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Facile synthesis of nanoflowers of immobilized enzyme using layered rare earth
hydroxides as carriers and their application for detection of H202 and phenol
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This study reports a simple method for synthesizing the nanoflower-immobilized enzyme
(LYH-HRP) using horseradish peroxidase (HRP) as the bioenzyme and layered yttrium
hydroxide (LYH) as the inorganic carrier. Utilizing the structural advantage of LYH and
the catalytic properties of HRP, a nanoflower-based colorimetric platform was newly
designed and applied for sensitively detecting H,O, and phenol with a detection time of as
fast as 5 min. The limits of detection (LODs) for H,O, and phenol are as low as 0.046 uM
and 0.778 uM, respectively. The activity and stability tests showed that the activity of
LYH-HRP was 1.52 times that of free HRP, and it maintained 75% of the initial activity
after 60 days.
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1. Introduction

Enzymes are natural catalysts that exist extensively in nature. They have high catalytic
activity and biocompatibility [1]. Enzyme catalysis exhibits high catalytic activity, selectivity,
peculiarity, and environmental friendliness under mild conditions (25 °C, 1 atm, and neutral pH)
[2]. Enzymes increase rates of chemical reactions without altering or consuming the reaction itself.
They also raise the reaction rates without affecting the equilibrium of the reactants and products
[3]. However, free enzymes present shortcomings such as poor stability, easy deactivation and
difficult recovery during use [4]. This problem was solved by the introduction of immobilized
enzymes.

Immobilized enzymes may be defined as the physical or chemical binding of a free
enzyme to a carrier, which "strengthen" the surface of the enzyme, thereby enhancing the stability
of the enzyme. In previous studies, many materials such as polymer semiconductors, metal-organic
frameworks, silicon microspheres and nanostructured support materials have been used as carriers
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for immobilizing free enzymes [5-7]. These materials immobilize the free enzyme by hierarchical
assembly, cross-linking and covalent binding [8-11]. Although immobilization produces enzyme
catalysts with higher stability and recoverability to environmental alterations, most enzymes lose
their biocatalytic properties during conventional immobilization due to blocked enzyme catalytic
sites, limited flexibility, and resistance to mass transfer between enzyme molecules and substrates
[12, 13].

In 2012, Gejun et al. synthesized a series of "enzyme-copper phosphate" hybrid
nanoflower immobilized enzymes by co-precipitation of copper sulfate in a phosphate buffer
solution containing protease (pH ~7 and 25 °C) [14]. These immobilized enzymes enhanced the
stability and improved their catalytic activity significantly. For example, the catalytic activity of
immobilized laccase was 6.5 and 4.5 times higher than that of the free enzyme in the experiments
for the oxidation of catecholamine and clove-pyridazine, respectively. At the same time, the
catalytic activity of carbonic anhydrase for carbon dioxide hydration reaction is 2.6 times higher
than that of the free enzyme. An important reason for the significant enhancement of catalytic
activity is that the flower-like morphology of the immobilized enzyme has a high specific surface
area and surface energy, resulting in the reduction of the resistance to mass transfer between
enzyme-substrate products. Nanoflower-immobilized enzymes have higher activity and better
stability than free enzymes and therefore have broader application prospects [15-17]. In addition to
the nano-flower immobilized enzyme with copper phosphate as the carrier, Zeng Jie's group has
developed the "Amylase-CaHPO4" nano-flower immobilized enzyme with calcium hydrogen
phosphate as the carrier. The catalytic activity of the enzyme increased significantly due to
favorable conformational changes of the enzyme molecule during the immobilization process.
However, the inorganic carriers for the nanoflower-like immobilized enzymes were limited to
phosphate systems in the previous studies [18-22].

RE»(OH)sNO3;'nH,O Layered rare-earth hydroxides (LRHs) are emerging layered
compounds [23]. The structure of LRHs consists of positively charged [RE2(OH)s-nH,O]" host
layers and interlayer NO5". As the [RE2(OH)s-nH>O]" host layer is a close-packed low-energy plane,
the LRH crystal preferentially grows along the ab plane, which leads to the nanoflower-like
morphology at room temperature and precisely meets the requirement of the ideal carrier. HRP is
considered a versatile enzyme and has drawn special attention due to its catalytic capabilities at
various temperatures, pH values, and pollution concentrations. Herein, we developed a novel
nanoflower-like immobilized enzyme with LRH as the carrier and HRP as an enzyme to detect
hydrogen peroxide (H»0:) and phenols.

2. Material and methods

2.1. Materials and instruments

The Y(NO3);-nH20 (purity 99.9%) was purchased from Cabosens Chemical Technology
Co. Ammonium nitrate was purchased from Guangzhou Chemical Reagent Factory, ammonia
(96% purity) from Xilong Technology Co. Horseradish peroxidase was obtained from Sigma-
Aldrich Trading Co.

Physical and chemical of the immobilized enzyme were characterized using XRD(Panaco,
X'Pert PRO), SEM(Hitachi, S-4800), FT-IR(Thermo Fisher Scientific, Nexus 470) and TGA(TA
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Instruments, Q500). Hydrogen peroxide and phenol were determined using a UV
spectrophotometer(Shimadzu, UV-3600).

2.2. Synthesis of LYH-HRP

Y(NOs); (1.915 g) and NH4NO; (2.001 g) were dissolved in 50 mL deionized water to
form solution A. HRP (0.1-2 mg/mL) was dispersed in solution A to produce solution B. After 30
minutes of stirring, 25 wt.% ammonium hydroxide solution was added to solution B until the pH
value was around 7. The resulting suspension was magnetically stirred for 30 minutes, then
washed with deionized water and dried to obtain a white powder.

2.3. Determination of encapsulation efficiency

The Bradford method evaluated encapsulation efficacy, which is defined as the ratio of the
enzyme immobilized by the carrier material to the total amount of enzyme. Immobilized enzymes
and free enzymes prepared at different concentrations of HRP were reacted with Komas Brilliant
Blue solution. The absorbance of the supernatant was measured at 595 nm to calculate the solid
loading rate of biological enzymes. The expressions (1) were:

EN%=(1-C¢/Cy)x100% (1)

In the above equation, Cr represents the number of free enzymes; C; represents the total
number of enzymes.

2.4. Test of enzyme activity

According to the national standard GB/T 32131-2015, horseradish peroxidase can rapidly
catalyze the oxidation of guaiacol by hydrogen peroxide to produce brown tetra-o-methoxyphenol.
The change of absorbance at 436 nm was used to calculate enzyme activity. The enzyme activity
assay was completed at least two parallel experiments at a time and its enzyme activity was
estimated by this formula:

U=(AAX3.0x4xD)/(25.5x1x0.05x2) x1000 ©)

In the above equation, U represents the enzyme activity of the liquid sample in milliliters
(mL); AA represents the value of the change in absorbance of the sample; 3.0 represents the total
volume of the reaction reagent in milliliters (mL); 4 means the coefficient of conversion of the
amount of tetra-o-anisole to hydrogen peroxide; D represents the dilution multiple; and 25.5
represents the molar extinction coefficient of tetra-o-anisole in L/(mol-cm).

2.5. Test of catalytic activity

The catalytic activity of LYH-HRP immobilized enzyme was tested based on the color
development reaction of 3,3",5,5 -tetramethylbenzidine (TMB). The reaction equation is shown in
Figure 2. In a PBS buffer (pH=5) including 0.1 mmol/L TMB and 20 mmol/L H>O», the product
TMB,x generated by HRP-Catalysed oxidation of TMB had absorption peaks at 370 nm and 652
nm [24]. Based on the above reaction, UV spectroscopy recorded the absorbance value of the peak
at 652 nm as a function of time, revealing reaction progression in the catalyst's performance.
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2.6. Test of stability

Storage stability is a critical evaluation criterion for enzymes. We evaluated the stability of
LYH-HRP immobilized and free HRP enzymes by leaving them at room temperature for 1, 2, 5, 10,
25, 45 and 60 days, respectively, and then conducting activity tests.

2.7. Detection of H2O: and phenol

Based on the TMB chromogenic reaction catalyzed by the LYH-HRP, H,O; in the system
was detected by monitoring the absorbance of TMB. located at 652 nm. 20 pL of a suspension of
LYH-HRP was added to 2 mL of PBS (25 mmol/L, pH=5.0) including 0.1 mmol/L TMB and
different concentrations of H,O, at room temperature. The reaction was carried out in buffer
solution and the absorbance at 652 nm (Ass2) was detected after the reaction reached equilibrium
(3 min).

Colorimetric detection of phenolic compounds via reactions between 4-aminoantipyrine
and phenol. A suspension of 20 pL. LYH-HRP was mixed with 2 mL of PBS (25 mmol/L, pH=7.4)
buffer solution including 4 mmol/L. 4-AAP, 10 mmol/L. H,O,, and different concentrations of
phenol, and detected the absorbance at 505 nm(Asos) after the reaction had reached equilibrium
(within 5 min).

HRP NH,NO; NH;-H,O
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Fig. 1. Synthesis scheme for LYH-HRP nanoflowers (a); a nanoflower-based colorimetric platform for
detection of H>0: (b) and phenol (c).
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3. Results and discussions

3.1. Encapsulation efficiency and activity of LYH-HRP

Figure la demonstrates the typical synthesis process of LYH-HRP nanoflowers. The
solidification rate of LYH-HRP immobilized enzyme prepared at different HRP concentrations was
determined using the Bradford method. As shown in Table 1, the solidification rate of LYH-HRP
enzyme prepared with different concentrations of HRP is over 80%. Enzyme solidification exhibits
an initial upward trend followed by a decrease with increasing in HRP concentration. When the
concentration of HRP is 0.5 mg/mL, the enzyme solidification achieves a peak of 98.11%
indicating that LYH has good biocompatibility. The enzyme activity determination of diverse free
HRP and LYH-HRP immobilized enzymes at varied concentrations is delineated in Table 2. When
the content of HRP is within the range of 0.1-0.2 mg/mL, LYH-HRP immobilized enzymes
demonstrate decreased activity compared to their equivalent free counterparts. However, LYH-
HRP immobilized enzymes exhibit enhanced activity when the concentration of HRP is 0.5
mg/mL, which is 1.52 times that of free HRP. From this, it can be judged that LYH as an inorganic
carrier promotes the enzyme activity at a suitable ratio with HRP.

Table 1. Results of enzyme solidification.

number | Theoretical Actual Absorbance The The Encapsulatio

concentratio | concentration (595 nm) supernatant supernatant | n efficiency
n(mg/mL) (mg/mL) solubility(mg | absorbance (%)
/mL) (595 nm)

Samplel 0.1 0.091 0.0716 0.0437 0.0067 90.64

Sample2 0.2 0.2049 0.2017 0.0387 0.0043 97.87

Sample3 0.5 0.4962 0.2868 0.1443 0.0054 98.12

Sample4 1 1.0486 0.6041 0.0341 0.0271 95.51

SampleS 2 1.8766 1.4250 0.8043 0.1791 87.43

Table 2. Results of enzyme activity determination.

Sample Enzyme activity (U/mg)
HRP (0.1 mg/mL) 11764
HRP (0.2 mg/mL) 13176
HRP (0.5 mg/mL) 14117
LYH-HRP (Sample 1) 6117
LYH-HRP (Sample 2) 7058
LYH-HRP (Sample 3) 21405
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3.2 Characteristics of immobilized enzymes

As depicted in Figure 2a, (002), (004), and (220) are the characteristic diffractions of LYH,
where the (220) and (00/) diffractions signify the host layer structural characteristics and its
alignment in the c-axis of crystal structure, respectively. Compared with LYH, the (220) peak
position of LYH-HRP remains unaltered, implying an unmodified host layer structure. However,
d(o02) increases from 0.906 nm to 0.917 nm, indicating that the enzyme has been inserted into the
interlayer (Figure 2b). The FT-IR spectra (Figure 2¢) show that both LYH and LYH-HRP exhibit
characteristic absorption peaks of free NOs™ at 1384 ¢cm!, stretch vibration peaks of the hydroxyl
group at 3600 cm™!, O-H stretch vibration (vi and vs) peaks of the water of crystallization near
3381 cm’!, and absorption peaks of the hydroxyl group at 3500-3750 cm™. For the LYH-HRP, in
addition to the absorption peaks of LYH, the absorption bands of protein amide I and II are also
displayed at 1657 cm™! and 1548 cm’!, respectively [24, 25]. The TG analysis (Figure 2d) reveals
that LYH-HRP has a greater total weight loss than LYH, confirming that HRP is involoved in the
thermal decomposition. Notably, the weight loss in the first stage of thermal decomposition of
LYH-HRP is comparable to that of LYH, suggesting that the bio-enzyme is immobilized within
LYH without destroying its host layer, being inserted only between the host layers. Figure 2e-2f
show the morphology of LYH and LYH-HRP, respectively. The LYH-HRP inherits the flower-like
morphology of LYH, but the size of the nanosheets has been decreased. This may be ascribed to
the adsorption of HRP on the initial crystal nucleus and thus significantly confines the lateral
growth.
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Fig. 2. XRD patterns (a); structure schematic of LYH-HRP (b); FT-IR spectra (c); TG curves (d); SEM
images (e, f) for LYH and LYH-HRP.

3.3. Catalytic activity detection of immobilized enzymes

The catalytic performance of the immobilized enzyme was carried out based on the TMB
chromogenic reaction. From the UV-vis absorption spectra in Figure 3a, the absorption peaks at
400 nm and 285 nm are ascribed to the absorption of HRP and TMB, respectively. The reaction
product Benzidine oxide (TMB,x) exhibits absorption bands at 370 nm and 652 nm, respectively.
The kinetics of these oxidation reactions with free HRP and LYH-HRP are monitored by the
changes in absorbance at 652 nm (Figure 3b). For the free HRP reaction system, the absorbance
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value of the absorption peak at 652 nm increases slowly and reaches a platform after 1200 s.
Conversely, the absorbance value of TMB,x achieves a platform within 200 seconds for the LYH-
HRP system. The results indicate that the catalytic activity of LYH-HRP is higher than that of free
HRP. This can be attributed to the high surface area of the nanoflower-like structured LYH-HRP,
which makes the substrate more accessible to the active site and enhances its catalysis activity.

(a) ——HRP (b) ——HRP
4 —  TMB 0.4 ——LYH-HRP
—— HRP+TMB —_
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Fig. 3. UV-vis absorbance spectra of HRP, TMB, and mixture of TMB and product catalyzed by free HRP
and LYH-HRP, respectively (a), catalytic kinetics of the oxidization of TMB by free HRP and LYH-HRP (b).

3.4. Stability of immobilized enzymes

Stability is another important evaluation criterion for enzymes. The stabilities of LYH-
HRP and free HRP were evaluated by tracking their activity after post-prolonged storage under
ambient room conditions. Refer to Figure 4, 50% of the activity is lost for the free HRP after 10
days, while LYH-HRP maintains 90% of the initial activity. After 60 days, LYH-HRP still
maintains more than 75% of the initial activity, while the free HRP has less than 20% of the
activity. It can be seen that LRH as a carrier can greatly improve the stability of HRP.
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Fig. 4. Room-temperature stability of immobilized versus free HRP over the long term.
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3.5. Detection of H,O>

To assess the quantification of H,O, as illustrated in Figure 3, different amounts of H,O»
(1-20 uM) were introduced into a preprepared PBS solution (25 mM, pH=5.0) containing LYH-
HRP and TMB at room temperature. It can be seen that the oxidation reaction is accomplished
within 5 minutes, which indicates the excellent catalytic activity of the LYH-HRP. We detected the
content of H,O» by tracking the absorbance values of TMBox at 652 nm. Figure 5a shows that the
values of absorbance peak at 652 nm increases linearly with the increase of the H,O, concentration.
As shown in Figure 5b, one linear regression is established between Ags: and the H,O» content
within a concentration spectrum spanning 0-20 pM (R?=0.99915), with a limit of detection (LOD)
of 0.046 uM (LOD=30/K) [26].
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Fig. 5. UV-vis absorbance spectra of TMBoy in the existence of LYH-HRP and various H>O; concentrations

(a); a plot of Assz versus H>O; concentration (b)

3.6. Detection of phenol

Figure 1c shows a visual detection method for phenol; where different concentrations of
phenol were introduced into PBS solution (25 mM, pH=7.4) including the LYH-HRP, H,O; and 4-
Aminoantipyrine (4-AAP) at room temperature. The content of phenol in the system is detected by
testing the absorbance values at 505 nm(Asos) of the product quinone imine. As the amount of
phenol in the system gradually increases, the perceivable color gradually enhances (Figure 6a).
Referring to Figure 6b, Asos increases linearly with increasing phenol concentration in the range of
0-200 puM, with a limit of detection (LOD) is 0.778 uM (LOD=30/K) [26].
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solutions.

4. Conclusions

The LYH-HRP immobilized enzyme was prepared by co-precipitation and systematically
evaluated for its activity, stability, and catalytic activity, which was applied to detect H,O, and
phenol. A 98.11% encapsulation efficiency was achieved using LYH as the carrier with 0.5 mg/mL
HRP. This showed an activity enhancement of 1.52 times that of free HRP, with superior stability
retaining 75% of the activity after 60 days at room temperature. In addition, LYH-HRP optimized
the TMB catalytic reaction, and the equilibrium reaction time was significantly diminished to
facilitate the rapid detection of H>O, and phenol, and the limit of detection (LOD) for H,O; and
phenol was 0.046 uM and 0.778 puM, respectively.
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