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ABSTRACT  1 

A simple and robust chemosensing approach using a boron-doped diamond (BDD) electrode 2 

has been developed and applied to analyze tryptophan (TRP) and indole during the growth of 3 

Escherichia coli in a complex growth medium. The bacterial enzyme tryptophanase catalyzes 4 

TRP to indole, an emerging signaling molecule. The process can now be monitored using 5 

electrochemistry, in a method far beyond the traditional identification protocols. 6 

Electroanalysis in a non-aqueous medium comprising acetonitrile (ACN) and 7 

tetrabutylammonium hexafluorophosphate (TBAH) is capable of separating the oxidation 8 

peak of TRP from that of indole. Mechanisms are postulated for the electrochemical 9 

oxidation of indole and TRP in ACN chosen because of its wider potential range, proton 10 

acceptor property, and solubilization of analytes. The electrochemical oxidation of TRP 11 

involves the elimination of two electrons. With a detection limit of 0.5 µM for both indole 12 

and TRP, this chemosensing approach is sufficient to monitor the level of these two 13 

biomolecules during the bacterial growth period. 14 

 15 

Keywords:  16 

Indole; tryptophan; boron-doped diamond electrode; electrochemical detection; Escherichia 17 

coli 18 

 19 

1. Introduction 20 

    The indole moiety is a ubiquitous heterocyclic compound found in several natural products 21 

and synthetic compounds [1], including the non-steroidal anti-inflammatory indomethacin, 22 

and the anti-HIV drug delavirdine. Over 85 different gram-positive and gram-negative 23 

bacteria synthesize a significant amount of indole. As an example, tryptophanase, a 24 

cytoplasmic enzyme of Escherichia coli hydrolyzes tryptophan (TRP) to indole, pyruvate, 25 

and ammonia [2]. This biomolecule has been implicated in biofilm formation, virulence, and 26 

antibiotic resistance [3-7]. The essential amino acid TRP is an important precursor of 27 

hormones, melatonin, vitamins, niacin, neurotransmitters, and serotonin [8, 9]. Low plasma 28 

concentrations of TRP can be linked to insomnia, anxiety, and depression. Indole acts as an 29 

extracellular signaling molecule [7], present in the human gastrointestinal tract, which 30 

triggers responses in bacteria [10]. The E. coli indole signal increases epithelial-cell tight-31 

junction resistance and attenuates indicators of inflammation. 32 

    High-performance liquid chromatography (HPLC) and gas chromatography (GC) are 33 

commonly used for accurate measurement of indole and TRP in beverage and biological 34 

samples [11-13]. In addition to the complexity of special equipment, chromatographic 35 

analysis of TRP in protein hydrolysates is more challenging as it is destroyed by acid 36 

hydrolysis, even under optimal conditions used with other amino acids. These expensive and 37 

labor-intensive methods are lab-based and not well suited to routine or spot analysis. 38 

    Levels of indole and its analogs in biological samples can be estimated using the simple 39 

and rapid Kovac’s assay [4]. The commercially available Kovac’s or Ehrlich’s reagent 40 

consists of isoamyl alcohol, para-dimethylaminobenzaldehyde (DMAB), and concentrated 41 

hydrochloric acid. The indole reacts with DMAB to yield a red complex, which is used to 42 

differentiate E. coli from other indole-negative bacteria, e.g., Pseudomonas aeruginosa [13]. 43 

However, the reaction color changes from pink to yellowish orange at high indole 44 

concentrations, reducing the absorption maxima at 530 nm and thus the quantitation 45 
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accuracy. Evidently, a fast and accurate general method for simultaneous analysis of TRP and 1 

indole in complex biological matrices is of importance for diversified applications, whereas 2 

both HPLC and GC still play an important role as routine standard methods. Although 3 

considerable efforts have been expended to develop electrochemical sensing for TRP, its 4 

voltammetric response is not satisfactory due to the slow heterogeneous electron transfer. 5 

Also, modified electrodes for TRP are still limited and suffer from poor reproducibility.  6 

    The boron-doped diamond (BDD) electrode is of particular importance for the analysis of 7 

target analytes with limited aqueous solubility and oxidation potentials over + 1V [14-19] and 8 

thus demonstrates potential as a basis for a novel sensing methodology for indole, TRP, and 9 

their analogs. The single electrochemical detection of indole or TRP using the BDD electrode 10 

was previously reported [20-22]. In this paper, we describe a chemosensing protocol for 11 

quantitating TRP and indole in the most commonly used growth medium for E. coli, using a 12 

bare BDD electrode. The detection is performed in a non-aqueous milieu, containing an 13 

organic conducting salt, to alleviate electrode fouling due to the non-specific adsorption of 14 

diversified biomolecules of the growth medium. This non-aqueous sensing protocol also 15 

circumvents the subsequent oxidation and electrode surface fouling, arising due to oxidized 16 

products stemming from TRP and indole. The simultaneous detection of TRP and indole is 17 

successfully achieved in a non-aqueous media consisting of 0.2 M tetrabutylammonium 18 

hexafluorophosphate in acetonitrile (TBAH/ACN). It is noteworthy that the simultaneous 19 

detection of both target analytes proved unsuccessful in aqueous media. The proposed 20 

method is assessed for its analytical performance and reproducibility, and a limit of detection 21 

(LOD) is established. Application of the method was then demonstrated using a growth 22 

medium of E. coli, as a relevant model study. Here, metabolization of TRP to indole was 23 

monitored and quantified during bacterial growth. 24 

 25 

2. Experimental  26 

 27 

2.1 Chemicals  28 

    Sodium phosphate monobasic, sodium phosphate dibasic, phosphoric acid, indole, 29 

tryptophan (TRP), sodium hydroxide, potassium chloride, potassium hexacyanoferrate, 30 

acetonitrile (ACN), methanol (CH3OH). Kovac’s reagent for indoles, tetrabutylammonium 31 

hexafluorophosphate (TBAH), and ethanol were purchased from Sigma-Aldrich (Dublin, 32 

Ireland). 50 mM phosphate buffer solutions were prepared at pH 2 and pH 7 with ACN (80: 33 

20, v/v) were used as aqueous buffers. ACN was used to support the solubility of the target 34 

analytes. The stock solution of indole (2 mM) were prepared in ACN daily before use, while 35 

the stock solution of TRP was prepared in CH3OH: H2O (70: 30, v/v) at 2 mM. Deionized 36 

water (Millipore, Ireland) was utilized throughout the experiments, and all chemicals were of 37 

the analytical grade.  38 

 39 

2.2 Apparatus and measurements 40 

  All measurements were performed at room temperature using a CHI1040A electrochemical 41 

workstation (CH Instrument, Austin, TX). The electrochemical cell consists of the BDD 42 

working electrode (Windsor Scientific, Slough Berkshire, UK), a Pt wire counter electrode 43 

(Sigma-Aldrich, Dublin, Ireland), and a silver/silver chloride (Ag/AgCl /3M KCl) reference 44 

electrode (BAS Analytical Instruments, West Layette, IN). The BDD electrode was polished 45 

using 0.3 and 0.05 µm alumina slurry with wet Nylon and MasterTex papers, respectively, 46 
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followed by sonication in ethanol for 5 min and deionized water for 10 min. It is important to 1 

mention that the polishing effect on the BDD electrode is less effective compared to other 2 

materials such as gold, platinum, copper, etc. Nevertheless, we have noticed that the 3 

polishing can clean the BDD electrode and this practice has repeatedly been used in our labs 4 

as exemplified by our previous publications [14-17, 19]. For electroanalysis in ACN, TBAH, 5 

a quaternary ammonium salt, serves mainly used as an electrolyte. The salt consists positively 6 

charged tetrabutylammonium and weakly basic hexafluorophosphate anion. Such chemically 7 

inert species allows the salt to serve as an inert electrolyte over a wide potential range, 8 

particularly with the BDD electrode in ACN. 9 

 10 

2.3 The growth of Escherichia coli 11 

    The microorganism was grown shaking (150 rpm) in LB (Luria-Bertani) medium 12 

without/with 5 mM exogenous TRP at 37 ˚C. This nutritionally rich medium is routinely used 13 

to grow bacterial cultures. LB broth contains (per mL), 10 mg tryptone (a mixture of peptides 14 

formed by the digestion of casein with the pancreatic enzyme, trypsin), 5 mg yeast extract (an 15 

autolysate of yeast cells), and 5 mg NaCl. The whole-cell cultures are used for the monitoring 16 

study. For the monitoring the production of indole, sample aliquots are taken at different time 17 

intervals (4, 6, and 8 h). For the E. coli bacterial culture without addition of TRP, a sample 18 

aliquot was taken at 8 h. The E. coli was grown is an aqueous media. Then, the bacterial 19 

culture was diluted 100 times while the bacterial culture without TRP was diluted 50 times in 20 

0.2 M TBAH/ACN. For the Kovac’s test, sample aliquots are taken at 8 and 30 h. 21 

 22 

3. Results and discussion 23 

 24 

3.1 Electrochemical characteristics of indole and tryptophan in aqueous media 25 

    As an aromatic heterocyclic compound, indole consists of a benzene ring fused to a pyrrole 26 

ring. The C3 position of the pyrrole ring is more susceptible to substitution. Therefore, most 27 

indole derivatives, e.g., TRP, indole propionic acid, and indole acetic acid, have a 28 

corresponding substituent at this position. The electrochemical oxidation of indole in aqueous 29 

media was previously investigated. In brief, the oxidation of indole is pH-dependent above 30 

pH 3.3, and one electron is transferred following the liberation of a proton, whereas the 31 

oxidation of indole is pH-independent below pH 3.3 and only an electron is transferred [23, 32 

24]. 33 

    In our initial attempts using indole and TRP (in aqueous media), similar characteristics 34 

were observed. Electrochemical oxidation of indole at pH 2 and pH 7 gave cyclic 35 

voltammograms (CVs) with a broad peak at a low oxidation potential ~ + 0.9 V and a second 36 

peak at high oxidation potential ~ + 1.5 V. The peak of indole diminished rapidly after the 37 

second scan and shifted to less positive values (Fig. 1a, c). The electrochemical behavior of 38 

TRP in the aqueous media was similar to indole (Fig. S1a, c). The results obtained here 39 

suggested the forming of polymer film on the surface on the BDD electrode after a 40 

subsequent run of CVs at pH 2 and pH 7.  41 

    We suspect the electrochemical (EC) oxidation mechanism of indole and TRP in aqueous 42 

media is that the nucleophilic attack of water on the radical formed in the first oxidation step 43 

was capable of rapidly hydroxylating the indole molecule as also suggested by Enache and 44 
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Oliveira-Brett [24]. The hydroxylated indole was then subject to further oxidation involving 1 

the formation of a number of other plausible oxidation products.  2 

    The most prominent oxidation product might well be 7-hydroxyindole [25]. A plausible 3 

pathway for the electrochemical oxidation of indole and TRP in aqueous media is suggested 4 

in Scheme 1. The broad oxidation peak ~ + 1.5 V observed at pH 2 and pH 7 could be 5 

attributed to the collective oxidation of indoles and higher oxidized derivatives. 6 

    The DPVs of indole obtained at pH 2 and pH 7 also showed one single peak at ~ + 0.7 V 7 

with diminishing magnitude after the second and third scan, likely due to the adsorption of 8 

oxidation products and subsequent electrode fouling (Fig. 1b, d). The DPVs behavior of TRP 9 

obtained at pH 2 and pH 7 was similar to indole (Fig. S1b, d) 10 

Interestingly, the DPV for the indole and TRP mixture at pH 2 and pH 7 revealed only one 11 

oxidation peak (Fig. 2), because the oxidation potential of indole and TRP is similar at pH 2 12 

and pH 7. 13 

 14 

3.2 Electrochemical behavior of Indole in non-aqueous media 15 

    Overall, we suspected water in our aqueous media was acting to hydroxylate indole and 16 

TRP, resulting in hydroxyindoles which bound and fouled the electrode surface. Thus, we 17 

turned our attention to non-aqueous media.  18 

The electrochemical characteristics of indole in the non-aqueous medium were then 19 

investigated in 0.2 M TBAH/ACN using the bare BDD electrode. The CV obtained for indole 20 

exhibited one single irreversible peak at + 1.17 V, followed by a very broad peak during the 21 

first scan (Fig. 3a). The subsequent CV runs of indole (~ + 0.5 V to + 2 V) can result in the 22 

formation of a weak polyindole film on the surface of the BDD electrode. As discussed in 23 

section 3.2, the CV of indole in non-aqueous media shows one oxidation peak at +1.17 V 24 

followed by a very broad peak at higher potential due to the further oxidation of the first peak 25 

at +1.17 V (Fig. 3a). While for DPV, the scan was stopped at +1.5 V and did not go further to 26 

a higher potential which minimized further oxidation of indole products which might form a 27 

polymer (Fig. 3b). The indole oxidation peak occurred at a higher potential, decreased 28 

modestly with subsequent scans, but became stable after 10 cycles of repeated scanning. 29 

Similar behavior was observed with 1 mM indole for 10 repeated cycles. When the electrode 30 

was subject to a fresh 0.2 M TBAH/ACN solution, an electroactive peak at + 1.2 V was 31 

observed. The peak was not stable and decreased rapidly with repeated scanning (Fig. S2). As 32 

shown in Fig. 3, the electrochemical oxidation of indole was carried out in non-aqueous 33 

media. Therefore it oxidized at higher potential compared to the aqueous media and 34 

electroanalysis of the organic solvent occurred at higher potential compared to water which 35 

results in the electrochemical oxidation at higher potential.  Note also that the response 36 

current to Fe(CN)6
3−/4− of the resulting electrode was considerably lower compared to a clean 37 

BDD electrode. The peak was also very broad and shifted to a higher potential, implying the 38 

formation of a weak electroactive film on the electrode area (Fig. S3). Noticeably, radical 39 

cations formed close to the anode could diffuse away from the electrode surface in this 40 

condition. Remaining radicals would combine to form a polymer, particularly at high indole 41 

concentration (> 1 mM). The chain length of polyindole would increase as electrooxidation 42 

progressed, to cover the electrode’s active surface area. Nevertheless, the film was easily 43 

delaminated from the BDD electrode by CV before each measurement. 44 
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    The first DPV obtained for indole at a clean BDD showed a prominent oxidation peak, 1 

followed by a broad peak at a higher potential. The second peak could be attributed to the 2 

oxidation of an indole oxidation product, i.e., polyindole formed at the BDD surface during 3 

the first scan. There was a minimal change of the peak amplitude when the electrode was 4 

subject to the second and third scan, indicating minimal polymerization of indole radicals 5 

within this scanning period (Fig. 3b). Based on the voltammograms observed for the BDD 6 

electrode in 0.2 M TBAH/ACN and some pertinent literature information [25-28], a 7 

mechanism is suggested for the electrochemical oxidation of indole to form a polyindole film 8 

(Scheme 2a). A number of regioisomeric couplings to give multiple polyindoles are possible 9 

[29]. The Pt electrodes used as a comparison because it has been used for indole detection in 10 

non-aqueous media which is similar to our present work. 11 

    One consideration we had at this stage was the fate of the removed proton in a solvent such 12 

as ACN. Water is of course highly miscible in ACN and probably participates to some degree 13 

in hydrogen bonding (CN--H). The acid in acetonitrile will result in an acid-base equilibrium 14 

[30]. The interaction of ACN with trifluoromethanesulfonic acid is known and gives rise to a 15 

large number of products comprising both neutral and protonated ACN [31]. Also, ACN 16 

serves as a hydrogen-bond acceptor in the reactions of phenyl 2,4,6-trinitrophenyl ether with 17 

amines in benzene–acetonitrile mixtures [32]. Evaluation of such evidence leads to the 18 

possibility that ACN could accept the H+ liberated. An alternative scenario involves the 19 

adsorption of H+ onto the electrode, followed by the hydrogen evolution [33]. 20 

 21 

3.3 Electrochemical behavior of Tryptophan in non-aqueous media  22 

    As depicted in Scheme 1, TRP is an indole derivative with an α-carboxylic acid group at 23 

the 3-position. The structural differences (compared to indole) of TRP appeared to prevent 24 

minimum electropolymerization. Although the electrochemical oxidation of TRP in aqueous 25 

media has been investigated extensively in the literature [24-29, 34-40]. Based on our 26 

observations and literature precedent, a plausible mechanism for the electrochemical 27 

oxidation of TRP in ACN is suggested in Scheme 2b. The CVs of the TRP in 0.2 M 28 

TBAH/ACN show two oxidation peaks at ~ + 0.9 V and + 1.3 V. The oxidation potential of 29 

TRP remains stable after 10 cycles of repeated scanning (Fig. S4a). Also, the DPVs of 10 µM 30 

TRP displayed a small change in the peak current when the electrode was subjected to the 31 

second and third scans (Fig. S4b). The electrode after 10 cycles of 20 µM TRP in 0.2 M 32 

TBAH/ACN was tested in Fe(CN)6
3-/4- and the CVs showed that there is a slightly lower 33 

current compared to a clean BDD electrode, indicating minimal polymerization of TRP 34 

compared to indole (Fig. S5).  35 

 36 

3.4 Simultaneous detection of Indole and Tryptophan 37 

    Considering the capability of the BDD in ACN to exhibit distinctive peaks of indole and 38 

TRP, we hoped that both biomolecules could be detected together. The TRP and indole were 39 

detected first individually and then a mixture of these two analytes was tested. The two peaks 40 

were distinguished by referring the oxidation potential for each. The DPV of TRP and indole 41 

detected individually is presented in Fig. 4a, b. The DPV was then performed on a mixture of 42 

TRP and indole (Fig. 4c). As expected, the mixture exhibited two peaks with some degree of 43 

overlap. If TRP was prepared in methanol, there was no noticeable effect of methanol on the 44 

electrochemical response or the potential window. The final methanol percentage presented 45 

in the final solution is 1.75 % (Fig. 4). 46 
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    In contrast, only one single peak was noted when the experiment was performed in 1 

aqueous electrolytes at pH 2 and pH 7 (Fig. 2). Thus, 0.2 M TBAH/ACN was chosen as the 2 

optimum media for selective detection of indole and TRP. Consequently, the DPV in ACN 3 

was used to establish the calibration curves and detect indole and TRP during the growth of 4 

E. coli.  5 

    Notice also that the first oxidation potential of TRP was shifted by 0.03 V to less positive 6 

value while the oxidation potential of indole was shifted by 0.028 V to a higher positive value 7 

in the standard mixture compared to their individual values. The peak area of the first 8 

oxidation peak of TRP was slightly less by 0.11x10-6 in the standard mixture and the peak 9 

area of indole was also decreased by 0.48x10-6 in the standard mixture. The values of the 10 

oxidation potentials and the peak areas for the individual and the standard mixture were 11 

summarized in Table S1. 12 

 13 

3.5 Calibration curve of Indole and Tryptophan 14 

    The DPVs of indole and TRP at different concentrations are shown in Fig. 5 and the first 15 

DPV was taken for the calibration curve. For indole with a single peak, the peak area was 16 

integrated and correlated with concentration. The peak potential of indole was concentration-17 

dependent and the peak area was increased with increasing concentration resulting in a slight 18 

shift of the potential (Fig. 5a). A limit of detection (LOD) of 0.5 µM and linearity up to 100 19 

µM with a correlation coefficient of R2 = 0.931 was obtained (Fig. 5a, inset). The LOD was 20 

established as the signal response observable at the lowest concentration over the background 21 

signal (S/N = 3). It should be noted that several literature reports claim very low LODs, based 22 

on the estimated slope of the calibration curve. The claimed LOD is often at least ten-fold 23 

below the lowest concentration used to establish the calibration curve. This method is 24 

generally unsatisfactory and the values are rarely achieved using “real-world” samples. 25 

    Similar results were estimated for TRP. However, the shoulder of the second peak was 26 

deconvoluted and subtracted from the total peak area (OriginPro, 2017, OriginLab). The 27 

correlation coefficient of the calibrated linear curve was R2 = 0.987 with the final methanol 28 

percentage presented in the final solution was 0.07 –0.7 % (Fig. 5b). Thomas et al. [41] 29 

reported two linear dynamic ranges for TRP: 0.6–9.0 µM and 10.0–100.0 µM for the carbon 30 

paste electrode modified with MWCNTs using the drop cast method. The LOD was reported 31 

as 4.20 ± 0.58 x 10-7 M, about ten-fold below the lowest concentration used to test the 32 

electrode response. In reality, the electrode’s response was very similar for both 0.5 µM and 33 

1 µM of TRP as clearly reported in the paper.  34 

    Turning our attention to a biological sample, the calibration of indole and TRP in a 35 

bacterial growth medium (LB) is considered very challenging, since this complex matrix 36 

contains various proteins and other biomolecules (Fig. 6 and insets). The final methanol 37 

percentage presented in the final solution was 0.35 –3.5 % (Fig. 6b). As expected, the DPV 38 

responses of both analytes in a spiked LB medium, were noticeably lower, with a detection 39 

limit of 22 and 4.28 µM for indole and TRP, respectively. Notice also that the oxidation 40 

signals of both indole and TRP in LB media were lower than ACN. The calibration curves of 41 

indole and TRP were also carried out in the LB media, and the curves show linearity, which 42 

illustrated the measurement was quantitative. After each measurement, the BDD electrode 43 

was cleaned in 0.5 M H2SO4. 44 

    From a practical aspect, fecal indole concentrations, for example, from healthy adults vary 45 

widely from 0.30 mM to 6.64 mM [4]. In the laboratory, enterotoxigenic E. coli strain 46 
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H10407 produces over 3.3 mM indole during a 24-h period in the presence of 5 mM TRP [4]. 1 

It appeared to us that the detection limit using BDD electrodes in our work would be 2 

sufficient for the analysis of indole in such biological samples. The plasma TRP 3 

concentrations in case of obsessive-compulsive disorder and major depressive disorder range 4 

from 50 to 70 µM [42], significantly higher than the LOD of the bare BDD electrode. 5 

However, it is present with two metabolites, 5-hydroxytryptophan, and serotonin at much 6 

lower concentrations (ng/mL) in patients affected with different forms of amenorrhea [43]. 7 

This opens up a new challenge for chemosensing, i.e., to target a minute quantity of these two 8 

molecules together with TRP.  9 

 10 

3.6 Monitoring the level of Tryptophan and Indole during the growth of E. coli 11 

    As mentioned in the Experimental Section, 5 mM of TRP was added to the growth 12 

medium, and this added amount deserves a brief discussion here. In E. coli, the enzyme 13 

tryptophanase produces indole from TRP and the final yield of indole depends on the amount 14 

of exogenous TRP. The enzyme converts TRP into an equal amount of indole, up to almost 5 15 

mM. The DPVs for the E. coli cell broth collected at 4, 6, and 8 h were shown in Fig. 7. As 16 

expected, the level of TRP decreased corresponding to increasing indole levels. These 17 

concentrations were estimated as ~ 4, 3, and 2 mM for TRP and ~ 0.45, 0.92, and 2.5 mM for 18 

indole in the cell culture at 4, 6, and 8 h, respectively. Moreover, the DPV recorded in the 19 

growth media without the addition of TRP is presented in Fig. 7. However, the potential of 20 

TRP and indole in E. coli was shifted slightly to less positive value by 0.03 V and 0.116 V, 21 

respectively compared to the value obtained using the standards. Also, the concentrations of 22 

TRP and indole in E.coli were determined by the standard addition method. Thus, the 23 

corresponding concentration consumption of TRP resulting from metabolism by E. coli were 24 

1, 2, and 3 mM during the bacterial growth. It was also anticipated that an appreciable 25 

amount of TRP was conjugated with intracellular protein and not available for detection. 26 

Nevertheless, judging from the detection limit and its applicability in complex media, this 27 

chemosensing approach is remarkably efficient and applicable and will find applications in 28 

diversified and important bioprocesses and biological samples. In addition, E. coli grown in 29 

LB media supplemented with 5 mM TRP for 8 h and 30 h were tested with Kovac’s reagent. 30 

As shown in Fig. S6, positive results were shown with the bacterial culture grown for 8 h and 31 

30 h, whereas negative results were observed with the LB media alone, due to the absence of 32 

indole. 33 

 34 

4. Conclusions 35 

    The simultaneous electrochemical detection of indole and TRP was attempted in both 36 

aqueous and non-aqueous media on the bare BDD electrode. The results show electroanalysis 37 

using the BDD electrode in ACN together with TBAH was capable of distinguishing the 38 

oxidation peaks of the indole and TRP mixture with a detection limit of 0.5 µM for both 39 

biomolecules. In contrast, the simultaneous detection of both analytes was not successful 40 

aqueous media because the oxidation potentials of indole and TRP are similar. Non-aqueous 41 

chemosensing with a broad potential window is more suitable for the analysis of the target 42 

analytes and alleviates electrode fouling compared to aqueous media. The sensing protocol 43 

was demonstrated for monitoring the levels of TRP decrease and indole increase during the 44 

growth of E. coli in a complex medium. The sensing approach with BDD also circumvented 45 

electrode fouling during the electrochemical oxidation of electropolymerizable targets as well 46 

as its exposure to a complex medium.   47 
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 5 

Fig. 1. CVs (a, b) were obtained for 10 continuous cycles of 20 µM indole whereas 6 

differential pulse voltammetry (DPVs) (b, d) of 10 µM indole were recorded for three 7 

repeated runs on bare BDD electrode vs. Ag/AgCl. (a) and (b) using 50 mM phosphate 8 

buffer, pH 2 with 20 % acetonitrile , ACN (80: 20, v/v) whereas (c) and (d) using 50 mM 9 

phosphate buffer, pH 7 with 20 % (ACN, 80: 20, v/v). 10 

Scheme 1. Electrochemical oxidation of (a) indole and (b) tryptophan (TRP) in an aqueous 11 

medium.  12 

Fig. 2. A mixture of 50 µM each of indole and TRP using (a) 50 mM phosphate buffer, pH 2 13 

with 20 % ACN (80: 20, v/v) and (b) 50 mM phosphate buffer, pH 7 with 20 % ACN (80: 20, 14 

v/v)  on the bare BDD electrode vs. Ag/AgCl. 15 

Fig. 3. (a) CVs of 20 µM indole obtained for 10 continuous cycles and (b) DPVs of 10 µM 16 

indole recorded for three repeated runs on the bare BDD electrode vs. Ag/AgCl. The 17 

detection was achieved in 0.2 M tetrabutylammonium hexafluorophosphate (TBAH)/ACN. 18 

Scheme 2. Electrochemical oxidation of (a) indole and (b) tryptophan in a non-aqueous 19 

medium. 20 

Fig. 4. (a) DPVs of in the absence (dotted lines) and presence (solid lines) of 50 µM TRP, (b) 21 

DPV of 50 µM indole, and (c) a representative DPVs obtained for a mixture of TRP and 22 

indole (50 µM each). The detection was achieved on the bare BDD electrode using 0.2 M 23 

TBAH/ACN. 24 

Fig. 5. (a) DPVs of different indole concentrations on the bare BDD electrode (1 µM –100 25 

µM) and the calibration plot of indole (insert); intercept =7.84 x 10-7 ± µA  and slope =1.64 26 

x 10-7 ±  µA/µM (95 % of confidence interval). (b) DPVs of different TRP concentrations on 27 

the bare BDD electrode (2 µM – 20 µM) and the calibration plot of TRP (insert); intercept = 28 

1.85 x 10-7 ± µA and slope = 1.1 x 10-7 ± µA/µM (95 % of confidence interval), using 0.2 M 29 

TBAH/ACN. The error bar was estimated from three different values of the signal response 30 

for each analyte concentration. 31 

Fig. 6. Calibration curves of indole and TRP in LB media. (a) DPVs of different indole 32 

concentrations on the bare BDD electrode (10 µM –100 µM) and the calibration plot of 33 

indole in LB media (insert); intercept = -1.21 x 10-6 ± µA and slope = 8.4 x 10-8 ±  µA/µM ( 34 

95 % of confidence interval). (b) DPVs of different TRP concentrations on the bare BDD 35 

electrode (10 µM – 100 µM) and the calibration plot of TRP in LB media (insert); intercept = 36 

7.5 x 10-7 ± µA and slope = 4.14 x 10-8 ± µA/µM (95 % of confidence interval), using 0.2 M 37 

TBAH/ACN. A blank LB medium is the control presented as dotted lines. The error bar was 38 

estimated from three different values of the signal response for each analyte concentration. 39 

Fig. 7. Monitoring the production of indole in the E. coli bacterial culture as a function of 40 

time and DPV of the E. coli bacterial culture grown for 8 h without the addition of TRP. The 41 

detection was achieved on the bare BDD electrode vs. Ag/AgCl. 42 
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