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ABSTRACT 

Sensitive and selective detection of analytes in complex biological fluids can be an extremely 

challenging issue.  The constructive association of biomolecules and transparent mesoporous 

electrodes is of interest in this area, as it can lead to innovative biosensors combining optical and 

electrochemical detection modes. This concept, however, requires the development of 

appropriate surface functionalization methodologies that are robust enough for long-term 

operation in physiological environments. In the present work, the high-surface area of 3D 

transparent mesoporous indium-tin oxide (ITO) electrodes (prepared by glancing angle 

deposition or GLAD) has been chemically functionalized with recombinant hemoglobin I from 

Lucina pectinata according to a versatile 2-step process.  First, 4-diazoniumbenzoic acid salt is 

covalently electrografted onto the ITO surface, followed by amide coupling of the protein. The 

resulting electrodes were quantitatively characterized by cyclic voltammetry and UV-visible 

absorption spectroscopy, demonstrating high surface coverages (up to 45% of a closed-packed 

monolayer for Hemoglobin-I) and homogeneous distribution across the entire thickness of the 

GLAD mesoporous structure.  Good stability is also observed when the modified electrodes are 

immersed for prolonged times in a high ionic strength saline buffer. We also show that the 

hemoglobin I-modified electrode can be used as an optical biosensor for the selective, reversible, 

and fast detection of H2S in aqueous solutions over a two-decade concentration range and with 

a limit of detection of 0.35 M. Good analytical performance was also achieved in human 

plasma without significant interference from the biological matrix. 

  



 3 

KEYWORDS: diazonium electrografting; metal oxide electrodes; glancing angle deposition; 

biosensors; hemoglobin-I; hydrogen sulfide. 

 

  



 4 

1. Introduction 

Mesoporous conductive electrodes (meso-TCEs) based on wide band-gap doped metal oxide 

films such as indium tin oxide (ITO) or antimony-doped tin oxide (ATO) are characterized by 

optical transparency in the visible range, good electrical conductivity and large surface area. 

These properties allow meso-TCEs to be used to develop sensitive biosensors; the large surface 

area allows the immobilization of huge amounts of bioreceptor per unit of geometric electrode 

area, and because meso-TCEs are transparent and electrically conducting, both optical and 

electrochemical detection modes can be integrated into the same device.[1]  In some cases, these 

strategies can be extremely helpful for reliably detecting molecules in complex biological 

media.[2]  

The development of such innovative biosensing devices based on the constructive association 

of bioreceptors (e.g., proteins, enzymes, DNA, ...) and meso-TCEs requires overcoming a 

number of challenges. First, the nanostructured metal oxide film must be fabricated with 

stringent reproducibility, including a well-defined accessible porosity and a highly controlled 

morphology. A second challenge is the preparation of reproducible and highly stable surface-

functionality, allowing reliable and long-lasting operation of the biosensing surface under 

physiologically-relevant conditions. 

In the present study, highly reproducible nanostructured ITO electrodes are used as 3D 

transparent conductive surfaces for the immobilization of a protein-based bioreceptor. These 

transparent 3D electrodes were obtained by glancing angle deposition (GLAD),[3] a physical 

vapor deposition technique that allows for the production of highly reproducible nanocolumnar 

films with an accessible pore structure.[4] We have previously shown that GLAD-ITO electrodes 

are particularly well suited for the immobilization of small hemoproteins through simple 
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physisorption, allowing real-time spectroelectrochemical characterization.[5,6] In these studies, 

however, low ionic strength conditions were required in order to minimize protein desorption 

resulting from insufficient protein/metal oxide anchoring. In order to improve the binding of 

protein to the GLAD-ITO electrode, we propose here to covalently attach the biomolecule onto 

the ITO surface through a multi-step covalent surface functionalization. To date, only a few 

studies report on such immobilization strategies within meso-TCE electrodes.[7–10] Moreover, 

these studies rely on the pre-functionalization of the meso-TCE with amino- or carboxylate 

moieties through either chemisorbed phosphonic acids [7] or surface-condensed organosilanes 

[8][9,10], two surface functionalization strategies that are not recognized for their high stability 

in aqueous media. A better alternative, which has recently emerged in the literature for the 

surface-functionalization of meso-TCEs, is to take advantage of the covalent electrochemical 

grafting of aryl-diazonium salts.[11–13] This method is highly versatile, simple, efficient and 

able to operate with a wide range of metal oxide surfaces. Also, because this is an 

electrodeposition approach, it offers the additional advantage of reliably grafting molecules on 

conductive surfaces, regardless of their shapes and porosities. The method was successfully 

applied to the robust surface modification of meso-TCE electrodes with redox active dyes, 

leading to improved stability under hydrolytic aqueous conditions as compared to other surface 

functionalization chemistries.[11–13]  

Herein, we prepare robust GLAD-ITO electrodes pre-functionalized with carboxylate moieties 

through the electrochemical reduction of aryl diazonium salts. The resulting pre-functionalized 

electrodes are then used as a versatile platform for further covalent immobilization of the 

bioreceptor hemoglobin I from Lucina pectinata.  Similar 2-step functionalization methods have 

previously been used to modify planar carbon and gold electrodes with biomolecules [14–16], 
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however, the application of these methods to mesoporous metal-oxide electrodes remains 

challenging because the composition, porosity and high surface area of the meso-TCEs have an 

unknown effect over the homogeneity, reproducibility and stability of the modified electrodes, 

especially for the covalent immobilization of macrobiomolecules which haven’t previously been 

explored. These issues are addressed in the present study.   

To be suitable for the development of opto-electronic biosensors, the first functionalization 

step must preserve the electrode transparency as well as the interfacial electron transfer 

properties. We therefore selected 4-aminobenzoic acid as it is commercially available and easy to 

convert to its diazonium salt. The resulting electrografted electrodes were then further 

functionalized with two different probes (see Scheme 1) to optimize the coupling procedures and 

to study the influence of the amide-coupling over the reactivity of the modified electrode. We 

thus used aminoferrocene (Fc-NH2), a small reversible one-electron oxidation probe useful for 

quantitative electrochemical characterization of the functionalized electrodes,[17] and 

5,10,15,20-tetrakis(4-aminophenyl)porphyrin (TAPP) as an optical probe enabling 

characterization by UV-visible absorption spectroscopy. Finally, we considered the development 

of a functional biosensor targeting the analyte H2S, which has recently been recognized for its 

importance in cell signaling and proposed as a potential therapeutic target for inflammatory 

diseases.[18,19] Moreover, the bioavailability of H2S in Caucasian male plasma has been 

validated as predictive for cardiovascular disease,[20] clearly calling for development of 

analytical tools for its real-time detection under physiological conditions. Only a few H2S 

biosensors have been reported to date, and they are all based on the ability of H2S to inhibit 

enzymatic systems such as cytochrome c oxidase, peroxidases or ascorbate oxidase.[21] These 

systems are unlikely to meet the requirements for application in a biological setting because of 
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their low selectivity towards other inhibitors and sulfur-containing biomolecules. We anticipate 

that the recombinant protein Hemoglobin I from the clam Lucina pectinata (rN6KHbI) would be 

a much better H2S bioreceptor because of its rapid, selective, highly affine and reversible binding 

to H2S.[22,23] H2S coordination at the heme of rN6KHbI induces a transition from high spin 

met-aquo form to low spin met-sulfide accompanied by significant modifications of the 

spectroscopic features of the protein.[24,25] We studied this transition for optical H2S-

biosensing in both buffer solutions and human plasma. 

 

2. Experimental section  

Materials. HEPES (≥ 99.5%), HEPES sodium salt (≥ 99.5%), 2-(N-morpholino)ethanesulfonic 

acid hydrate (MES, ≥ 99.5%), MES sodium salt (≥ 99%), 4-aminobenzoic acid (98%) and 

NaNO2 were purchased from Sigma-Aldrich. Aminoferrocene (Fc-NH2, > 96%) and KCl were 

obtained from TCI and Merck, respectively. N-hydroxysuccinimide (NHS ≥ 97%) was provided 

by FLUKA, and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, + 98%) 

and anhydrous Na2S were obtained from Alfa Aesar. HCl (37%) was purchased from VWR and 

5,10,15,20-tetrakis(4-aminophenyl)porphyrin from Porphychem. Aqueous solutions were all 

prepared using ultrapure water (18.2 MΩ·cm). The planar indium tin oxide coated glass 

substrates (8-12 Ω/ ) used to support the GLAD-ITO and 2D-ITO electrodes were purchased 

from Delta Technologies and Sigma-Aldrich , respectively.  

Electrode preparation. Mesoporous GLAD-ITO electrodes were prepared according to the 

previously published procedure.[4,26] Briefly, electron beam evaporation was used to deposit 

ITO on flat ITO/glass substrates positioned at a highly oblique deposition angle of 80°. The 

substrates were continuously rotated during deposition at a rate of one complete rotation for 
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every 10 nm of ITO film growth.  A series of mesoporous ITO films with thicknesses ranging 

from 0.3 m to 2 m was obtained by varying the duration of the glancing angle deposition 

process. The GLAD-ITO electrodes were then subjected to two successive thermal annealing 

steps (air at 500°C followed by forming gas at 375°C) in order to increase the film transparency 

and conductivity. For such deposition conditions, an electroactive surface enhancement of 65 

m
-1

 was previously determined by BET and electrochemistry.[4,26] 

Prior to electrochemical experiments, commercial 2D-ITO electrodes were cleaned by successive 

sonication for 15 min in dichloromethane and acetone. GLAD-ITO electrodes were chemically 

cleaned by successive soaking for 20 min at 50°C in trichloroethylene, acetone and ethanol. 

After cleaning, a rectangular section was delimited with nail vanish to define a working electrode 

area of 0.45 ± 0.05 cm
2
. For each electrode, the geometric surface area was used when required 

in calculations. 

Electrochemistry. Cyclic voltammetry was carried out with a PGSTAT-12 Autolab potentiostat 

(Eco-Chemie) interfaced with GPES-4 software. The counter electrode was a platinum wire, and 

the reference electrode was either a saturated calomel electrode (isolated from the solution by a 

salt bridge during electrografting experiments) or Ag/AgCl (Driref-2, WPI Instruments, 0.2 V vs. 

NHE). All electrochemical experiments were performed in a thermostated electrochemical cell.  

Electrode functionalization. Electrodeposition was performed on cleaned 2D-ITO and GLAD-

ITO electrodes in acidic aqueous solution (10 mL of 20 mM HCl). The 4-diazoniumbenzoic acid 

was generated in situ by mixing 5 mM 4-aminobenzoic acid with 5 mM NaNO2 for 20 min at 

4°C under argon. The temperature was maintained at 4°C with a circulating glycerol/ethanol 

bath, and electrodeposition was achieved by cycling the electrode between 0.5 and -0.8 V vs SCE 

at 0.1 Vs
-1

. The resulting functionalized electrodes were carefully rinsed with purified water. 
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Immobilization of Fc-NH2 (or TAPP) was achieved by depositing a drop (50 µL) of solution 

containing 50 mM EDC, 500 µM Fc-NH2 (or TAPP) and 0.1 M MES buffer (pH 5.5) onto a pre-

functionalized working electrode area. The drop was left in contact for 3 hours at room 

temperature. Immobilization of rN6KHbI was achieved in two steps. First, activation of the 

immobilized carboxylates was achieved by depositing a drop (50 µL) of solution containing 25 

mM EDC, 25 mM NHS and 0.1 M MES buffer (pH 5.5) onto a pre-functionalized working 

electrode area. The drop was left in contact for 1.5 hours at room temperature. The electrodes 

were then rinsed with purified water, and a second drop (50 µL) containing 50 µM of rN6KHbI 

in a 0.1 M HEPES buffer (pH 7.5) was deposited and held on the electrode for 1 hour at room 

temperature. In all cases, special care was taken to avoid drop evaporation by keeping the 

electrode in a humid environment within a covered Petri dish. Negative controls were 

systematically prepared using the same procedure but in the absence of EDC. The resulting 

modified electrodes were then rinsed abundantly with purified water and immersed in electrolyte 

solution (0.1 M HEPES + 0.3 M KCl, pH 7.5) prior to characterization. For the long-term 

desorption kinetics studies, the modified electrodes were maintained at 4°C in the electrolyte 

solution. 

rN6KHbI expression and purification. The expression and purification of (Lys)6-tagged 

recombinant rN6KHbI are described in the ESI. The affinity of rN6KHbI for H2S was 

determined previously,[23] and found to be similar to that of the tag-free protein rHbI (k'on= 8.7 

(± 0.1)10
4
 M

-1
·s

-1
, koff = 6.7 (± 2.2)10

-3
 s

-1
 and K

'
d= 340 nM for rN6KHbI , k'on= 7.5 (± 

0.7)10
4
 M

-1
·s

-1
, koff = 7.5 (± 2.5)10

-3
 s

-1
 and K

'
d= 378 nM for rHbI). 

UV-visible absorption spectroscopy. UV-visible absorption spectra were recorded in a quartz 

cell (1 cm-path length) using a TORUS UV-visible spectrophotometer (Ocean Optics), and a 
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balanced deuterium tungsten light source (Micropack). After subtraction of the blank GLAD-

ITO contribution, surface coverages ( in molcm
-2

) of immobilized TAPP and rN6KHbI were 

calculated from the spectra according to equation 1: 

  
         

                
 (1) 

This equation takes into account the difference between the maximal Soret band absorbance (at 

432 nm and 407 nm for TAPP and rN6KHbI, respectively) and the absorbance at = 510 nm 

(for TAPP) or 460 nm (for rN6KHbI).  The extinction coefficients determined for the soluble 

species were:  for TAPP in DMF,  Soret = 178 000 M
-1
cm

-1 
and 510 = 12 000 M

-1
cm

-1
, and for 

rN6KHbI in HEPES at pH 7.5, Soret = 178 000 M
-1
cm

-1 
and 460 = 5 000 M

-1
cm

-1
.  

Titration of H2S into rN6KHbI. Quartz cuvettes were pre-filled with 2 mL of 0.1 M HEPES at 

pH 7.5, and a 2 µm-thick GLAD-ITO/rN6KHbI electrode was positioned within the cuvette and 

perpendicular to optical path. Na2S solutions were freshly prepared in HEPES buffer (0.1 M, pH 

7.5) immediately before use. 2 µL aliquots of 1 mM or 10 mM Na2S were successively added to 

the cuvette, and optical measurements were performed 30 s after each H2S addition. The limit of 

detection was defined as the lowest concentration allowing to decipher the signal from 2-times 

the standard deviation of the electrode absorbance in absence of detectable amounts of H2S (i.e. 

for [S]tot < 0.3 M). 

 

3. Results and Discussion  

Electrode pre-functionalization. Flat 2D-ITO and 1 m-thick GLAD-ITO electrodes were 

electrochemically functionalized with 4-diazoniumbenzoic acid salt generated in-situ through 

cyclic voltammetry (CV) scans performed at 0.1 Vs
-1

. During the first CV scan, an intense and 

irreversible cathodic peak was observed at -0.47 V vs SCE on both electrodes (Figure S1), which 
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is characteristic of the one-electron reduction of the aryl-diazonium salt leading to the formation 

of the aryl radical. The amount of aryl radical generated at the surface of the electrodes can be 

roughly estimated by integrating the irreversible faradaic peak. After the first CV cycle, a charge 

equivalent to the reduction of 4 nmolcm
-2

 of the diazonium salt is obtained at the 2D-ITO 

electrode, whereas charge equivalent to 66 nmolcm
-2

 was observed at the GLAD-ITO 

electrode. The much higher value obtained at the GLAD-ITO electrode is mainly attributed to 

convection-assisted mass transport in solution, allowing for a larger amount of aryl-diazonium to 

reach the electrode. Despite this, the charge passed was only 16-fold larger than at the 2D-ITO 

electrode whereas the surface area enhancement of the GLAD electrode is estimated to be 

~65.[26] It is thus expected that after 1 CV cycle, the electrografted film density is much lower 

on a GLAD-ITO electrode than on a 2D-ITO electrode. This assertion is corroborated by the 

second CV cycle which shows a strongly decreased irreversible peak at the 2D-ITO electrode 

(the charge passed corresponds to only 15% of that calculated during the first cycle), while it is 

only slightly decreased at the GLAD-ITO electrode (the charge passed during the second cycle 

remains high and is equivalent to the formation of 48 nmolcm
-2

 aryl radicals).  

After 10 consecutive CV cycles performed at the GLAD-ITO electrode, the cumulated charge 

is equivalent to the reduction of ~ 280 nmolcm
-2 

diazonium salt, which is 70 times more than the 

charge passed during the first CV cycle at the 2D-ITO electrode. According to the 65-fold 

surface enhancement of 1 m-thick GLAD-ITO electrodes, and assuming similar yields for the 

grafting reaction, this would lead to an electrografted film of similar density to that obtained after 

one CV cycle at a 2D-ITO electrode. Once the electrografting process is complete, the 2D-ITO 

and GLAD-ITO electrode surfaces (denoted “PA/2D-ITO” and “PA/GLAD-ITO”, respectively) 

are covered with a strongly-anchored phenylacetic acid (PA) layer  that can then be used for 
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further functionalization with Fc-NH2, TAPP or rN6KHbI through  amide bond coupling (see 

experimental section for details).  

Electrochemical characterization of amidoferrocene-modified electrodes. Fc-NHCO-/2D-

ITO and Fc-NHCO-/GLAD-ITO electrodes and their corresponding negative control electrodes 

were soaked for 2-3 hours in buffered electrolyte solution prior to characterization to allow 

desorption of the poorly physisorbed fraction of amidoferrocene. For the negative control 

electrodes (prepared in the absence of EDC), no faradaic current component could be detected by 

CV, which demonstrates the absence of ferrocene on the PA-modified surface. On contrario, for 

2D-ITO and GLAD-ITO modified electrodes prepared in the presence of EDC, CVs (Figure 1) 

exhibit well-defined, symmetrical peaks centered at 278 and 213 mV vs. Ag/AgCl, respectively. 

The faradaic current intensity also varies linearly with the scan rate in the range 10 - 100 mVs
-1

. 

The peaks can be attributed to the reversible one-electron oxidation of the covalently 

immobilized amidoferrocene moiety. 

Surface coverage of the immobilized amidoferrocene was estimated from integration of the 

faradaic peaks assuming a one-electron redox process. From the data presented in Figure 1, the 

Fc-NHCO- surface coverage  (i.e. normalized to the geometric electrode area) at the 1 m-thick 

GLAD-ITO electrode is 5800 pmolcm
-2

, which is 50 times higher than that obtained at the 

planar ITO electrode (2D= 114 pmolcm
-2

). This corresponds to ~20% and 25% surface 

saturation for the 2D-ITO and GLAD-ITO electrodes, respectively, assuming a saturated surface 

coverage of 450 pmolcm
-2

 for a close-packed monolayer of Fc (modelling Fc as 7 Å diameter 

rigid spheres).[27]. 

The large anodic shift of the formal potential of Fc
+
/Fc recorded at the modified electrodes as 

compared to that of Fc-NH2 in solution (E
0
 = - 65 mV vs. Ag/AgCl, see Figure 1) is fully 
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consistent with the formation of a covalent amide bond between the carboxylate layer and the 

aminoferrocene. Also, as usually reported for other Fc-NHCO- or Fc-CONH-modified electrodes 

(see Table S1), the peak separation and FWHM values deviate significantly from the values 

expected for an ideal Nernstian reversible one-electron transfer with independent immobilized 

redox probes (i.e. 0 and 90 mV, respectively).[28] This is generally assumed to arise from 

interactions between neighboring immobilized ferrocene molecules, which results in a 

broadening of the faradaic waves for surface coverages greater than 20%.[27,29,30] Some 

heterogeneity in the local microenvironment of the immobilized redox probe could also be 

responsible for dispersion of both the formal potential,[31,32] and the interfacial electron rate 

constant.[33] Upon increasing the scan rate, the peak potential separation starts increasing for v > 

0.2 V s
-1

 (Figure 1C), indicating a progressive shift toward kinetic control by interfacial electron 

transfer.[28] The data were fitted to the theoretical peak potential calculated with the classical 

Butler-Volmer equations for a surface-confined redox reaction. Assuming a charge transfer 

coefficient  of 0.5, the heterogeneous electron transfer rate constant was estimated to be 40 s
-1

 

for both electrode types. The fact that similar rate constants were obtained for planar and 

mesoporous Fc-NHCO- functionalized electrodes further suggests that they have intermediate 

carboxylate multilayers characterized by similar chemical compositions and densities. 

Characterization of the TAPP- and rN6KHbI-modified electrodes by UV-visible 

absorption spectroscopy. PA/GLAD-ITO modified with TAPP or rN6KHbI (see experimental 

section for details) were characterized by UV-visible absorption spectroscopy, taking advantage 

of the strong absorbance of the heme moiety. The spectra obtained after subtraction of the 

unmodified GLAD-ITO blank are given in Figure 2 and compared to the spectra recorded for 

TAPP or rN6KHbI in homogeneous solution. In the case of immobilized TAPP, a sharp Soret 
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band is observed at 432 nm. This Soret band is sharper and blue-shifted as compared to the 

corresponding band for TAPP solubilized in a neutral aqueous buffer solution, but close to that 

obtained for TAPP solubilized in DMF. We assume that the spectroscopic features obtained for 

the soluble porphyrin are indicative of aggregation due to the moderate solubility of TAPP in 

aqueous solution, wherein the red-shift of the Soret band possibly indicates some J-

aggregation.[34] In contrast, the sharp Soret band observed for the modified electrode is 

evidence for independent TAPP units.  

In the case of rN6KHbI, the spectroscopic features of the soluble and immobilized protein are 

identical, showing a sharp Soret band centered at 407 nm, typical of the high-spin met-aquo 

form. This indicates that no significant denaturation of the protein occurs during the 

immobilization process, which is further confirmed below based on reactivity with H2S. 

Attempts to draw further insights into the heme conformation of the immobilized protein by 

resonance Raman spectroscopy were, however, unsuccessful. This is attributed to a strong 

fluorescence background arising from the electografted layer that prevents reliable detection of 

the immobilized protein (see Figure S2). This complication is specific to the two-step 

immobilization strategy used in the present work, because the strong fluorescence background 

was not observed for modified GLAD-ITO electrodes prepared by simple physisorption of 

hemoproteins directly at the metal oxide surface.[32] 

For each of the modified electrodes, the surface coverage of immobilized molecules was 

inferred from the absorbance of the Soret band (see experimental section and equation 1). From 

the data of Figure 2, surface coverages of 610 pmolcm
-2

 were found for both TAPP and 

rN6KHbI. In the case of rN6KHbI, reproducibility of the surface functionalization procedure was 
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attested by the low standard deviation determined from 5 different 1 m-thick rN6KHbI GLAD-

ITO electrodes, leading to an average 0 value of 611 ± 50 pmolcm
-2

. 

It is worth noting that attempts were made to characterize the rN6KHbI/GLAD-ITO electrodes 

by UV-visible absorption spectroelectrochemistry, but in contrast to our previous results with 

cytochrome c or neuroglobin-modified GLAD-ITO electrodes,[6] it was not possible to 

electrochemically reduce the immobilized protein by applying a cathodic potential. This result 

was attributed to the lack of direct electronic communication between the heme and the 

underlying conductive surface.  

Stability of the modified electrodes under hydrolytic conditions. In order to analyze the 

stability of the modified GLAD-ITO electrodes, the surface coverage of immobilized molecules 

was measured while the modified electrode was soaked in pure electrolyte solution. For such 

analysis, the initial surface coverage was estimated directly after the post-modification rinsing 

step. The experimental data obtained are given in Figure 3 (A, B). For each of the three 

electrodes, a bi-phasic time-course surface coverage decrease was observed, indicative of two 

separate fractions of adsorbed molecules characterized by different stability. The experimental 

data were thus fitted to the following bi-exponential decay function (2): 

     
        

     (2) 

where  and  correspond to the less stable and more stable fractions of immobilized 

molecules, respectively. The resulting fitting parameters are given in Table 1.In the case of 

rN6KHbI, the surface coverage of the negative control follows a simple monoexponential decay 

function (see Figure 3) from which the kinetic parameter reported in Table 1 has been recovered. 

For all modified electrodes, a highly stable fraction  of immobilized molecules is observed 

despite the high ionic strength (I = 0.45 M) and hydrolytic conditions used in the experiment. A 
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significant quantity of immobilized molecules is still detected even after a few days immersion in 

the electrolyte solution at 4°C. This amount corresponds to a surface coverage of 4350 pmolcm
-2

 

of Fc-NHCO after 6 days (i.e. 75% of , 605 pmolcm
-2

 of TAPP after 12 days (i.e. 92% of 

and 477 pmolcm
-2

 of rN6KHbI after 20 days (i.e. 45% of . Moreover, in the absence of 

EDC, neither Fc-NH2 nor TAPP are detected in the corresponding negative control experiments, 

which is not the case for rN6KHbI where a significant amount is observed. The latter result is 

evidence for the formation of a physisorbed rN6KHbI fraction that completely desorbs within 24 

hours (see Figure 3B). These observations demonstrate that the more-stable  fraction results 

from the formation of a stable covalent bond between the coupled molecule and the 

electrografted carboxylate layer once activated by EDC. They also confirm that the diazonium-

electrografting strategy is a viable approach to functionalizing ITO surfaces with stable and 

highly robust molecular layers.[11–13] 

It should be noted, however, that the  value is strongly dependent on the nature of the 

immobilized molecule. In the case of Fc-NHCO,  is equivalent to ~13 saturated monolayers of 

Fc-NH2 on a planar electrode, which, once compared to the ~65 surface enhancement of the 1 

m-thick nanostructured GLAD-ITO film, leads to the conclusion that only 20% of a saturated 

monolayer is covering the three-dimensional surface. In the case of TAPP, the stable fraction is 

equivalent to 2 saturated monolayers (calculated assuming the porphyrin ring is perpendicular to 

the grafting surface), a value which remains low in comparison to the surface enhancement of the 

GLAD-ITO film. And finally, in the case of rN6KHbI, is equivalent to ~ 30 saturated 

monolayers, assuming a saturating surface coverage of 2D = 20 pmolcm
-2

 for rN6KHbI (by 

analogy to cytochrome c that is of similar size).[6] The highly stable protein fraction 

immobilized at the 1 m-thick rN6KHbI/GLAD-ITO electrode thus corresponds to ca. 45% of a 
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saturated protein monolayer, which is a high value. Accordingly, the efficiency of the EDC 

coupling reaction is higher for rN6KHbI than for Fc-NH2 and TAPP. This result can be attributed 

to the affinity of the positively charged rN6KHbI (pI estimated to be 9.7) for the negatively 

charged PA/GLAD-ITO electrode, which leads to pre-concentration of the protein within the 

mesoporous structure of ITO and favorable chemical coupling inside the porous electrode. This 

electrostatic contribution is in agreement with the physisorbed rN6KHbI detected at the negative 

control electrode, as discussed above. Moreover, the slow desorption of rN6KHbI (t1/2 ~ 4 h) in a 

high ionic strength electrolyte (I = 0.45 M) attests to strong electrostatic interactions between 

rN6KHbI and the electrografted carboxylate layer.  

In the case of Fc-NH2, it is surprising that a significant fraction of immobilized ferrocene 

desorbs rapidly, yet is still characterized by a formal oxidation potential value representative of a 

Fc-NHCO species coupled to a benzoyl group. This result can be interpreted by assuming that 

during the electrografting pre-functionalization step, a significant amount of carboxylic acid-

bearing organic compounds remains physically entrapped within the electrografted layer, even 

after thorough rinsing. During covalent coupling, these entrapped molecules could react with the 

small Fc-NH2 molecule. It is only upon soaking the electrode in a high ionic strength buffer and 

applying an oxidizing potential that these physisorbed amidoferrocene compounds would 

progressively desorb. 

Influence of the GLAD ITO film thickness. The complete functionalization process 

described above on 1 m-thick GLAD-ITO electrodes was also used to modify GLAD-ITO 

electrodes characterized by various film thicknesses in the range 0.3 to 2 m (see Figure S3 for 

SEM images). Concerning the main growth scaling parameters of such GLAD mesoporous films, 

it was previously shown by both BET and electrochemistry, that the surface enhancement of the 
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GLAD films varies linearly with the film thickness.[4,26] On contrario, the mean-rod diameter, 

void spacing and center-to-center spacing follow a power law with an exponential factor between 

0.3 and 0.5. From analysis of top-view SEM images of GLAD-ITO films, the center-to-center 

spacing was thus found to vary from ca 40 nm at 250 nm to ca 90 nm at 2 m. These values are 

much larger than the molecular probes used in the present study (modelled as spheres with 

diameters of ca. 7 Å for Fc-NH2 and 5 nm for rN6KHbI), so that accessibility of the entire film 

surface should not be limited by steric considerations. 

The resulting Fc-NHCO/GLAD-ITO and rN6KHbI/GLAD-ITO electrodes were characterized 

by electrochemistry and UV-visible absorption spectroscopy, respectively. The surface coverage 

of the strongly anchored molecules () was determined after 2-3 h of desorption in the 

electrolyte solution (to remove the poorly physisorbed fraction, ), and plotted as a function of 

film thickness (Figure 3 C,D). For both electrodes, a near-linear relationship was observed. We 

moreover investigated the stability of a 2 m GLAD-ITO/rN6KHbI electrode as a function of the 

soaking time in electrolyte solution. The experimental data are plotted in Figure 3B and fitted to 

a bi-exponential decay (see Table 1), giving results similar to those obtained at the 1 m-thick 

rN6KHbI/GLAD-ITO electrode. 

Collectively, these results demonstrate that the present 2-step functionalization process allows 

for a rather homogeneous distribution of the grafted molecules throughout the entire mesoporous 

film thickness, taking full benefit of the surface area enhancement of the GLAD-ITO film. 

Application to H2S biosensing. 2 m-thick rN6KHbI/GLAD-ITO electrodes were next tested 

as an optical biosensing platform to detect H2S in a buffer solution. First, the biosensor was 

successively soaked in 2 mL of 0.1 M HEPES buffer solutions at pH 7.5 containing 0 or 100 M 

Na2S. The recorded spectra (Figure S4) and difference spectra (Figure 4A) are similar to those 
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obtained for the soluble protein in a homogenous solution. For both the biosensor and soluble 

protein, the maximum of the Soret band shifts from 407 to 426 nm when transferred to H2S 

solution, while the Soret intensity decreases strongly. This behavior is characteristic of the 

expected transition from the high-spin His-Fe
III

-aquo coordination mode to the low-spin His-

Fe
III

-SH2 coordination mode. The initial surface coverage of the His-Fe
III

-aquo protein is 

estimated to be 855 pmolcm
-2

, while after addition of a saturating concentration of H2S the 

amount of His-Fe
III

-SH2 formed is estimated to be 865 pmolcm
-2

 (i.e., assuming an extinction 

coefficient difference at 426 nm of 426 = 426 (His-Fe
III

-aquo) – 426 (His-Fe
III

-SH2) = 120200 

M
-1

.cm
-1

). This result indicates that the heme pockets of all immobilized rN6KHb proteins 

remain accessible to H2S and reactive. This is also consistent with the sharp and symmetric Soret 

band obtained under saturated H2S concentrations (see Figure S4). The process is also reversible, 

since soaking the electrode in an H2S-free buffered solution allows recovery of the initial 

spectrum of the His-aquo state (Figure 4C). Reproducible absorbance changes were recorded 

after successive dipping of the modified electrode in different buffered solutions containing 

either 0 M or 100 M Na2S (Figure 4C), demonstrating that the same biosensing electrode can 

be repeatedly used to monitor increasing as well as decreasing concentrations of H2S. 

Furthermore, the spectra that were recorded immediately after soaking the electrode in H2S 

solution were observed to reach a steady state absorbance nearly instantaneously, a behaviour 

which attests of the fast response time of the biosensor (less than a few seconds). This is fully 

consistent with the fast ligandation/deligandation rates of H2S at HbI that were recently re-

evaluated.[23] 

In order to determine the binding affinity of H2S to the biosensor, spectra were recorded at a 2 

m-thick rN6KHbI/GLAD-ITO electrode immersed in 2 mL of a 0.1 M HEPES buffer solution 
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(pH 7.5) containing increasing concentrations of H2S up to a saturated value of 100 M (see 

Figure 4A). It should be mentioned here that the pKa value of the H2S/HS
-
couple is 6.8,[35] so at 

pH 7.5, the deprotonated HS
-
 form predominates, whereas the recombinant protein rN6KHbI 

selectively binds the protonated form H2S.[22] The absorbance changes were thus plotted as a 

function of the total sulfur concentration [S]tot = [H2S] + [HS
-
] (see Figure 4B). In order to 

estimate the apparent affinity constant Kd’ of H2S for the biosensor, the experimental data were 

fitted to equation 3, 

                          
      

   

 
         

   

 
 
 
  

   

 
 

 
 

 

  (3) 

where x is the total concentration of sulfur in solution, A0 the initial absorbance difference,  

the difference in the extinction coefficients of the His-Fe
III

-aquo and the His-Fe
III

-SH2 forms (i.e. 

 = ( His-Fe
III

-aquo) -( His-Fe
III

- SH2)) Kd’ the apparent dissociation constant, 0 the 

initial surface coverage of rN6KHbI (calculated from A0 according to equation 1), S the 

geometric surface area of the GLAD-ITO film (i.e. 0.45 cm
-2

) and V the volume of solution (i.e. 

2 cm
3
). The experiment was repeated in quadruplicate and an apparent Kd’ value of 9.1 ± 4.7 M 

was inferred from the non-linear regression fit of equation 3 to the experimental data. This is 

much higher than the Kd’ of 340 nM obtained for rN6KHbI solubilized in a 0.1 M HEPES buffer 

of pH 7 (a homogeneous binding affinity that corroborates the recent report for the recombinant 

untagged HbI).[23] The lower affinity we observed for the immobilized protein cannot result 

from an intrinsically lower affinity due to surface-confinement effects or protein denaturation 

because the UV-visible features (wavelengths and intensities) of His-Fe
III

-aquo and His-Fe
III

-SH2 

of both the immobilized and soluble protein are fully consistent. Rather, we propose that the 
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functionalized mesoporous ITO film is characterized by a high local ionic strength and an excess 

of negative charge (due to the large excess of grafted carboxylate groups as compared to the 

surface coverage of protein) resulting in an unfavourable partition coefficient for both the 

hydrophobic H2S and negatively charged HS
-
. Assuming that the intrinsic affinity of 

immobilized rN6KHbI remains unaffected, this would mean that the unfavourable partition 

coefficient is ~1/30 = 0.033. This strong influence of the local environment on the partition 

coefficient of small ligands is similar to that previously observed for O2 at GLAD-ITO electrodes 

functionalized with microperoxidase-11, where a favourable partition coefficient of 70 was 

proposed.[26] Despite such an adverse effect, the limit of detection for H2S is still in the low M 

range. From the H2S titration plots shown in Figure 5, it is possible to estimate the analytical 

performance of the biosensor. The two plots were obtained from two independent HbI-modified 

electrodes each functionalized with a distinct protein surface concentration (i.e.. 1040 and 390 

pmolcm
-2

), showing that even though the 2 curves were off-set because of the different amount 

of HbI, both function within the same dynamic range from 2 to 50 M [S]tot, and have similar 

limits of detection around 2 ± 0.5 M [S]tot. This detection limit is in reality equivalent to 0.35 ± 

0.1 M H2S when considering the acid/base equilibrium of [S]tot at pH 7.5.  

In order to approach measurements in complex biological fluids, we also challenged the 

selectivity of our biosensor by investigating the effect of other biologically relevant sulfur 

compounds in HEPES buffer. In the presence of 1 mM of either cysteine or glutathione, the UV-

visible absorption spectrum of the modified rN6KHbI/GLAD-ITO electrode displays a Soret 

band at 407 nm typical of His-Fe
III

-aquo coordination, indicating that these two sulfur 

compounds do not interact with the heme. Interestingly, H2S titration experiments performed in 
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the presence of cysteine or glutathione indicate that they do not affect the affinity of the 

biosensor for its target analyte (data not shown).  

Finally, we demonstrated that the biosensor is able to detect hydrogen sulfide in human 

plasma, a complex medium containing around 0.1 M of chloride along with a wide range of 

proteins (e.g. 500 µM of serum albumin) and other small molecules. Titration experiments 

carried out in two plasma samples from two different healthy donors afforded K'd values of 4.8 

and 6.2 µM. These values are close to that reported above in a pure HEPES buffer, again 

highlighting the absence of biological matrix effects on the analytical response of the optical 

biosensor. 

Overall, the rN6KHbI-modified GLAD-ITO film is the first example of an H2S biosensor whose 

inherent characteristics are compatible with use in biological samples. As compared to 

electrochemical biosensors based on the ability of H2S to inhibit various peroxidases,[21] it has 

two main advantages. The first is that, in contrast to the peroxidase method, the optical sensor 

does not require the addition of any extra reagents to the sample, which could interfere with the 

analysis. The second is that the optical biosensing approach can be used as an absolute 

quantitative analytical method to determine H2S concentration, without the need for calibration. 

This is made possible by the fact that before each measurement, we can accurately determine by 

UV-visible absorption spectroscopy the amount of bioreceptor present on the biosensing surface 

(i.e., 0).   Knowing the affinity binding constant Kd’ and using equation 3, this allows an 

immediate quantification of H2S concentration (such as performed in Figure 5). Although the 

limit of detection of the present biosensor is clearly not competitive with MS/MS-liquid 

chromatography[36] or some fluorescent probes (LOD ~ 10 nM),[37] it does however allow for 

fast and reversible detection that none of these alternate techniques are capable of.    
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4. Conclusion  

In this study, we demonstrate that the combination of a preliminary electrochemical grafting 

step followed by a chemical coupling reaction is a versatile 2-step functionalization method 

allowing for reproducible immobilization of large amounts of functional (bio)molecules 

homogeneously distributed within transparent high surface area mesoporous metal oxide 

electrodes. The modified electrodes resist high ionic strength hydrolytic conditions and can be 

quantitatively characterized using a variety of analytical techniques such as electrochemistry or 

UV-visible absorption spectroscopy. In a proof of concept, we establish that these modified 

electrodes can be used as biosensors for analytical purposes in both model environments as well 

as more complex biological samples. This study paves the way for the development of 

innovative opto-electrochemical biosensors in which the use of coupled detection methods would 

offer a significant gain in selectivity and/or sensitivity. 
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SCHEME AND FIGURE CAPTIONS 

 

 

 

 

 

Scheme 1. SEM image of the 1m-thick GLAD-ITO film, and an illustration of the multistep 

chemical surface functionalization methodology used in the present work. 
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Figure 1. Left: (A) Cyclic voltammograms recorded at (dark green) Fc-NHCO/2D-ITO, (black) 

1 m-thick Fc-NHCO/GLAD-ITO, and (light green) PA/2D-ITO electrodes. The black dashed 

CV corresponds to Fc-NH2 in solution (100 M) recorded at a 2D-ITO working electrode. In all 

cases, the electrolyte is 0.1M HEPES, 0.3M KCl, pH = 7.5, and the scan rate = 10 mV s
-1

. Right: 

Scan rate dependence of the cathodic and anodic peak (B) current densities and (C) potentials for 

(green) Fc-NHCO/2D-ITO and (black) Fc-NHCO/GLAD-ITO electrodes. E is given vs. 

Ag/AgCl. 
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Figure 2. UV-visible absorption spectra of a 1 m-thick (left, blue) TAPP/GLAD-ITO and 

(right, red) rN6KHbI/GLAD-ITO electrode after subtraction of the GLAD-ITO contribution.  In 

each plot, spectra for the TAPP and rN6KHbI reagents in solution are also provided for 

comparison:  (left, solid black line) 1 M TAPP solubilized in a HEPES aqueous buffer at pH 7, 

(right, solid black) 1 M rN6KHbI in pH 7 HEPES, and (left, black dashed line) 0.5 M TAPP 

solubilized in DMF. 
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Figure 3. Surface coverage determined at 1 m-thick functionalized GLAD-ITO electrodes as a 

function of soaking time in the electrolyte solution for: (A) () Fc-NHCO- and () TAPP, (B) 

() rN6KHbI. In (B), the coverage data are compared to that obtained at () a 2 m-thick 

rN6KHbI/GLAD-ITO electrode and () a 1.45 m-thick GLAD-ITO negative control electrode. 

All experimental data are fitted to a bi-exponential decay function, except the negative control 

which is fitted to a mono-exponential decay. (C, D) Surface coverage of () Fc-NHCO- and () 

rN6KHbI obtained at functionalized GLAD-ITO electrodes with various film thicknesses l after 

2-3 hours of soaking in the electrolyte solution. All measurements are performed at 25°C in the 

electrolyte solution (0.1 M HEPES, 0.3 M KCl, pH 7.5). For long term storage (>few hours), 

functionalized electrodes are kept at 4°C between each spectroscopic characterization. 
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Figure 4. (A) Difference spectra in the absence and presence of increasing concentrations of 

Na2S up to 100 M obtained for (red) a 2 m-thick rN6KHbI/GLAD-ITO electrode ( = 855 

pmolcm
-2

, S = 0.45 cm
2
) and (dashed black) rN6KHbI in solution (ca 1.1 M); (B) Variation of 

the 2 m-thick rN6KHbI/GLAD-ITO electrode absorbance () A407-A460 and () A426-A460 as a 

function of Na2S concentration in solution. The solid and dashed curves correspond to non-linear 

regression fits of equation 3 to the experimental data. (C) Absorbance variation (A407-A460) 

monitored at a 2 m-thick rN6KHbI/GLAD-ITO electrode soaked successively in buffer 

solutions containing either (patterned columns) 0 or (grey columns) 100 M Na2S. All 

measurements were performed at 25°C in a 0.1 M HEPES buffer solution at pH 7.5. 
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Figure 5. H2S titration curves obtained from the variation of the absorbance difference A at two 

independent rN6KHbI/Glad-ITO electrodes characterized by the highest and lowest amount of 

immobilized protein, i.e. (red) 0 = 1 040 and (black) 390 pmolcm
-2

. The black and red lines 

correspond to equation 3 plotted for each electrode by taking into account their specific 0 value 

and common average values of Kd’ =9.1 M and (407-460) =10
5
 M

-1
cm

-1
. The red and black 

dashed area correspond to the average absorbance value of the electrode ± 2-times the 

corresponding standard deviation determined in absence of detectable amounts of H2S. All 

measurements were performed at 25°C in a 0.1 M HEPES buffer solution at pH 7.5. 
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Table 1. Surface coverages (pmolcm
-2

) and desorption rates (in h
-1

) of the physisorbed () and 

chemisorbed () fractions identified at mesoporous GLAD-ITO electrodes (film length l) either 

functionalized in the presence (+) or absence (-) of the coupling reagent EDC.

 l (m) EDC  k  k

Fc-NHCO- 1 + 4 900 2.7 5 800 21 10
-3

 

TAPP 1 + 50 0.2 660 0.3 10
-3

 

rN6KHbI 1 + 30 3.8 595 15 10
-3

 

rN6KHbI 2 + 40 0.8 1 075 2.5 10
-3

 

rN6KHbI 1.45 - 1 050 0.17 - - 

 

 


