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ARTICLE INFO ABSTRACT

Keywords: A novel Fe?*/Tyr/Hy0, fluorescence reaction system has been established for the purpose of
Glucose oxidase analyzing glucose oxidase activity. This system involves the catalysis of glucose oxidase on
Glucose ) glucose to produce Hy0,, which in turn oxidizes tyrosine to a highly fluorescent substance under
?;’irs‘zﬁ‘;“ peroxide the catalysis of Fe>. The fluorescence intensity is subsequently employed to ascertain the
Fluorophotometry enzymatic activity of glucose oxidase. The enzymatic oxidation reaction and tyrosine fluorescence

reaction conditions were optimized based on the Hy0, standard curve equation. Direct fluores-
cence spectrophotometry was used to determine the activity range and detection limit of glucose
oxidase, which were found to be 7.00 x 1075-7.00 x 1072 U/mL and 3.36 x 107> U/mL
(Enzyme-like activity is 6.72 x 10~ U/mL, The enzyme reaction time is 5 min), respectively,
with a relative standard deviation of less than 3.2 %. This method has been successfully applied to
determine the activity of glucose oxidase in food additives, with a recovery rate ranging from
96.00 % to 102.0 %.

1. Introduction

Glucose oxidase (GOx) is an aerobic dehydrogenase found in molds such as Aspergillus niger, which can specifically oxidize p-p-
glucose into gluconic acid and HyO,, consuming a large amount of oxygen to form an anaerobic environment [1-3]. It is widely used in
food industries such as food deoxygenation in milk powder, wine, and juice, flour improvement, prevention of food browning, and
rapid food testing [4-7], as well as in the preparation of medical products such as urine glucose test strips and blood glucose test strips
[8-10]. In recent years, GOx has also been widely used in emerging fields such as biosensors [11,12], biofuels [13,14], and textile
bleaching [15,16]. GOx is widely distributed in animals, plants, and microorganisms, and due to the fast reproduction and wide
availability of microorganisms, they have become the main source of GOx [17-19].

As the application fields of GOx continue to expand, the demand in domestic and international markets has increased sharply.
Therefore, the research on detection methods and material preparation related to GOx has important practical significance. In recent
years, research related to this topic has certain reference value. For example, Zhang et al. [20]. developed a GOx-mediated sensing
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Fig. 1. Experimental process diagram.

system with a detection limit of 0.21 nM for glucose. This method is simple in design and low in cost. Another example is the
colorimetric sensitive analysis technique for GOx by Griyte R et al. [21], which utilizes the photo-oxidation of TMB (3, 3/, 5, 5-tet-
ramethylbenzidine) catalyzed by semiconductor cadmium sulfide nanoparticles (NPs). The results showed that the sensitivity of
colorimetric analysis is comparable to that of fluorescence analysis. Furthermore, Chaichi M J et al. [22]. immobilized GOx onto
Fe304-chitosan nanoparticles to construct a novel and efficient glucose biosensor based on chemiluminescence detection of enzy-
matically produced Hy0». This provides technical support for the practical application of GOx.

However, the complexity, high cost, and low efficiency of the GOx detection process have become one of the factors limiting the
industrial application of GOx [23-25]. Traditional detection methods include titration [26], electrode method [27], fluorescence
photometry [28], etc. Although these methods have their own advantages, further research is needed to develop simpler and more
efficient GOx detection methods. Among the many methods for detecting GOx activity, the use of fluorescence detection has rarely
been reported. We have created a fluorescence reaction system based on the chemical reaction between the phenolic hydroxyl group in
the molecular structure of tyrosine (Tyr) and the formation of fluorescent tyrosine dimers [29,30]. By relying on the Fe?*/Tyr/H,0,
fluorescence reaction system, we have established a standard curve for HyO», and then converted it into GOx activity through the
working curve equation. This method for detecting GOx activity is simple, rapid, accurate, and has great practical value.

2. Experimental section
2.1. Instruments and reagents

In all experiments, a fluorescence photometer (360 nm excitation light source, Shanghai Tianmei Company) was utilized. The
experimental solutions primarily consisted of glucose solution (100 mmol/L), Tyr solution (0.01 mmol/L, biochemical reagent,
Aladdin), H,05 standard solution (2.8 mmol/L), glucose oxidase working solution (50 pg/mL, Beijing Wokai Biotechnology Co., LTD.),
FeSOy4 solution (1.0 mmol/L), and HAc-NaAc buffer solution (0.1 mol/L, pH = 5.00).

2.2. Drawing of H20; standard curve

Take six 10 mL cuvettes and add 0.00, 0.10, 0.20, 0.30, 0.40, 0.50 mL of 2.8 mmol/L H20, standard solution in sequence. Then add
1.00 mL of 0.01 mol/L Tyr solution, 2.00 mL of 0.1 mol/L HAc-NaAc (pH = 5.0) buffer solution, and 0.8 mL of 1.0 mmol/L FeSO4
solution to each cuvette, diluted to the scale. React at 35 °C for 15 min, and cool to room temperature with running water. When the
excitation wavelength is 360 nm, measure the fluorescence intensity F at the emission wavelength of 382 nm. Furthermore, plot the
standard curve of HyOy with concentration (C (umol/mL)) as the abscissa and fluorescence intensity (AF) as the ordinate, and
determine the slope k of the equation.

2.3. Determination of the enzyme activity

The definition of GOx activity entails the quantity of 1 U necessary to catalyze the glucose reaction, resulting in the production of 1
pmol of hydrogen peroxide (H202) within a duration of 1 min. The enzyme activity is denoted by unit U/mL. Design the following
scheme based on the definition of enzyme activity, and derive the formula for calculating enzyme activity.

A 10 mL colorimetric tube was used to separately contain 1.00 mL of glucose oxidase sample solution (<0.025 U/mL) and glucose
solution (0.1 mol/L). The mixture was then allowed to react at 35 °C for 5 min, after which 1.00 mL of pH = 2.00 sulfuric acid was
added to terminate the enzyme-catalyzed reaction. The solution was thoroughly oscillated and pH = 12.00 sodium hydroxide (1.00
mL) was added to restore the solution environment to its original state, thus preparing the enzyme-catalyzed reaction solution. To this
solution, Tyr solution (1.00 mL, 0.01 mol/L), HAc-NaAc buffer solution (2.00 mL, 0.1 mol/L, pH = 5.0) and Fe?* solution (0.80 mL,
1.0 mmol/L) were added and the resulting mixture was diluted to the scale. After allowing the reaction to proceed at a temperature of
35 °C for a duration of 15 min. When exciting at a wavelength of 360 nm, measure the fluorescence intensity F at 382 nm. The
experimental process is shown in Fig. 1.
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Fig. 2. Scheme of catalytic fluoresce detection of GOx activity.
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Fig. 3. Fluorescence curve when C (Tyr) = 1.0 mmol/L, C(H;0,) = 0.14 mmol/L, C(Fe®*") = 0.08 mmol/L.

This measurement was taken after cooling the sample to room temperature using water. Additionally, the enzyme blank fluo-
rescence intensity Fp was determined. Using formula (1):
AF 1
(€}

X=—x10
k x ><t><Vs

The GOx activity X of the enzyme solution was calculated. The variables X, k, t, Vs, and 10 respectively represent the activity of the
enzyme solution in U/mL, the slope of the H,0, working curve in mL/pmol, the dilution of the enzyme solution by a factor of 10, the
enzymatic catalytic reaction time in minutes, and the sample liquid volume of GOx in mL. The difference between F and Fy is rep-
resented by AF.

3. Results and discussion
3.1. Reaction principle

Under the catalysis of GOx, glucose is oxidized to produce HoO-. In pH5.0 acetate buffer solution, using Fe?>* as a catalyst, the
generated HyO, reacts with Tyr to form Tyr dimers. The specific reaction process is as follows:

CH,OH COOH
H ! O_H Gop H & O_H

OH H + o0, + HLO —> OH H +  H0,
OH OH OH OH

H OH H OH
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Fig. 4. Effect of A) heating time and B) amount of Fe?* on the fluorescence reaction when C(H205) = 0.14 mmol/L, C (Tyr) = 1.0 mmol/L.
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Fig. 5. Effect of A) Tyr dosage and B) pH on the fluorescence reaction when C(H202) = 0.14 mmol/L, t = 10 min, C(Fe?*") = 0.08 mmol/L.

HO

The strong fluorescent effect of Tyr dimer occurs at a wavelength of 382 nm. It is well known that the fluorescent intensity of Tyr
dimer is directly proportional to the concentration of H,O» within a certain range. Based on this, we performed two reactions: GOx
catalyzed oxidation of glucose and enzyme solution with Tyr. We then measured the fluorescent intensity at a wavelength of 382 nm,
and calculated the change in fluorescent intensity (AF) before and after adding the enzyme solution. By substituting this value into the
H,02 working curve equation, we were able to estimate the activity of GOx. The principle of this measurement is illustrated in Fig. 2.

3.2. The emission curve of the tyrosine dimer products

The emission curve depicting the tyrosine dimer products is illustrated in Fig. 3. It is observed that Tyr exhibits weak fluorescence,
as shown in Curve 1. Additionally, the reaction between Tyr and H303 is also weak, resulting in a small fluorescence peak at a
wavelength of 382 nm (Curve 2). Upon catalysis by Fe?*, Tyr undergoes oxidation by HyOs, leading to the formation of Tyr dimer,
which exhibits a strong fluorescence signal release. Notably, the emission wavelength remains at 382 nm, as depicted in Curve 3. The
indirect fluorescence of Tyr is attributed to the strong oxidation of fenton reagent (Fe>™ + HyO5 — Fe>t + HOe + OH™) and the unique
structure of Tyr, The oxidation products of Tyr exhibit long conjugated n—x* transitions, resulting in an increase in fluorescence
intensity [31]. Furthermore, the fluorescence intensity is closely related to HoO5, which is generated through the catalytic oxidation of
glucose by GOx. This provides a reliable basis for the determination of GOx activity.

3.3. Optimization of tyrosine fluorescence reaction conditions

A standard solution of HyO5, measuring 0.50 mL and with a concentration of 2.8 mmol/L, was utilized in lieu of the enzyme
catalyzed reaction solution. The fluorescence reaction of Tyr was examined through a single factor method, with a focus on the impact
of reaction time, reaction temperature, Fe>" concentration, dosage of Tyr, and solution acidity. The aforementioned reaction exhibits
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Fig. 6. Relationship between H;O, concentration and solution fluorescence intensity when C(H;0,) = 0.14 mmol/L, C (Tyr) = 1.0 mmol/L, t = 10
min, C(Fe>") = 0.08 mmol/L, pH = 5.0.
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Fig. 7. The relationship between glucose dosage and fluorescence intensity under optimized H,O» and Tyr fluorescence reaction conditions.

conformity with the enzyme-catalyzed oxidation reaction, and the application of water bath heating proved to be conducive to
expediting the fluorescence reaction. Following a reaction period of 10 min at a temperature of 35 °C, the generation of Tyr dimer
reached its maximum, and the fluorescence intensity remained constant. As a result, the heating duration is determined to be 10 min
(Fig. 4A). The Fenton reagent is formed through the combination of Fe?" and the enzyme-catalyzed oxidation product HyO». Even a
small quantity of Fe?* (0.08 mmol/L) exhibits a potent catalytic ability. To mitigate the side reactions caused by Fe?>*, a volume of
0.80 mL of Fe?" is employed for a concentration of 1.0 mmol/L (Fig. 4B).

The concentration of Tyr was varied across a range of values (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1.0 mmol/L) and its impact on the
mixed solution’s F value was studied (Fig. 5A). The findings indicate that F increased as the concentration of Tyr increased within the
range of 0.05-0.8 mmol/L. However, when the concentration of Tyr exceeded 0.8 mmol/L, the mixture’s F value remained largely
unchanged. To ensure a relative excess of Tyr, the optimal concentration of 1.0 mmol/L was selected for this experiment. Therefore,
1.00 mL of Tyr was extracted from 0.01 mol/L for testing purposes.

The findings presented in Fig. 5B demonstrate the impact of solution pH on the oxidation reaction of Tyr. The amine group (-NHj)
in the structure of Tyr dimer was found to be protonated, leading to a weakened fluorescence signal. As a result, high acidity was found
to be unfavorable for the formation of Tyr dimer. Optimal fluorescence was observed at a solution pH of 4.5-5.5. However, excessive
alkalinity resulted in the conversion of Fe?* into Fe(OH)s precipitation. Therefore, the experiment utilized a HAc-NaAc buffer solution
with a pH of 5.0 as the reaction medium, with the addition of 1.00 mL.

3.4. Analysis of H202 standard curve

Determine the optimal conditions for fluorescence reaction, and plot the HyO3 working curve according to the method described in
«2.3", as shown in Fig. 6. The results indicate that there is a linear relationship between the concentration of HyO5 and the change in
fluorescence intensity (AF) within the range of 1.40 x 10~*-0.14 ymol/mL, with a corresponding relationship equation of AF = 1337c¢
(pmol/mL) + 6.648 and a correlation coefficient of 0.9973. Continuously measure the HyO blank solution 11 times, and the measured
values are 0.8, 0.8, 0.8, 0.8, 0.8, 0.8, 0.7, 0.8, 0.8, 0.8, 0.8. Calculate the standard deviation S = 0.03, and then use 3 times the de-
viation value divided by the slope of the working curve to obtain the detection limit of HyO3 (D = 6.73 x 10> pmol/mL).
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Fig. 9. Under the optimized conditions of the H>O, and Tyr fluorescence reaction, the relationship between the amount of H,SO4 and fluores-
cence intensity.

3.5. Optimization of the enzyme-catalyzed oxidation reaction conditions
(1) Determination of the glucose volume of the bottom fluid

From a reaction principle standpoint, it can be observed that the reaction ratio between the substrate glucose and the probe Tyr is
1:2. However, it is important to note that the enzyme-catalyzed reaction is a zero-order reaction, and only a fraction of the enzyme
reaction, specifically 1/5, participates in the fluorescence reaction. As a result, it can be inferred that glucose must be present in excess,
at a minimum of 2.5 times that of Tyr.

A volume of 0.10 mL of GOx working liquid (50 pg/mL) and 0.1 mol/L glucose solution were utilized as substrates, with their
volumes being varied from 0.00 to 1.00 mL. Following a 10-min enzyme-catalyzed reaction, the fluorescence reaction was completed
using method “2.3" and the fluorescence intensity was measured (Fig. 7). The findings indicate that F increases proportionally with the
volume of glucose solution, with F reaching its maximum when the volume of glucose solution exceeds 0.20 mL. The glucose oxidase-
catalyzed reaction is a quasi-first-order reaction, with the reaction rate being independent of the substrate concentration. A substrate of
0.1 mol/L glucose solution with a volume of 1.00 mL was employed for the enzyme-catalyzed reaction.

(2) Optimization of the enzyme catalytic reaction time

By utilizing 0.10 mL of a 50 pg/mL working solution of glucose oxidase, modify solely the reaction time and execute the fluo-
rescence reaction in accordance with the prescribed methodology outlined in “2.3". Subsequently, ascertain the fluorescence intensity.
The enzyme-catalyzed reaction rate curve was then generated, utilizing time t as the abscissa and F as the ordinate, as depicted in
Fig. 8.

The enzyme-catalyzed reaction proceeded rapidly within a time frame of 5 min, as evidenced by the linear relationship between F
and t, which reflects the characteristics of an enzyme-catalyzed first-order reaction. Subsequently, after the initial 5-min period, the
growth rate of F decelerated in tandem with the decrease of dissolved oxygen volume. It is noteworthy that the activity of glucose
oxidase enzyme is indicative of the rate of HoO5 production rather than the amount of HoO5 production. As such, the enzyme-catalyzed
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Table 1
Precision experiment.
Samples 1 2 3 4 5 6
AF 160.5 161.7 163.9 162.8 167.6 166.5
Activity (U/mL) 0.2407 0.2426 0.2459 0.2443 0.2515 0.2498
Mean activity (U/mL) 0.2458
RSD/% 1.70
Table 2
Selective experiment for enzyme activity determination.
Experimental Serial Number Add enzyme (50 pg/mL) Add enzyme volume (mL) Activity Assay (U/mL) Measurement error/%
1 - - 0.2458 -
2 Amylase 0.10 0.2517 2.40
3 Catalase 0.10 0.2050 —16.60
4 Horseradish peroxidase 0.10 0.2496 1.55
5 Alkaline phosphatase 0.10 0.2536 3.17
6 Sucrose invertase 0.10 0.2534 3.10

reaction time has been set at 5 min.
(3) Enzyme catalytic reaction termination test

The rate of HyO2 production, rather than its amount, is reflected by the activity of GOx enzyme. Therefore, it is crucial to terminate
the enzyme-catalyzed reaction in a timely manner. Although both boiling the enzyme solution and strengthening the acid and alkali
can achieve this purpose, they have an impact on the subsequent fluorescence reaction. The former results in the decomposition of
H,0,, while the latter is not conducive to the formation and fluorescence release of Tyr dimer. The novel approach employs a com-
bination of strong acid and alkali, wherein 1.00 mL of sulfuric acid solution with a pH of 2.00 is introduced during the initial stage to
promptly halt the enzyme-catalyzed oxidation reaction. Following thorough oscillation, the sulfuric acid is neutralized by the addition
of an equal volume of pH 12.00 sodium hydroxide. The experimental results validate that the addition of sulfuric acid solution with a
PH of 2.00 exceeding 0.50 mL can instantaneously inactivate the enzyme solution, and the method employs precisely 1.00 mL of the
solution (Fig. 9).

(4) Linear range and detection limit of GOx

The range of linearity and limit of detection for HyO- are 1.40 x 10~* to 0.14 pmol/mL and 6.73 x 10> pmol/mL, respectively. The
rate of enzyme-catalyzed reaction is reflected by the activity of GOx. Therefore, by setting the catalytic oxidation reaction time of GOx
to 5 min, the determination range and detection limit of GOx activity can be established at 7.00 x 10~ t0 7.00 x 10~2 U/mL and 3.36
x 107 U/mL, respectively.

3.6. Precision experiments

The working liquid containing 50 pg/mL of GOx was subjected to activity measurement for 6 consecutive times, and the corre-
sponding results were presented in Table 1. The enzyme exhibited an average activity of 0.2458 U/mL, and an actual activity of 4913
U/g. The relative standard deviation (RSD) was calculated to be 1.70 %, indicating that the fluorescence spectrophotometry method
employed in the determination of GOx activity was highly accurate.

3.7. Selective experiment

Take 0.10 mL of the 50 pg/mL working solution of glucose oxidase, and add amylase, catalase, horseradish peroxidase, alkaline
phosphatase, and invertase of the same mass concentration to investigate interference. The results indicated that except for catalase,
other enzymes had no impact on the determination of the activity of glucose oxidase, and the relative error (RE) of the measurement
was less than 5 % (Table 2). The GOx in food additives is originated from Aspergillus niger, and catalase is generally not generated
during its preparation process, thus it can be disregarded.

3.8. Sample analysis

Accurately weighed samples of 0.05 g retail enzyme solid (food grade, labeled amount 2000 U/g, Yuwanbang) were placed in a 100
mL volumetric bottle and dissolved with a pH of 7.0 phosphoric acid buffer solution for constant volume. The solution was then
magnetically stirred for 30 min. After centrifuging at 6000 r/min for 5 min, the supernatant was collected and diluted 50 times, 100
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Table 3
Sample analysis and recovery experimental results.
Samples Configuration concentration (mg/mL) Activity measurement (U/mL) RSD (%) Spiked (U/mL) Measured Recovery (%)
Value (U/mL)
1 0.0100 0.0450 3.2 0.0100 0.0546 96.00
2 0.0050 0.0224 2.6 0.0200 0.0428 102.0
3 0.0025 0.0155 1.6 0.0300 0.0447 97.33

times, and 200 times with phosphoric acid buffer solution to obtain 0.0100 mg/mL, 0.0050 mg/mL, and 0.0025 mg/mL sample so-
lutions. The samples were determined according to the “2.3" method, and a standard recovery experiment was conducted. The results
of the experiment are presented in Table 3.

The observed recoveries exhibit a range of 96 %-102 %, with a relative standard deviation (RSD) of less than 3.2 %. These results
suggest that the method employed in this study is characterized by high levels of accuracy and precision.

4. Conclusion

This paper presents a novel approach to detecting GOx activity using tyrosine fluorescence reaction. The method significantly
enhances sensitivity, accuracy, and operability, with an enzyme activity detection range of 7.00 x 107> to 7.00 x 1072 U/mL and a
detection limit of 3.36 x 10~> U/mL. This makes it more suitable for trace analysis of biological samples compared to photometric
methods, with a better width. The proposed method lays a theoretical foundation for the development of GOx fluorescence kits. In the
subsequent improvement process, two aspects should be prioritized for breakthroughs. Firstly, enzymatic reaction time can be further
optimized by adjusting the amount of glucose substrate. Secondly, a more ideal catalyst than Fe?* should be identified to improve the
stability of the detection system.
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