that 

thionine concentration shows a greater variation with loading time in the case of the 

PEDOT/LiClO4 films. The PEDOT/ sodium p-toluene sulphonate films show almost 
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70% loading after only 15 minutes, in comparison to only 38% with the 

PEDOT/LiClO4. Both films exhibit similar thionine concentrations and comparable 

DCT values.  

 

Both films demonstrate a dramatic decrease in DCT as the thionine loading increases. 

This trend suggests a principal role of physical diffusion of the redox species in 

charge transport through the film, which would be evidence of a reduced mobility at 

high surface concentration [45-47]. From this observation, the mechanism of charge 

transport can be considered as diffusion. These results are in agreement with a 

previous report by Guadalope et al [42], where the charge transport properties of 

thionine and other cationic dyes within a Nafion film were investigated. In 

comparison to this reported work, the Dct values for our system are higher (18.9 – 364 

x10-9 cm2.s-1 in comparison to 1.4 – 28 x10-9 cm2.s-1). This improvement could be 

attributed to the use of the conducting polymer, PEDOT. It is worth noting that the 

PEDOT/NapTS film presents a higher DCT at maximum loading than it’s counterpart, 

3.4x10-8 vs. 1.8x10-8 cm2.s-1, suggesting that the PEDOT/sodium p-toluene sulphonate 

counterion framework allows for better diffusion of thionine within the film. Film 

studies from this point onwards refer to PEDOT films prepared with sodium p-toluene 

sulphonate and subsequently loaded with thionine.  

 

3.6. Characterisation of Thionine-Modified fMWNTs 

Previous work in our group [39] demonstrated that incorporation of nanotubes into the 

sensor design enhanced performance of the resulting glutamate dehydrogenase 

biosensor. By modifying MWNT with thionine using an approach similar to that of  

Wang et al [17], and then by  incorporating them into a preformed PEDOT film (0.1 
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M sodium p-toluene sulphonate), successful immobilisation of Th-fMWNT onto the 

electrode surface was achieved. SEM images of PEDOT/Thionine films are non-

descript polymer films that have no distinct characteristic features. Figure 2(a) and (b)  

shows the SEM images of the PEDOT/Th-fMWNT films for 1 and 2 hour loading 

times. As is evident from these images, the polymer films exhibit a ‘grainy’ surface 

structure, which increases from 1 to 2 hours loading time. This ‘grainy’ topography is 

attributed to the Th-fMWNT’S being incorporated into the PEDOT film.  

 

3.7.Stability study for PEDOT/Th and PEDOT/Th-fMWNT films using  SECMIT 

Imaging 

SECMIT imaging of PEDOT/Th and PEDOT/Th-fMWNT films was carried out by 

effectively monitoring the leaching of thionine from the film under investigation. 

Desorption was examined by rastering the tip electrode over the modified substrate 

electrode while subjecting it to a cathodic potential.  Desorbed thionine can diffuse to 

the UME tip where it is oxidised, contributing to the tip current [48] from the 

substrate. This procedure was repeated, monitoring the decrease in thionine from the 

film over time (working solutions  were changed in between each image to minimise 

interference). Figure 3 shows images of this process for (a) PEDOT/Thionine film and 

(b) PEDOT/Thionine-fMWNT film over a continuous  imaging period of  1.5 – 6.5 

hours. As the imaging time increases, depletion of thionine was observed to be  more 

significant in the case of the PEDOT/Thionine film as the brown electroactive layer 

becomes the green depleted area of the electrode. Imaging after 6.5 hours showed no 

thionine response for the PEDOT/Thionine film, while the PEDOT/Th-fMWNT still 

exhibited a thionine signal up to and longer than 9 hours imaging time. As expected, 

PEDOT/Th-fMWNT films leach thionine at a slower rate relative to PEDOT/Thionine 
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films, due to the thionine being adsorbed in a more stable fashion onto the MWNT 

scaffold. 

 

3.8. SECM Analysis of Lactate dehydrogenase mounted on a solid support of Th-

fMWNT. 

Thus far we have demonstrated a novel immobilisation method of thionine into a 

preformed PEDOT polymer and have extended this methodology to incorporate 

thionine-modified MWNTs. Next, the biocatalyst  lactate dehydrogenase (LDH) was  

partially crosslinked to  Th-fMWNT using glutaraldehyde according to the procedure 

in 2.2.2. In the presence of 1 mM cofactor NAD+, the substrate (lactate) was oxidised 

by the biocatalyst to pyruvate with formation of NADH, being then re-oxidised by the 

immobilised thionine layer. Increased anodic thionine signals at 0.0 V were monitored 

in response to increasing lactate additions (0-50 µM) (the  mechanism is based on that 

proposed previously by our group [39]). By monitoring the thionine film response to 

lactate additions an increased catalytic current was evident which corresponds to re-

oxidation of the reduced NADH enzyme cofactor.  

 

Figure 4(a) shows  a cyclic voltammogram of the LDH-Th-fMWNT deposited 

directly onto the surface of a glassy carbon electrode, with inset calibration plot for 

lactate additions in the presence of 1 mM NAD+, EAPP 0.0 V vs Ag/AgCl. The 

calibration curve of lactate, is linear with respect to (conc.)½ with sensitivity 20.86 

nA mM-1/2), standard deviation 13.8 (n=3) over the range 0.5 -5 mM. Hence, this 

demonstrates some heterogeneity of the developed electrode which can be can be 

attributed to the effect of cross linking of the enzyme by glutaraldehyde and thionine, 

as previously reported by Juang  et al. [49].  Analytical response to NADH alone 
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resulted in  sensitivity 3.71 +/- 0.3145 nA mM-1 (n=3) with LOD of 0.186 µM and r2 

of 0.9995. The low operating voltage (Eapp = 0.0 V hydrodynamic amperometry) 

ensures minimal interference from electroactive species and from direct NADH 

surface oxidation signals.  

 

SECM was then used to examine the enzyme activity of the enzyme deposit layer. 

Due to the high overpotential platinum towards NADH produced from the active 

LDHase enzyme in the presence of lactate, we opted to modify the tip electrode with a 

NADH sensitive layer - the stabilised PEDOT/Th-fMWNT film. The data presented 

in Figure 4(b), in addition to that shown in Figure 4(a), proves the analytical 

applicability of the developed electrode. The average current density of the substrate 

electrode in the presence of 5 mM lactate increases 2 fold, from 3.7 µA.cm-2 in the 

absence of lactate, to 7.0 µA.cm-2 when lactate is added to the system. It should be 

noted that the data presented in Figure 4(b) was obtained in conditions far from that 

optimal for SECM imaging (distance, z, between the tip and the substrate electrodes 

was chosen as 800 µm to avoid direct contact between these electrodes). Under these 

conditions, activity of the substrate electrode with respect to lactate concentration is 

comparable with the activity of the electrode used for registration of the lactate 

calibration curve (inset Figure 4(a)). The calculated value of current density for 5 mM 

lactate is approximately equal to 8 µA.cm-2. Consequently, the efficiency of the 

“generation-collection” mode of SECM using a tip electrode modified by the same 

film as the substrate electrode is close to 50%, which also confirms the analytical 

applicability of the developed electrode. Figure 4(b), shows the increase in current 

generated after lactate is added to the system, confirming the activity of the enzyme 

on the thionine-fMWNT support. This experiment demonstrates the ability of the 
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thionine-fMWNT material to act as an electrocatalyst for NADH oxidation as well as 

a ‘scaffold’ for the attachment of dehydrogenase enzymes. 

 

4. Conclusions 

We have demonstrated a novel immobilisation method for thionine and thionine 

functionalised nanotubes, entrapped in a preformed PEDOT polymer film, examined 

with respect to surface electrochemical interrogation tools (SEM and SECM) and 

deployed in relation to lactate biosensing at a lactate dehydrogenase/thionine loaded 

modified electrode.   

(a) Charge transport studies of thionine doped PEDOT films deduce that the 

mechanism of charge transport within the film was predominantly diffusion, 

as interpreted from the dramatic decrease in DCT as the thionine loading within 

the film increased. DCT values were of the magnitude 36.4x10-8 – 1.9x10-8 

cm2.s-1 and 12.8x10-8 – 3.43x10-8 cm2.s-1 for PEDOT-Thionine films grown in 

the presence of lithium perchlorate and sodium p-toluene sulphonate 

respectively.  

(b) SECM – induced transfer mode was employed as a tool to monitor the 

leaching of thionine from the PEDT/Thionine films over time, resulting in the 

conclusion that thionine stability was enhanced using Th-fMWNT (prepared 

via electrostatic loading of thionine onto activated MWCNTs). 

(c) It was also demonstrated that the Th-fMWNT can be used as a solid support 

for dehydrogenase enzymes through partial crosslinking of the respective 

thionine functional (amine) groups with lactate dehydrogenase. The resulting 

electrode was shown to be analytically applicable through the use of standard 

electrochemical techniques, CV and hydrodynamic amperometry.  
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(d) SECM experiments at the enzyme modified substrate electrode showed a two-

fold increase in current density (8 µA.cm-2) when 5 mM lactate was added to 

the system in the presence of 1 mM NAD+. Analytical applicability of the 

developed sensor was also confirmed by the efficiency of the ‘generation-

collection’ mode of SECM being close to 50%. 

Further work has the potential to expand the range of dehydrogenase systems under 

examination together with a kinetic evaluation of enzyme loaded films with the aid of 

suitable SECM quantitative and imaging modes.  
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Table 1.  
 
 (A) 
 
Thionine 

time / min 

λ / nm Absorbance Concentration 

/ mol.cm-3 A 

% 

Loading 

DCT  

/ cm2.s-1 

15 566 0.215 4.06x10-6 37.8 36.44x10-8 

30 571 0.327 6.18x10-6 57.8 9.56x10-8 

45 572 0.57 10.78x10-6 100 1.89x10-8 

60 571 0.495 9.36x10-6 87.1 3.47x10-8 

75 571 0.428 8.09x10-6 75.5 8.82x10-8 

A Concentration calculated from Beer Lambert Law applying ε 2.2814x104 M-1.cm-1, where l = 
0.001cm.  
 
(B)  
 
Thionine 

time / min 

λ / nm Absorbance Concentration 

/ mol.cm-3 A 

% 

Loading 

DCT  

/ cm2.s-1 

15 572 0.150 6.58x10-6 69.8 12.75x10-8 

30 573 0.205 8.99x10-6 95.4 6.36x10-8 

45 572 0.201 8.81x10-6 93.5 5.84x10-8 

60 572 0.206 9.03x10-6 95.8 7.12x10-8 

75 574 0.215 9.424x10-6 100 3.432x10-8 

90 572 0.209 9.161x10-6 97.2 10.660x10-8 
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Legends 
 
Scheme 1. Schematics representing the modes substrate generation tip collection (a) 
and (c) and SECM induced transfer (b) applied for SECM imaging experiments.  
 
 
Table 1: (A) Thionine concentration levels for varying loading times into 
PEDOT/LiClO4 with corresponding DCT values. (B) Thionine concentration levels for 
varying loading times in PEDOT/sodium –p-toluene sulphonate and corresponding 
DCT values. 
 
 
Figure 1. SECM imaging at 500 µm.s-1 in 1 mM NADH, PBS pH 7.4, ESUBSTRATE -
0.2 V vs Ag/AgCl, ETIP +0.1 V vs Ag/AgCl, z -80µm; for films formed by thionine 
incorporation (a) during PEDOT electropolymerisation (Thionine-PEDOT) and (b) 
after PEDOT electropolymerisation (PEDOT/Thionine),  (c)  cyclic voltammograms 
of PEDOT/Thionine films formed using LiClO4 or sodium p-toluene sulphonate 
(NapTS)  as electropolymerisation electrolyte, 45 minutes thionine inclusion period. 
Associated redox processes for thionine proton dependant reduction to Leucothionine 
and oxidation to the radical cation form. 
 
 
Figure 2. SEM BEC images of PEDOT/Th-fMWNT films after a) 1 hour and b) 2 
hours loading indicating increased surface density of  thionine entrapped MWCNTs.  
 
 
Figure 3. SECMIT  images of the leaching of thionine from prepared films over time 
(1.5-6.5 hrs) for both PEDOT/Thionine and PEDOT/Th-fMWNT surfaces. 
ESUBSTRATE:  -0.5 V vs. Ag/AgCl and ETIP: +0.4 V vs. Ag/AgCl, z = -300 µm. 
 
 
Figure 4 (a) Cyclic voltammogram of lactate dehydrogenase modified thionine-
fMWNT and inset amperometric calibration plot for additions of 0.5 mM lactate in 
the presence of 1 mM NAD+ at 0.0 V vs. Ag/AgCl. Standard deviation across the 
analytical test range for lactate was 13.8 for n=3 measurements at each concentration. 
(b) SECM images at a modified 25 µm Pt tip electrode of LDH/Th-fMWNT 
(substrate)  in 1 mM NAD+ in PBS and (c) LDH/Th-fMWNT in 1 mM NAD+ PBS + 
5 mM lactate. ESUBSTRATE: off, ETIP : +0.3 V vs. Ag/AgCl, z =800 µm. 
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Highlights 

 

Scanning electrochemical microscopy imaging of poly (3,4-

ethylendioxythiophene)/thionine electrodes for lactate detection via NADH 

electrocatalysis  

 

Scanning electrochemical microscopy (SECM) has been employed coupled with an 

electrochemical/spectroscopic and surface investigations into  thionine entrapment within an 

electropolymerised poly(3,4-ethylendioxythiophene) (PEDOT) film for NADH 

electrocatalysis and lactate biosensing. 
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