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ABSTRACT 26 

Laccase is a lignin-degrading enzyme that is expected to move industrial applications to a greener 27 

form of biotechnology. Here, we used 2,2'-azinobis(3-ethylbenzthiazolin-6-sulfonic acid) (ABTS) as 28 

a mediator and N-benzoyl leucomethylene blue (BLMB) as a substrate to develop a fluorometric assay 29 

that we used to measure laccase activity in mushroom extracts. We then compared this novel approach 30 

to conventional absorption spectrophotometry. With this novel approach, laccase oxidizes ABTS to 31 

produce ABTS radicals that show an absorption maximum at 415 nm. The ABTS radicals oxidize 32 

BLMB to generate fluorescent methylene blue that is measured by fluorometry while absorption 33 

spectrophotometry directly measures the absorbance of the ABTS radicals at 415 nm. Under the 34 

optimal conditions, the fluorometric assay showed a linear calibration curve with limits of detection 35 

and quantification of 1.0 × 10-2 mg mL-1 and 3.2 × 10-2 mg mL-1, respectively, and those values are 36 

1.4-fold lower than the results using conventional absorption spectrophotometry to measure ABTS 37 

radicals. Laccase activity of extracts from species of mushrooms that include eryngii and shiitake were 38 

successfully determined via both fluorometry and absorption spectrophotometry. The eryngii extract 39 

showed the highest level of activity, which was followed by the shiitake extract, but laccase activity 40 

was not observed in the shimeji extract.  41 

  42 
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1. Introduction 43 

Laccase is a copper-containing polyphenol oxidase widely found in plants and fungi 44 

as well as in insects. Due to the ability of laccase to decompose aromatic polymers, it is 45 

expected to have utility in industrial fields for use in dye decolorization (Abadulla et al., 46 

2000; Soares et al., 2001), wine clarification (Servili et al., 2000), and in bio-pulping 47 

(Dyer and Ragauskas, 2004). Another benefit is that the afore-mentioned processes, and 48 

others using laccase, can be performed under mild conditions. Compared with other 49 

lignin-degrading enzymes (lignin peroxidase and manganese peroxidase), laccase enables 50 

O2 to replace H2O2 as the final electron acceptor, so the reaction is more economical and 51 

advantageous for industrial applications due to the lack of a need for additional H2O2. 52 

Laccase has a lower redox potential (0.5-0.8 V) than other enzymes (Munk et al., 2015) 53 

and can only catalyze the direct oxidation of para-diphenols, aminophenols, polyphenols, 54 

polyamines, and aryldiamines, as well as some inorganic ions (Giardina et al. 2010), but 55 

its enzymatic activity is expected to be useful in several industries. 56 

Many mushrooms contain laccase, which produces vital life energy by decomposing 57 

cellulose and other organic compounds. For example, laccase is found in many edible 58 

mushrooms including Cantharellus cibarius (Ng and Wang, 2004), Hypsizygus 59 

marmoreus (Zhang et al., 2015), Volvariella volvacea (Chen et al., 2003), Clitocybe 60 

maxima (Zhang et al., 2010), Pleurotus eryngii (Wang and Ng, 2006b), and others 61 

(Ratcliffe et al., 1994). Some medicinal mushrooms contain laccase in their bodies as well 62 

(Ullrich et al., 2005; Wang and Ng, 2006a). Not only mushroom fruits but also mushroom 63 

compost (Matcham and Wood, 1992) and food industry waste (Songulashvili et al., 2006) 64 

are expected to be sources of laccase for industrial usage. Therefore, sensitive and reliable 65 

analytical methods are required for the assessment of laccase activity in the crude extracts 66 

of these sources. 67 

The most conventional method of measuring laccase activity is absorption 68 

spectrophotometry, and a variety of chromogenic substrates that can be directly catalyzed 69 
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have been reported: 2,2′-azino-bis-3-ehtylbenzothiazoline-6-sulfonicacid (ABTS) 70 

(Bourbonnais and Paice, 1990), 2,6-dimethoxyphenol (Slomczynski et al., 1995), L-3,4-71 

dihydroxyphenylalanine (Sinsabaugh et al., 1993), guaiacol (De Pinto and Ros Barceló, 72 

1996), 4-methylcatechol (Shin et al., 1997), and syringaldazine (Harkin and Obst, 1973). 73 

The most widely used of these substrates is ABTS, because its sensitivity is three- to 74 

forty-fold higher than that of the other examples (Eichlerová et al. 2012). ABTS is also 75 

frequently used as an indicator of oxidants such as hydrogen peroxide (Cai et al., 2018), 76 

ozone (Wang and Reckhow, 2016), and peracetic acid (Yuan et al., 2022), and is employed 77 

in antioxidant tests (Teow et al., 2007; Martinez-Inda et al., 2023). However, Farnet et al. 78 

have reported that ABTS cannot realistically be considered as a relevant substrate for 79 

laccase activity, because in its oxidized form the ABTS free radicals (ABTS·+) are highly 80 

reactive, and abiotic reactions may occur during enzymatic measurement, which could 81 

lead to a misinterpretation of the results (Farnet et al., 2009; Farnet et al., 2011). 82 

Furthermore, absorption spectrophotometry could be interfered with if a sample contains 83 

colored components with the same wavelength as the absorption maximum of the ABTS 84 

free radicals. 85 

To improve sensitivity and selectivity in the determination of laccase, fluorometry is 86 

an alternative because of potential advantages that include a small background signal, 87 

wide selectivity in excitation and emission wavelength, and no interference from colored 88 

substances. Thus, for the present study we developed a fluorometric assay of laccase to 89 

improve the sensitivity and selectivity. The fluorometric assay is based on the oxidation 90 

reaction of a fluorescent probe with the ABTS free radical that was generated by the 91 

enzymatic reaction of laccase. Laccase is known to react with ABTS to produce the ABTS 92 

radical, and then the ABTS radical oxidizes non-phenols (Bourbonnais and Paice, 1990). 93 

Therefore, a suitable fluorogenic substance could produce a usable fluorometric assay of 94 

laccase if it could be oxidized by the ABTS radical. 95 

A few studies have demonstrated that N-benzoyl leucomethylene blue (BLMB) is a 96 

good probe for measurements of hydroperoxides and peroxidases via electrochemistry 97 
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(Pérusse and Leech, 2003) and surface-enhanced Raman spectroscopy (Guo et al., 2017). 98 

Some studies also reported that BLMB is a useful substrate for the enzymatic reaction of 99 

horseradish peroxidase (Ren and Kaneta, 2022; Danchana et al., 2022). In the present 100 

study, we found that the ABTS free radical, which is generated by a catalytic reaction 101 

with laccase, oxidizes BLMB to produce methylene blue that emits in the red region. The 102 

developed fluorometric assay was applied to an enzyme assay of mushroom extracts, and 103 

the results were compared with those of the ABTS-based absorption spectrophotometry. 104 

 105 

2. Experimental 106 

2.1 Chemicals 107 

All chemicals were of analytical grade and were used without further purification. 108 

Deionized water was prepared by means of an Elix water purification system (Direct-Q 109 

UV3, Merck, Darmstadt, Germany). Laccase from Trametes versicolor was purchased 110 

from Merck (Darmstadt, Germany). BLMB was obtained from Tokyo Chemical Industry 111 

Co., Ltd. (Tokyo, Japan). Methanol, Triton X-100, ABTS, sodium hydroxide, phosphoric 112 

acid, sodium dihydrogen phosphate, and disodium hydrogen phosphate were obtained 113 

from Wako Pure Chemical Corporation (Osaka, Japan). Acetic acid was purchased from 114 

Kanto Chemical Co., Inc. (Tokyo, Japan), and sodium acetate was purchased from 115 

Nacalai Tesque, Inc. (Kyoto, Japan). 116 

 117 

2.2 Sample preparation 118 

Fresh mushroom samples, Pleurotus eryngii (eryngii mushroom), Lentinula edodes 119 

(shiitake mushroom), and Hypsizygus marmoreus (shimeji mushroom), were obtained 120 

from local supermarkets in Okayama city. Mushroom extracts were prepared as follows. 121 

Extraction of laccase from eryngii mushroom was accomplished using an established 122 

procedure reported in the literature (Wang and Ng, 2006b). A 40 g portion of eryngii 123 

mushroom was weighed and mixed with 20 mL of deionized water. The mixture was 124 

homogenized using a mortar and let stand overnight at 4 °C. The mixture was centrifuged 125 
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at 2,580 g for 15 minutes, and the supernatant was used as the eryngii extract. For shiitake 126 

mushrooms, a 20 g portion was gathered, mixed with 20 mL of water, homogenized using 127 

a mortar, let stand overnight at 4 °C, and centrifuged at 2,580 g for 15 minutes to produce 128 

the shiitake extract supernatant. 129 

According to the literature (Teixeira et al., 2010), an extract of shimeji mushrooms 130 

was prepared by adding 20 mL of 0.02 M tartaric acid to a 20 g portion of shimeji 131 

mushrooms, which then was homogenized with a mortar, stored overnight in a refrigerator, 132 

and centrifuged at 2,580 g for 15 minutes. The resultant supernatant was used as the 133 

shimeji extract. 134 

 135 

2.3 Apparatus 136 

Absorption spectrophotometry and fluorometry were carried out using a UV–VIS 137 

spectrophotometer, UV2400-PC (Shimadzu, Kyoto, Japan), and a fluorometer, RF-138 

5300PC (Shimadzu, Kyoto, Japan), respectively. The pH of the buffer solutions was 139 

measured via pH meter (Horiba, Kyoto, Japan). 140 

 141 

2.4 Analytical methods 142 

   The pH values of the solutions were adjusted using H3PO4-NaH2PO4 (50 mM, pH 143 

1.2-3.2), CH3COOH-CH3COONa (50 mM, pH 3.7-4.7), and NaH2PO4-Na2HPO4 (6.2-144 

8.2). Standard solutions of laccase with concentrations of 5-25 mg mL-1 were prepared to 145 

construct absolute-calibration curves. In the absorption spectrophotometry, 100 µL of 146 

either standard or sample solutions were added to 10 mL of a buffer solution containing 147 

5 µM ABTS. Absorbance at 415 nm was measured to quantify the produced ABTS 148 

radicals. In the fluorometric assay, the buffer solution contained 0.1(m/v)% Triton X-100 149 

and 20 µM BLMB in addition to 5 µM of ABTS. To prepare the buffer solution, 25 mL 150 

of 500 mM phosphate buffer, 25 mL of 1(m/v)% Triton X-100, 12.5 mL of 100 µM ABTS, 151 

and 5 mL of 1 mM BLMB dissolved in methanol were added to a 250-mL volumetric 152 
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flask. The resulting solution was then diluted to a final volume of 250 mL with water. The 153 

concentration of BLMB was adjusted to 20 µM because it is insoluble in water and its 154 

solubility in 0.1% Triton X-100 solution is 20 μM as described in our previous study (Ren 155 

and Kaneta, 2022). The fluorescence of the produced methylene blue was measured at 156 

650 nm and 680 nm for excitation and emission wavelengths, respectively. Crude extracts 157 

of mushrooms were mixed with the standard solutions with different concentrations at a 158 

ratio of 1:1 in the standard-addition methods of absorption spectrophotometry and 159 

fluorometry. A 100 µL aliquot of the mixture was added to 10 mL of the buffer solution 160 

containing 5 µM ABTS for absorption spectrophotometry and 20 µM BLMB in addition 161 

to 5 µM ABTS for fluorometry.  162 

 163 

2.5 Statistical analysis 164 

   Microsoft Excel processed all of the data to calculate standard deviations, correlation 165 

coefficients, laccase concentrations, the limit of detection (LOD), the limit of 166 

quantification (LOQ), and recovery. Microsoft Excel was also used to construct the 167 

calibration curves. The standard deviations were calculated from three replicated 168 

measurements. The LOD and LOQ were calculated according to the International Union 169 

of Pure and Applied Chemistry (IUPAC) standards (Currie, 1999; Olivieri, 2015). 170 

Recoveries were evaluated using absolute calibration curves. Spiked and unspiked 171 

samples were measured by the absolute calibration methods, and the recovery was 172 

calculated by dividing the obtained concentration for the spiked sample by the sum of the 173 

obtained concentration for the unspiked sample and the spiked concentration. 174 

 175 

3. Results and discussion 176 

3.1 Absorption spectra of ABTS radicals and methylene blue  177 

Laccase converts colorless ABTS to green ABTS radicals in the presence of oxygen. 178 

The absorption spectrum of the ABTS radicals generated by laccase and that of methylene 179 
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blue are shown in Fig. 1. In the 400 to 800 nm range, the ABTS radicals have an 180 

absorption maximum at 415 nm. On the other hand, the absorption spectrum of methylene 181 

blue overlaps that of the ABTS radicals. Therefore, it is difficult to measure methylene 182 

blue via absorption spectrophotometry in the presence of ABTS radicals. However, 183 

because the ABTS radicals are non-fluorescent, fluorometry permits selective 184 

measurement of methylene blue which emits in the region of 600-700 nm. Thus, 185 

fluorometry using BLMB as a substrate and ABTS as a mediator is expected to achieve a 186 

more sensitive laccase assay compared with that of absorption spectrophotometry. 187 

 188 

3.2 Optimal pH 189 

To optimize the pH of the enzyme assay, the pH values of the buffer solutions were 190 

varied from 1.8 to 7.8. The absorbance dependence on pH of ABTS radicals and that of 191 

the fluorescence of methylene blue appears in Fig. 2. The absorbance of the ABTS 192 

radicals was increased from pH 2 to 3, at which point the maximum was obtained. Further 193 

increases in pH showed a decrease in absorbance similar to previous reports of using 194 

ABTS (Palmieri et al., 1993; Afreen et al., 2017). Absorption spectrophotometry revealed 195 

that the optimal pH of the enzymatic reaction, indeed, was 3. Recent research that 196 

suggested an ideal pH range of 3-9 also supports this result (Rumpf et al., 2023).  197 

When the ABTS radicals reacted with BLMB, a pH lower than 3 gave a higher 198 

fluorescence intensity for methylene blue, which showed that an acidic condition 199 

promoted the production of methylene blue (Fig. 2). However, the fluorescence intensity 200 

for a blank solution also increased in the acidic pH region (3.26 at pH 3 and 8.39 at pH 201 

1), so the optimum pH was found to be 3, which is similar to that of absorption 202 

spectrophotometry.  203 

 204 

3.3 Optimal concentration of ABTS 205 

The ABTS concentrations were varied to 5, 10, and 15 µM under conditions where 206 
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the concentrations of BLMB and Triton X-100 were fixed at 20 µM and 0.1(w/w)%, 207 

respectively, which was the case in the previous report (Ren and Kaneta, 2022). Triton X-208 

100 was needed to increase the solubility of BLMB in water. The results appear in Fig. 3 209 

where the fluorescence intensity was plotted against time. It should be noted that the data 210 

from 0 to 3 min could not be available because it took roughly 3 min to mix solutions and 211 

set the cuvette in the fluorometer before each measurement. At an ABTS concentration 212 

of 5 µM, the fluorescence intensity was increased from 3 to 5 min at which point it became 213 

stable. Conversely, the fluorescence intensity was stable from 3-5 min at 10 µM ABTS, 214 

and then decreased after 5 min. For 15 µM ABTS, the fluorescence intensity was 215 

decreased from 3 to 10 min. The decreased fluorescence intensity at 15 µM ABTS could 216 

have been due to a decomposition of methylene blue caused by excess amounts of ABTS 217 

radicals. Recent studies demonstrated that ABTS degrades methylene blue (Asadi et al., 218 

2020, Girelli et al. 2021). These results support the hypothesis that the decrease in 219 

fluorescence intensity would be due to the decomposition of the produced methylene blue 220 

by residual ABTS free radicals. With respect to reaction time and fluorescence intensity, 221 

5 µM ABTS required an incubation time of longer than 5 min whereas 10 µM ABTS 222 

showed stable fluorescence intensity within 3-5 min. Also, the maximum fluorescence 223 

intensity of 10 µM ABTS was comparable to that of 5 µM ABTS. Therefore, 10 µM 224 

ABTS was chosen as the optimum concentration. 225 

 226 

3.4 Quantitative performance 227 

The quantitative performances of absorption spectrophotometry and fluorometry were 228 

evaluated using laccase standard solutions dissolved in water. Both methods showed good 229 

linearities with correlation coefficients of 0.9985 for spectrophotometry and 0.9954 for 230 

fluorometry. The limits of quantification were 4.4×10-2 mg mL-1 for absorption 231 
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spectrophotometry and 3.2×10-2 mg mL-1 for fluorometry. The fluorometric assay 232 

achieves a lower limit of quantification by a factor of 1.4. 233 

 234 

3.5 Quantification of laccase activity in crude extracts of mushrooms 235 

Under the optimal conditions, two methods were employed for the determination of 236 

crude extracts of eryngii, shiitake and shimeji mushrooms: absolute-calibration and 237 

standard-addition. Zhang et al. have reported that Hypsizygus marmoreus (bunashimeji) 238 

contained laccase (Zhang et al., 2015). However, in this study, laccase could not be found 239 

in the extract of shimeji mushrooms. Probably, the amount of laccase in the fruits of 240 

shimeji mushrooms is too small to be detected, which is different from bunashimeji. The 241 

definition of “shimeji” is ambiguous and several species of shimeji are found in markets. 242 

Thus, the content of laccase in shimeji mushrooms would depend on their species and 243 

cultivation environment. 244 

The calibration curves in the measurements of the extract from eryngii mushrooms 245 

are shown in Fig. 4 where (a) and (b) were obtained by absorption spectrophotometry and 246 

fluorometry, respectively. The slopes of the standard-addition methods are in good 247 

agreement with those of the absolute-calibration curves for both absorption 248 

spectrophotometry and fluorometry. Correlation coefficients in fluorometry and 249 

absorption spectrophotometry are larger than 0.99 except for the standard-addition 250 

method of absorption spectrophotometry (See Fig. 4). The obtained contents of laccase 251 

in the eryngii extracts are summarized in Table 1. In absorption spectrophotometry, 0.375 252 

and 0.325 mg g-1 were obtained via the absolute-calibration and standard-addition 253 

methods whereas fluorometry showed 0.230 mg g-1 and 0.270 mg g-1. The results of 254 

absorption spectrophotometry and fluorometry seemed to show no significant differences, 255 

so the content of laccase in the fruits of eryngii mushrooms were found to be roughly 0.3 256 

mg g-1 in both fluorometry and absorption spectrometry using both the absolute-257 

calibration and standard-addition methods. 258 

The calibration curves in the measurements of the extract from shiitake mushrooms 259 
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are shown in Fig. 5 and the obtained laccase activities are summarized in Table 1 as well. 260 

The absolute-calibration curves represented slightly different equations because the 261 

experiments were conducted on different days. Absorption spectrophotometry showed the 262 

same slope in both the absolute-calibration and the standard-addition methods. However, 263 

fluorometry showed a smaller slope in the results of the standard-addition method 264 

compared with that of absolute-calibration. The obtained laccase activities were 0.151 265 

(absolute-calibration) and 0.130 (standard-addition) mg g-1 in absorption 266 

spectrophotometry whereas they were 0.066 (absolute-calibration) and 0.109 (standard-267 

addition) mg g-1 in fluorometry. Consequently, estimates for the amount of laccase in the 268 

fruit of shiitake mushrooms is roughly 0.1 mg mL-1. 269 

The recoveries are also shown in Table 1. In the fluorometric assay, although the 270 

activity of the shiitake mushroom extract was slightly underestimated, the recoveries 271 

ranged from 86 to 108, which is acceptable in the measurement of real samples. In 272 

addition, in Table 1, all recoveries obtained by spectrophotometry and fluorometry were 273 

within 100±15% (85-115%), so the two methods showed no significant difference. 274 

Although all values for the shiitake mushroom extract seemed to show no significant 275 

differences, the absolute calibration method by fluorometry possibly underestimated the 276 

amount of laccase, as evidenced by the difference in the slopes between the absolute-277 

calibration and standard-addition methods. These facts suggest that the crude extract of 278 

shiitake mushrooms contains substances that inhibit the reaction between ABTS radicals 279 

and BLMB while no substance would show interference in the reaction between laccase 280 

and ABTS because of similar slopes between the absolute-calibration and the standard-281 

addition methods in absorption spectrophotometry. Therefore, the fluorometric assay 282 

requires the standard-addition method to measure the crude extract of shiitake mushrooms 283 

in order to minimize the chances for underestimation. Conversely, the advantages of the 284 

fluorometric assay include low levels of limitations for quantification and for potential 285 

selectivity. The fluorometric assay would be useful for samples that contain colored 286 

substances that absorb light at 415 nm. For example, when the antioxidant test with ABTS 287 
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employs a pigment that has absorption at 415 nm, the antioxidant activity is 288 

underestimated (Teow et al., 2007, Martinez-Inda et al., 2023). In such cases, the 289 

fluorometric assay would resolve the issue of the absorption-spectrophotometric assay. 290 

Therefore, the fluorometric assay could be an alternative to conventional absorption-291 

spectrophotometric assay. 292 

To compare the activity of crude extracts with the previously reported values, the 293 

activity was calculated using the international unit for enzyme which is defined as the 294 

amount of enzyme that catalyzes the conversion of one micromole of substrate per minute. 295 

The results are summarized in Table 2. In the listed literature where ABTS was used as 296 

the substrate, the activity of laccase is defined as the amount of enzyme required to 297 

produce an absorbance increase at 405 nm of one per minute per milliliter of reaction 298 

mixture. Therefore, we converted these values to those expressed by the international unit 299 

for enzyme using the absorption coefficient of ABTS radical as 3.6×104 M-1cm-1 (Childs 300 

and Bardsley, 1975). It should be noted that the absorbance of APTS radial at 405 nm 301 

seems to be similar to that at 415 nm. As seen in Table 2, the enzyme activities of the 302 

mushroom extracts are comparable with the values reported in the literature. Extracts of 303 

fresh mushrooms showed laccase activities lower than 1 U g-1 whereas recently studies 304 

on fermented mushrooms exhibited extremely high activities (Rajavat et al., 2020; 305 

Vaithyanathan et al., 2022). Therefore, the activities obtained in this study would be 306 

reliable as supported by the literature. 307 

The analytical performance of the developed fluorometric assay was also compared 308 

with other methods reported in the literature as shown in Table 3. The LODs and LOQs 309 

are lower than the other techniques such as the flow injection method, resonance 310 

scattering method, and electrochemical method while the present method is comparable 311 

with the fluorometric assay using Amplex Red. The advantage of the present method is 312 

the short analysis time of 3 min compared to the fluorometric assay using Amplex Red 313 

which needs 10 min for the reaction time. Thus, the present fluorometric assay can be an 314 

alternate method to measure the laccase activity in crude mushroom extracts. 315 
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 316 

4. Conclusions 317 

In this study, we developed a fluorometric assay for laccase using BLMB as the 318 

substrate and ABTS as the mediator and compared it with the results of conventional 319 

absorption spectrophotometry using ABTS. The fluorometric assay showed a good linear 320 

relationship with a 1.4-fold lower limit of quantification compared with conventional 321 

absorption spectrophotometry. Both methods were applied to measurements of laccase in 322 

crude extracts of mushroom samples, and the results of the fluorometric assay were 323 

comparable to those obtained via a conventional absorption-spectrophotometric assay, 324 

which suggests that the fluorometric assay accurately measures laccase activity in 325 

mushroom samples. The standard addition method is recommended for minimizing errors 326 

in the fluorometric assay because we found underestimation of laccase activity in the 327 

extract of shiitake mushrooms. The results indicate that eryngii mushrooms contain a 328 

larger amount of laccase than that found in either shimeji or shiitake mushrooms. The 329 

present research demonstrated that the fluorometric assay developed in this study would 330 

be complementary to conventional absorption spectrophotometry using ABTS for the 331 

assay of laccase activity when samples contain lower concentrations of laccase. 332 
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Extraction 

source 

Laccase in mushroom 

Absorption spectrophotometry Fluorometry 

Absolute 

calibration 

method/ 

mg g-1 

Standard 

addition 

method/ 

mg g-1 

Recovery/ 

% 

 

Absolute 

calibratio

n 

method/ 

mg g-1 

Standard 

addition 

method/ 

mg g-1 

Recovery

*/ % 

 

Eryngii 

mushroom 

0.3735±

0.009 

0.3275±

0.004 
95-111a 

0.22930

±0.016 

0.270±

0.013 
103-111b 

Shiitake 

mushroom 

0.151±

0.006 

0.130±

0.015 
94-108c 

0.066±

0.001 

0.109±

0.001 
86-108d 

 512 
Concentrations of the standard in the samples: a, 0.05, 0.10, 0.15, and 0.20 mg mL-1; b, 513 
0.025, 0.05, 0.10, and 0.15 mg mL-1; c, 0.025, 0.05, 0.10, and 0.15 mg mL-1; d, 0.025, 514 
0.05, 0.075, and 0.10 mg mL-1. 515 
 516 
*Recovery values were obtained by the absolute calibration methods. 517 
  518 
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Table 2. Comparison of laccase activity in mushrooms 519 

Mushroom Activity/ U g-1 

Activity calculated 
from the 

international unit for 
enzyme**/ U g-1 

References 

Clitocybe maxima 7.06* 0.3 Zhang et al., 
2010 

Cantharellus cibarius 2.3* 0.08 Ng and Wang, 
2004 

Hericium coralloides 2.95* 0.1 Zou et al., 2012 
Pleurotus eryngii 9.0* 0.3 Wang and Ng, 

2006b 
Ganoderma lucidum 2.5* 0.09 Wang and Ng, 

2006a 
Pleurotus florida 
(fermentation) 

3,015.8 3,015.8 Rajavat et al., 
2020 

Pleurotus dryinus 
(fermentation) 

162.1 162.1 Vaithyanathan 
et al., 2022 

Shiitake mushroom 0.12 
(spectrophotometry) 

0.3 

This work 
0.0981 (Fluorimetry) N/A 

Pleurotus eryngii 0.29 
(spectrophotometry) 

0.6 

0.24 (Fluorimetry) N/A 

* One unit of enzyme activity was defined as the amount of enzyme required to produce 520 

an absorbance increase at 405 nm of one per minute per milliliter of reaction mixture. 521 

** One unit of enzyme activity was defined as the amount of enzyme that catalyzes the 522 

conversion of one micromole of substrate (ABTS) per minute. 523 

N/A: Not applicable 524 

  525 
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Table 3. Comparison of analytical performance with the reported methods. 526 

Method Substrate (and 
mediator) 

LOD / U 
mL−1 

LOQ / U 
mL−1 

Analysis time 
/ min 

References 

Flow injection 
spectrophotometry 

Syringaldazine 0.2 0.6 12 Cuadrado et 
al., 2005 

Resonance 
scattering 

Guaiacol 0.05 N/A 35 Jiang et al., 
2011 

Resonance 
Scattering 

NaI, H2O2, 
tetradecyl 

timethylbenzyl 
ammonium 

chloride 

0.02 N/A 10 Liang et al., 
2011 

Fluorimetry Amplex Red 
1.76×10-3 

N/A 10 Wang et al., 
2017 

Electrochemistry Syringaldazine, 
ABTS 

0.5 U N/A N/A Gáspár et 
al., 2020. 

Fluorimetry ABTS and 
BLMB 

9 × 10-3 2.9 × 10-2 3 This work 

N/A: Not applicable 527 

  528 
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Figure Captions 529 

Fig. 1. Absorption spectra of ABTS radicals and methylene blue. ABTS free radicals were 530 

formed by incubation of 0.5 mM ABTS solution in phosphate buffer with 0.5 mg mL-1 of 531 

laccase (10 mL of 0.5 mg mL-1). The concentration of methylene blue, 10 µM. 532 

 533 

Fig. 2. Effect of pH on fluorometry using BLMB as a substrate. The pH was adjusted 534 

using phosphate and acetate buffers. Sample: 0.5 mg mL-1 of laccase in 50 mM buffer 535 

containing 0.10% (m/v) Triton X-100, 10 µM ABTS, and 20 µM BLMB. Reaction time, 536 

2 min. The absorbance of ABTS radicals was measured at 415 nm. The fluorescence of 537 

methylene blue was measured at an excitation wavelength of 650 nm and at an emission 538 

wavelength of 680 nm. 539 

 540 

Fig. 3. Effect of ABTS concentration on the reaction with BLMB. Sample: 0.5 mg mL-1 541 

of laccase in 50 mM phosphate buffer (pH 3) containing 0.10% (m/v) Triton X-100, 542 

different concentrations of ABTS (5, 10, and 15 µM), and 20 µM BLMB. The 543 

fluorescence of methylene blue was measured at an excitation wavelength of 650 nm and 544 

at an emission wavelength of 680 nm. 545 

 546 

Fig, 4. Calibration curves obtained by absolute-calibration and standard-addition methods 547 

for the determination of an eryngii extract. Red line, absolute-calibration method; blue 548 

line, standard-addition method. (a) absorption spectrophotometry, (b) fluorometry. 549 

Sample, eryngii extract. Conditions are described in the text. 550 

 551 

Fig, 5. Calibration curves obtained by absolute-calibration and standard-addition methods 552 

for the determination of a shiitake extract. Red line, absolute-calibration method; blue 553 

line, standard-addition method. (a) absorption spectrophotometry, (b) fluorometry. 554 

Sample, shiitake extract. Conditions are described in the text. 555 
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