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Synthesis and Characterization of Azodye Boronic Acid Sugar Sensors
Abstract
Three new diphenylazo-based boronic acid compounds (1–3) were synthesized. The sensing performance of the synthesized compounds toward glucose and fructose was investigated using UV-visible spectroscopy, fluorescence, time-resolved fluorescence, pH studies, cyclic voltammetry, and 1H NMR techniques. Upon the addition of sugars, changes were observed in both the absorption and fluorescence intensities of compounds 1, 2, and 3. The Benesi–Hildebrand plots yielded straight lines, indicating the formation of complexes between the sugars and the sensor molecules. The quantum yield and fluorescence lifetime values of the compounds in glucose and fructose media were higher than those in water, suggesting their sugar-sensing capabilities. At higher pH, the boronic acid group exists in its anionic form [B(OH)-3], leading to a change in the boron atom’s configuration from sp² to sp³, thereby facilitating binding with sugar molecules. A possible sugar-sensing mechanism is proposed.
Key words: Saccharide sensors, diphenylazo dye, boronic acid, sugar sensors. 
1. Introduction 
Sugars play a vital role in biological systems, being essential for nutrition, metabolism, and cellular structure. They are also physiologically active molecules that significantly influence key biological processes such as birth, cell differentiation, and immune response. Due to these crucial roles, the development of sensitive and reliable methods for sugar detection in aqueous media has become increasingly important [1].
Introducing certain fluorophores into saccharide-containing solutions can result in significant changes in their fluorescence properties in aqueous environments. Among the various approaches, the use of boronic acid derivatives as fluorescent sugar sensors has recently attracted considerable attention [2–7]. For instance, Czarnik and co-workers reported the sugar-sensing capability of anthryl boronic acid in neutral aqueous media via a fluorescence quenching mechanism [2]. Similarly, Aoyama and colleagues synthesized indolylboronic acid, which selectively binds fructose and oligosaccharides at around pH~9, aided by CH–O interactions in addition to boronate ester formation [3]. A major contribution by Shinkai and co-workers involved designing boronic acid-based systems for highly selective sugar recognition [4–6]. In these systems, sugar binding enhances fluorescence by strengthening the boron–nitrogen. Lewis acid–base interaction, which suppresses photoinduced electron transfer and quenched emission. As a result, these systems exhibit enhanced fluorescence in neutral aqueous solutions upon sugar binding.

Boronic acids are well-known for forming stable complexes with compounds bearing two adjacent nucleophilic groups, such as diols [8], α-hydroxy acids [9], α-amino acids [3], and amino alcohols. Among these, the interaction with diols has been most extensively studied for the development of fluorescent carbohydrate sensors [10–13]. The use of substituted aryl boronic acids as chelating agents for saccharides has drawn significant interest in designing novel sugar sensing approaches. Over the past decade, numerous fluorescent probes for monosaccharides based on boronic acids have been developed. These probes exhibit notable changes in color and spectral properties upon binding with carbohydrates. Typically, monoboronic acid sensors display higher sensitivity towards fructose than glucose. Diphenylazo boronic acids, under optimal pH conditions, interact with saccharides, leading to noticeable fluorescence changes, such as intensity enhancement or quenching, along with alterations in absorption spectra.

However, the effect of substituents on the sugar-binding behavior of diphenylazo bisboronic acids has not yet been systematically studied. Developing such systems could enable rapid, equipment-free sugar detection, which would be especially beneficial for diabetic patients in resource-limited settings. The present study aims to design a highly sensitive and selective recognition system for saccharides in aqueous solution using diphenylazo-based probes. Phenylboronic acids substituted with azo groups at the ortho or para positions demonstrate significant spectral changes in absorption and fluorescence upon sugar binding. Further, modifying the electronic nature and position of substituents on the azo-linked aromatic ring whether electron-donating or electron-withdrawing can finely tune the chromophore's electronic environment.

Although azo dyes exhibit visible color changes upon sugar binding, previous spectral changes were often too subtle for practical applications. Herein, we report the synthesis and spectroscopic properties of a novel class of boronic acid-appended azo dyes (compounds 1–3, Fig. 1), where the boronic acid group is positioned para to the azo linkage on the aromatic ring. These newly synthesized dyes display significant and easily observable changes in both UV–vis and fluorescence spectra upon sugar binding. Compounds 1 to 3 were synthesized through diazo coupling reactions, wherein the corresponding diazonium salts, generated from aniline derivatives using sodium nitrite and hydrochloric acid, were subsequently coupled with phenylboronic acid.

Unlike earlier studies, which typically relied on a single analytical method the present investigation incorporates a combination of techniques. These include UV–vis, fluorescence, time-resolved fluorescence, pH-dependent studies, and cyclic voltammetry to comprehensively evaluate the sensing behavior of the synthesized probes.
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Fig. 1 Structure of synthesised compounds 1, 2 and 3.
2. Materials and Methods
2.1 Electrochemical Measurements (Cyclic Voltammetry)

Cyclic voltammetry was performed using a CHI 620D electrochemical workstation (CH Instruments, USA) with a three-electrode configuration: a platinum disc (0.1963 cm²) as the working electrode, a saturated silver electrode as the reference, and a platinum foil as the counter electrode. Before measurements, the working electrode was polished with 0.05 μm alumina and ultrasonicated for 5 minutes. The electrochemical cell solution was purged with pure nitrogen gas for 5 minutes to remove dissolved oxygen prior to experimentation.

2.2 Synthesis of Diphenylazo Boronic Acid Dyes

A series of substituted diphenylazo boronic acid dyes were synthesized with minimal need for purification. Initially, an azo coupling reaction was carried out. One milliliter of aniline (2 mmol) was dissolved in 20 mL of 1 M HCl, and the solution was cooled to 0 °C. A sodium nitrite solution (2 mol ·dm–3 in 10 mL water) was added dropwise while maintaining the temperature below 5 °C to form the diazonium salt. After 15–30 minutes, 2 mmol (0.24 g) of phenylboronic acid in 10 mL of 1 mol ·dm–3 NaOH was added at 0 °C. The reaction mixture was neutralized with a small volume of 1 mol ·dm–3 NaOH and stirred for 3 hours at 0 °C, followed by an additional 2 hours at room temperature. An orange precipitate formed, which was collected by filtration, dried, and recrystallized from ethanol.

In a similar manner, 2-aminobenzoic acid and 4-aminobenzoic acid were diazotized and coupled with phenylboronic acid to obtain the corresponding azo compounds. The chemical structures and nomenclature of the synthesized compounds are shown in Fig. 1, and the diazotization and coupling reaction schemes are illustrated in Fig. 2. The formation of the diphenylazo boronic acid products was confirmed by 1H NMR spectroscopy, with the corresponding chemical shifts listed below.

Compound 1: M.P= 79.8, ~3194 cm-1(νs  OH), ~3079 cm-1 (νs Ar-CH), ~1602 cm-1 (νs Ar-C=C), ~1411 cm-1 (νs (N=N). 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.25 (s, 2H, OH), 8.25 (d, J= 6.4 Hz, 1H), 7.74 (s,2H), 7.60 (d, J= 6.8 Hz, 2H,), 7.51 (d, J= 6.5 Hz, 2H), 7.51 (d, J= 6.5 Hz, 2H).

Compound 2: M.P=176.5, ~3200 cm-1 (νs -OH), ~3076 cm-1 (νs Ar-CH), 1695 cm-1 (νs Ar-C=C), 1441 cm-1 (νs N=N), 1695 (νs C=O). 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.26 (s, 2H, OH), 8.26 (s, 1H, COOH), 7.73 (d, J= 6.4 Hz, 1H), 7.61 (s, 1H,), 7.60 (s, 1H), 7.52 (d, J= 7.2 Hz, 2H), 7.51 (d, J= 7.2 Hz, 2H), 7.41 (s, 1H).

Compound 3: M.P= 175.2, ~3280 cm-1(νs  OH), ~3079 cm-1 (νs Ar-CH), ~1603 cm-1 (νs Ar-C=C), 1663 (νs C=O).~1499 cm-1 (νs (N=N). 
1H NMR (400 MHz, CDCl3 ): δ (ppm) 8.25 (s, 2H, OH), 8.26 (s, 1H, COOH), 7.74 (d, J= 6.0 Hz, 2H), 7.60 (d, J= 6.4 Hz,2H), 7.52 (d, J= 6.8 Hz, 2H,), 7.42 (d, J= 6.4 Hz, 2H).
Scheme 1 
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Scheme 2
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Fig. 2  Diazotization and coupling reaction methods 
2.3 Preparation of diphenylazo boronic acid -sugars solutions
All sugars were purchased from Sigma-Aldrich and used without further purification. Stock solutions of the sugars were prepared in triply distilled water. Saccharide solutions of varying concentrations (1 × 10⁻³ to 1 × 10⁻² mol ·dm–3) were prepared for the experiments. A stock solution of compounds 1, 2, and 3 (4 × 10⁻⁵ mol ·dm–3) was added to the sugar solutions (0.2 mL of sensor solution with varying volumes of sugar solution). The resulting mixture was diluted to a total volume of 10 mL using triply distilled water and mixed thoroughly. The final solution was sonicated at room temperature for one hour.
3. Results and Discussion
3.1 Effect of Absorption and fluorescence Spectra
Table 1 and Figure 3 present the absorption and fluorescence spectra of compounds 1, 2, and 3 in the presence of varying concentrations of glucose and fructose. However, in the figures and tables, we report data only for glucose, as the spectral shifts, profiles, and intensity changes observed with fructose closely resemble those seen with glucose. The sensing behavior of compounds 1–3 toward glucose and fructose was investigated under neutral pH conditions. Compound 1 exhibited absorption maxima at 351 nm and 270 nm, compound 2 showed a maximum at 345 nm, and compound 3 displayed two maxima at 354 nm and 265 nm. Upon addition of different concentrations of glucose and fructose, a decrease in absorption intensity was observed at these respective wavelengths, indicating the formation of a dynamic equilibrium between the sensor molecules and the saccharides.

The observed decrease in absorption intensity after sugar addition is attributed to structural changes in the sensor molecules upon interaction with the saccharides. Figure 2 illustrates the proposed mechanism of sugar binding to the sensor molecules [7,14]. Boronic acid, an electron-deficient Lewis acid, contains an sp²-hybridized boron atom with a trigonal planar geometry. Upon binding to a saccharide, it converts into an anionic species with an sp³-hybridized boron atom, adopting a tetrahedral geometry [15–18]. This change in hybridization and electron density leads to the spectral changes observed in the absorption spectra.

Figure 3 shows the fluorescence spectral changes of compounds 1–3 as a function of sugar concentration. Each compound displays two emission maxima: Compound 1: 452 nm and 426 nm; Compound 2: 406 nm and 388 nm; Compound 3: 446 nm and 400 nm. With increasing concentrations of glucose and fructose, the fluorescence intensity at these wavelengths increases, indicating interaction between the sensors and the sugars. Among the three compounds, compound 1 exhibited the highest association constant with fructose, suggesting a stronger binding affinity compared to glucose. 
Table 1 Absorption and Fluorescence maxima of compound 1, 2 and 3 at pH 7 in the presence of glucose and fructose
	Concentration of Sugars(M)
	Compound 1
	Compound 2 
	Compound 3

	
	with glucose
	with fructose
	with glucose
	with fructose
	with glucose
	with fructose

	
	(abs
	log (
	(flu
	(abs
	log (
	(flu
	(abs
	log (
	(flu
	(abs
	log (
	(flu
	(abs
	log (
	(flu
	(abs
	log (
	(flu

	Water Only 
	351

270
	4.39

3.90
	458

427
	351
	4.61
	489

427
	345
	4.15
	407

388
	345
	4.15
	406

388
	354

265
	3.89

4.16
	445

400
	354

246
	3.89

4.12
	440

399

	0.002
	351

269
	4.58

3.89
	459

427
	351

269
	4.59

3.88
	490

426
	344
	4.14
	406

389
	345
	4.14
	407

389
	354

265
	3.86

4.14
	445

400
	353

246
	3.87

4.12
	439

399

	0.010
	351

270
	4.54

3.83
	459

426
	351

270
	4.56

3.85
	489

427
	345
	4.07
	406

388
	346
	4.09
	406

388
	354

265
	3.73

4.09
	446

400
	353

246
	3.76

4.07
	440

400

	Excitation wavelength (nm)
	350
	
	
	
	
	
	340
	
	
	
	
	
	350
	
	
	
	
	

	K (1:1) M-1
	874
	
	1070
	690
	
	660
	595
	
	528
	411
	
	661
	489
	
	489
	509
	
	474


Table 2 Fluorescence quantum yields of (фF) sensors 1, 2 and 3 in water, glucose and fructose solution (0.01 M)

	Compound
	λex(nm)
	With water
	With glucose
	With fructose

	
	
	λem (nm)
	фF
	λem (nm)
	фF
	λem (nm)
	фF

	Sensor 1
	450
	452
	0.12
	452
	0.35
	452
	0.37

	Sensor 2
	410
	406
	0.09
	406
	0.24
	406
	0.26

	Sensor 2
	440
	446
	0.07
	446
	0.11
	446
	0.13
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Fig. 3 Absorption and fluorescence spectra of (a) compound 1 (b) compound 2 (c) compound 3 (8 x 10-5 M) with increasing concentration of D-glucose 1) 0, 2) 0.002, 3) 0.004, 4) 0.006, 5) 0.008, 6) 0.01, measured in phosphate buffer solution at pH 7.0.
To further validate the sugar-sensing behavior, the quantum yields of the compounds were measured in pure water, glucose, and fructose solutions (Table 2). The higher quantum yields in sugar solutions relative to water confirm the sugar-sensing capability of the compounds. 
The binding constants for sensor–sugar complexation were calculated by analyzing changes in both absorption and fluorescence intensities with increasing sugar concentrations. Additionally, the stoichiometry of the sensor–sugar complexes was determined, based on the dependence of the spectroscopic response on the concentrations of the sensors and saccharides. The plots of 1/(A − A₀) vs 1/[sugar] and 1/(I − I₀) vs 1/[sugar] concentration. The linearity observed in these plots confirms the formation of a 1:1 stoichiometric complex between the sensor molecules and both glucose and fructose [19-25]. The calculated association constants are summarized in Table 1.

The binding constant values suggest that, for glucose, sensor 1 exhibits stronger binding in the excited state compared to sensors 2 and 3. In contrast, for fructose, sensors 1 and 2 show a greater binding affinity than sensor 3. Additionally, the relative quantum yields of sensors 1, 2, and 3 were determined in the absence and presence of 0.01 M glucose and fructose in 0.1 M phosphate buffer, using 8-quinoline boronic acid (ФF = 0.56 in 0.1 M H₂SO₄) as the reference compound [26-28]. The results are presented in Table 2.

Upon the addition of 0.01 M fructose, all three sensors exhibited a significant increase in quantum yield, correlating with the enhanced fluorescence intensity observed after sugar addition. Such a dramatic change in fluorescence has not been previously reported for boronic acid-based sugar sensors. Ward et al. proposed that B–C–N interactions significantly influence the spectral properties of boronic acid-linked azobenzene dyes [29,30], where the B–C–N bond is formed between boronic acid and the azo nitrogen atom. Other studies have also emphasized the role of B–C–N bonding in improving the responsiveness of boronic acid-based fluorometric sensors [31–41]. In the present study, the B–C–N bond in sensor 1 directly involves the azo nitrogen atom, and the interaction between the chromophore and boronic acid appears critical in inducing the observed changes in UV–vis absorption and fluorescence spectra. 
3.2 Effect of pH

To understand the influence of boron ionization states on absorption and fluorescence changes, pH-dependent studies were conducted with and without the presence of 0.01 M glucose and fructose. Figure 4 and Tables 3–5 illustrate the variation in absorption and fluorescence intensity across the pH range. The profiles for glucose were nearly identical to those for fructose. In the presence of 0.01 M glucose and fructose, the pKa of sensor 1 was determined to be 8.1. At low pH, binding is weaker, but binding increases significantly as pH rises from 4 to 12. Notably, the pKa of sensor 1 decreases to 6.2 in the presence of glucose and to approximately 5.9 in the presence of fructose [31-33].

For sensors 2 and 3, no ionization is observed below pH 2–3. However, a blue shift in spectra is observed at pH ≥ 4 due to ionization of the –COOH group (pKa ≈ 4.2). At pH ≥ 8, the pKa values were found to be 8.8 for compound 2 and 9.0 for compound 3. Upon addition of glucose, these values decreased to 7.6 and to 7.1 with fructose. A similar trend is observed for compound 3, where the pKa shifted from 9.0 to 8.0 with glucose and to 7.1 with fructose.


Fig. 4 pH titration curves for sugar sensor vs glucose and fructose 0.01M, for (a) compound 1 (b) compound 2 (c) compound 3 (8 x 10-5 M) measured in buffer solutions at room temperature. pKa values are given in the figure.

Table 3 pH profile of Absorption and fluorescence spectra of compound 1
	pH
	Compound 1

	
	Compound 1 only
	with glucose
	with fructose

	
	(abs
	log (
	(flu
	Iflu
	(abs
	log (
	(flu
	Iflu
	(abs
	log (
	(flu
	Iflu

	2
	484

313

262
	3.44

3.92

4.27
	473

400
	55

94
	482

313

262
	3.44

3.94

4.32
	474

400
	58

99
	486

322

263
	3.42

3.87

3.87
	476

400
	54

89

	4
	486s

344

273

230
	3.73

3.83

3.94

4.32
	470

398
	106

130
	464

273

230
	3.91

4.01

4.40
	469

399
	107

127
	469

348

270

225
	3.69

3.96

3.77

3.95
	475

398
	155

139

	6
	353

283

233
	4.34

4.05

4.42
	460

400
	160

113
	464s

354

283

234
	3.95

4.35

4.07

4.42
	460

398
	235

144
	351

276

228
	3.94

4.26

4.26

4.00
	470

398
	124

133

	8
	370

287

234
	4.46

4.09

4.44
	468

399
	54

67
	368

285

232
	4.48

4.11

4.46
	447

400
	75

82
	368

286

234
	4.43

4.06

4.41
	452

401
	53

50

	10
	373

293

234
	4.51

4.13

4.46
	466

400
	43

49
	372

294

234
	4.49

4.23

4.52
	433
	77
	372

286

234
	4.42

4.06

4.41
	438

401
	93

73

	12
	375

295

233
	4.51

4.10

4.47
	468

403
	34

30
	374

293

235
	4.47

4.11

4.44
	428
	115
	375

285

234
	4.43

4.07

4.43
	428
	162


Table 4  pH profile of Absorption and fluorescence spectra of compound 2 

	pH
	Compound 2

	
	Compound 2 only
	with glucose
	with fructose

	
	(abs
	log (
	(flu
	Iflu
	(abs
	log (
	(flu
	Iflu
	(abs
	log (
	(flu
	Iflu

	2
	342
	3.73
	422

389
	99

65
	341
	3.75
	424

386
	132

71
	342
	3.72
	421

389
	103

68

	4
	345
	3.75
	420

389
	172

138
	344
	3.80
	411

388
	153

149
	344
	3.78
	413

389
	254

226

	6
	344
	3.77
	406

392
	260

186
	345
	3.81
	408

389
	217

220
	344
	3.77
	406

390
	291

296

	8
	345
	3.75
	407

392
	176

191
	345
	3.82
	405

390
	276

283
	343
	3.78
	406

390
	300

307

	10
	347
	3.66
	409

393
	181

197
	437s

348
	3.38

3.71
	406

389
	301

312
	434s

350
	3.32

3.68
	407

389
	318

328

	12
	402
	3.66
	410

392
	175

194
	437s

349
	3.59

3.79
	405

389
	323

332
	436s

383
	3.53

3.64
	408

389
	329

344


Table 5  pH profile of Absorption and fluorescence spectra of compound 3

	pH
	Compound 3

	
	Compound 3 only
	with glucose
	with fructose

	
	(abs
	log (
	(flu
	Iflu
	(abs
	log (
	(flu
	Iflu
	(abs
	log (
	(flu
	Iflu

	2
	355

259
	3.33

3.69
	438

400
	56

123
	356

259
	3.38

3.75
	439

400
	71

128
	357

259
	3.32

3.68
	436

400
	67

127

	4
	355

260
	3.49

3.58
	435

400
	50

108
	351

265
	3.38

3.54
	437

400
	72

126
	353

265
	3.37

3.53
	436

400
	59

45

	6
	352

260
	3.34

3.48
	435

400
	62

122
	352

248
	3.40

3.62
	432

400
	65

123
	355

248
	3.35

3.58
	435

400
	65

65

	8
	356

273
	3.27

3.36
	433

400
	70

125
	356

251
	3.30

3.57
	436

400
	83

130
	356

249
	3.36

3.59
	432

400
	71

130

	10
	435

267
	3.38

3.60
	439

400
	74

130
	436

267
	3.43

3.66
	437

400
	95

140
	438

263
	3.40

3.59
	436

401
	87

143

	12
	438

267
	3.38

3.61
	440

400
	72

130
	437

282
	3.43

3.73
	439

401
	114

159
	440

285
	3.40

3.88
	440

401
	169

201


	Compounds
	Medium
	Lifetime (ns)
	Pre exponential factor
	< τ >

	
	
	τ1
	τ2
	a1
	a2
	

	Sensor 1
	Water
	0.34
	2.21
	0.16
	0.09
	1.28

	
	Glucose
	0.38
	2.48
	0.18
	0.11
	1.43

	
	Fructose
	0.38
	2.50
	0.20
	0.12
	1.44

	Sensor 2
	Water
	0.28
	2.11
	0.14
	0.10
	1.20

	
	Glucose
	0.30
	2.22
	0.15
	0.12
	1.26

	
	Fructose
	0.30
	2.24
	0.15
	0.14
	1.27

	Sensor 3
	Water
	0.32
	2.14
	0.18
	0.11
	1.23

	
	Glucose
	0.34
	2.30
	0.24
	0.14
	1.32

	
	Fructose
	0.34
	2.32
	0.24
	0.15
	1.34


Table 6 Fluorescence decay parameters of sensors 1,2 and 3 in water, glucose and fructose solutions (0.01 M)

In the excited state, photoinduced electron transfer (PET) is a widely applied mechanism in designing fluorescence sensors for saccharides [34–42]. Fluorescence enhancement is attributed to the formation of boronate ester complexes between the boronic acid receptors and sugars, typically manifesting through either chelation-enhanced quenching (CHEQ) or chelation-enhanced fluorescence (CHEF) [36–43]. The pronounced increase in fluorescence intensity of all three sensors at pH ≥ 9 indicates that CHEF is the primary mechanism operating in these systems [44–46].
Kano et al. reported B–N dative bond formation in ortho-(phenylazo)phenylboronic acid, leading to a five-membered ring structure in neutral media [47]. This bonding contributes to a red shift in absorption maxima compared to azobenzene, which shows an absorption maximum at 320 nm and a fluorescence maximum at 362 nm in water [48]. In basic media, the B–N bond breaks due to OH⁻ addition to the boron atom, and a new fluorescence maximum appears at 365 nm, aligning with the emission of azobenzene.

Although saccharide binding was found to be reversible, the process was relatively slow. The spectral changes resulting from sugar binding may be attributed to one or more of the following factors: (i) steric hindrance, (ii) disruption of hydrogen bonding, (iii) neutralization of positive charges, and (iv) altered interlayer interactions between electron-deficient boron and electron-rich nitrogen caused by sugar insertion [49]. While sugar binding generally increases the acidity of boronic acid, it neutralizes the nitrogen, potentially resulting in the observed reduction of polaron peaks.

3.3 Fluorescence Lifetime

The fluorescence decay characteristics of the sensors were recorded in both water and sugar solutions, and the decay parameters are provided in Table 6. All three compounds showed biexponential decay in both media, suggesting the presence of the same emitting species. The average fluorescence lifetime was longer in sugar-containing solutions than in water, indicating effective interaction between the sensors and glucose/fructose. The order of average lifetime was found to be: compound 1 > compound 3 > compound 2. The increased lifetime of sensor 1 reflects its stronger interaction with sugars. The enhancement in fluorescence lifetime suggests a reduction in non-radiative decay processes, attributed to the confinement effects and stronger binding of the sensor with the sugars. The increased amplitude of the decay further supports strong sugar–sensor interactions.

3.4 Cyclic Voltammetry

Cyclic voltammetry results are presented in Tables 7 and 8. The measurements were performed at constant sugar concentration (2 × 10⁻⁶ M), while the concentrations of sensors 1, 2, and 3 were varied from 1.0 × 10⁻³ M to 1.0 × 10⁻² M. Oxidation peaks for compounds 1, 2, and 3 were observed at 0.573 V, 0.714 V, and 0.701 V, respectively, indicating irreversible electrochemical behavior on a glassy carbon electrode in pH ~7 buffer. No reduction peaks were detected during the experiment. As the sensor concentration increased, the anodic peak current (Ipa) also increased. The addition of sugar to the sensor solutions resulted in a positive shift in oxidation peak potential and a rise in peak current, indicating interaction between sugars and sensors. The observed decrease in reduction current in the presence of sugars is likely due to sugar–sensor binding. These findings confirm that a binding interaction occurs in solution, and the electrochemical process remains irreversible.

3.5 Effect of scan rate

Cyclic voltammetry was employed to investigate the electrochemical behavior of the sensors in glucose and fructose solutions at approximately neutral pH ~7. The effect of scan rate on the peak current was analyzed, as shown in Fig. 5. The cyclic voltammograms indicate that the electrode reactions of the sensors in the presence of sugars are irreversible. A linear relationship was observed between the peak current and the square root of the scan rate within the range of 100 to 1000 mV s⁻¹, suggesting a diffusion-controlled process. Despite the irreversibility, the electrochemical responses exhibited strong redox characteristics typical of reversible electrode processes. Therefore, Laviron’s equation [49,50] can be applied to determine the kinetic parameters of the electrode reactions, both in the absence and presence of protein.
Table 7 CV for sugars with sensors (scan rate, 100 mV s-1, concentration of sugar - 2×10-6 M and sensor concentration (3, 7 and 10 x 10-3).

	Sensor-glucose
	Sensor conc’n 

(× 10-3)
	Epa
	Ipa
	Epc
	Ipc
	Epa-Epc/2
	Ipa/Ipc

	Glucose only
	2 × 10-6
	373
	0.224
	-
	-
	-287
	-

	C1 only
	2
	117
	0.573
	-1171
	-1.345
	-644
	-2.347

	C1 - Glucose
	3
	306
	1.185
	-1189
	-2.655
	-747
	-2.240

	
	7
	315
	1.017
	-962
	-2.127
	-638
	-2.091

	
	10
	1122
	0.851
	-831
	-1.051
	-976
	-0.814

	C2  only
	2
	889
	0.714
	-
	-
	-444
	-

	C2-Glucose
	3
	920
	0.810
	-
	-
	-460
	-

	
	7
	1015
	0.968
	-
	-
	-507
	-

	
	10
	1042
	1.190
	-
	-
	-521
	-

	C3  only
	2
	880
	0.701
	-
	-
	440
	-

	C3-Glucose
	3
	910
	0.802
	-
	-
	-454
	-

	
	7
	1005
	0.960
	-
	-
	-507
	-

	
	10
	1031
	1.181
	-
	-
	-513
	-


Table 8 CV for sugar with sensor (scan rate, 100 mV s-1, concentration of sugar – 2 × 10-6 M and sensor concentration (3, 7 and 10 x 10-3).
	Sensor-fructose
	Sensor conc’n

(× 10-3)
	Epa
	Ipa
	Epc
	Ipc
	Epa-Epc/2
	Ipa/Ipc

	Fructose  only
	2 × 10-6
	380
	0.228
	-
	-
	-290
	-

	C1 only
	2
	117
	0.573
	-1168
	-1.341
	-644
	-2.347

	Fructose – C1
	3
	310
	1.181
	-1186
	-2.652
	-744
	-2.241

	
	7
	321
	1.013
	-960
	-2.123
	-635
	-2.087

	
	10
	1125
	0.847
	-827
	-1.047
	-974
	-0.811

	C2 only
	2
	885
	0.714
	-
	-
	-442
	-

	Fructose – C2
	3
	924
	0.814
	-
	-
	-463
	-

	
	7
	1011
	0.964
	-
	-
	-508
	-

	
	10
	1041
	1.187
	-
	-
	-518
	-

	C3 only
	2
	883
	0.701
	-
	-
	443
	-

	Fructose– C3
	3
	912
	0.804
	-
	-
	-452
	-

	
	7
	1002
	0.965
	-
	-
	-505
	-

	
	10
	1028
	1.177
	-
	-
	-511
	-


Ep = E0 + RT/(αnF) [ln [(RTks)/ (αnF)] – lnν]

(1)

Where α represents the electron transfer coefficient, ks is the standard rate constant of the surface reaction, υ is the scan rate, E₀ is the formal potential, and n is the number of electrons transferred. Based on the above equation, the parameters for all sensor–sugar reaction systems were calculated using the same approach, with the corresponding results presented in Fig. 6. The plot of Ep versus υ yielded a well-defined straight line, from which the αn value was determined using the slope, and ks from the intercept. Similarly, the plot of Ep versus ln υ, shown in Fig. 6, also exhibited linearity. The E₀ values for the sensors were obtained by extrapolating the plot in Fig. 6 to υ = 0 on the ordinate.
3.6 Determination of the Stoichiometry of Sensor–Sugar Complexes

According to the method described by Li and Min [50], the composition and equilibrium constant of the complexes can be evaluated from the changes in peak current (Ip). The electrochemical parameters for the reactions of the sensor with glucose, and the azo-sensor with fructose, were calculated and compared in order to distinguish the electrochemical behavior of the resulting bio-complexes.
Log [ΔI/ (ΔImax - ΔI)] = Log βs +m log [Dye]


(2)

Where ΔI represents the difference in peak current in the absence and presence of sugar, and ΔImax corresponds to the maximum value observed when the sensor–sugar concentration greatly exceeds that of the free sugar. Csugar, [sugar], and [sugar–sensor] refer to the total, free, and bound sugar concentrations in the solution, respectively. Based on Eq. (3), a plot of log[ΔI / (ΔImax − ΔI)] versus log[sensor] was constructed, as shown in Fig. 7. The slope and intercept of this plot were used to calculate the values of m and βs, indicating the formation of an electro-inactive sugar–sensor complex. The linearity of this plot confirms that a single complex is formed between the sensor and the sugar molecules.


Fig. 5 Cyclic voltammograms of glucose and fructose in glassy carbon electrode with successive additions of a final concentration of sensor at different scan rate = (100-1000 mV s-1)  

Fig. 6  Semilogarithmic dependence of the peak potential (Ep) on the potential scan rate (ν) of C1, C2 and C3 with glucose and fructose.


Fig. 7 Linear plot of log[sensor] vs log[ΔI/(ΔImax-ΔI].

4. Conclusion 

Three boronic acid-containing azo dyes and their corresponding carboxylic acid-substituted derivatives were synthesized. This study demonstrates that these simple monoboronic acid-functionalized compounds possess a significant affinity for glucose and fructose, as evidenced by absorption and fluorescence spectroscopy. Among them, compounds 1, 2, and 3 exhibited enhanced selectivity and lower detection limits for glucose and fructose under optimal pH conditions. At higher pH values, the binding affinity of the probe molecules towards these sugars increased notably. The calculated association constants further support that the binding strength with glucose is greater than with fructose. Electrochemical studies showed that upon adding the sensors to the sugar solution, a reduction peak was not observed. However, at higher sensor concentrations, the oxidation peaks current (Ipa) decreased, while the reduction peak current (Ipc) increased—whereas Ipa increased in the absence of sugars. The conversion of the boron atom from an sp² to an sp³ configuration upon sugar binding is believed to cause the enhancement in fluorescence. Additionally, the observed increase in quantum yield and fluorescence lifetime confirms the interaction between the saccharide and probe molecules in the excited state.
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