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Abstract 
In this paper, ZIF-8 was used to embed catalase (CAT) in situ under different conditions 
(different temperature, time and pH) and to determine its encapsulation rate, loading 
rate and activity. The morphological results of CAT@ZIF-8 were analyzed by scanning 
electron microscopy, Fourier transform infrared spectroscopy and X-ray diffractometry, 
which demonstrated that CAT was embedded in the backbone of ZIF-8. In addition, 
temperature and pH were found to have significant effects on the morphological 
structure, encapsulation rate, loading rate and activity of CAT@ZIF-8. The enzyme 
activity was relatively highest when the synthesis temperature was 40°C, the synthesis 
time was 24h and the pH was 7.4. The secondary structure of CAT@ZIF-8 was determined 
to have an effect on the secondary structure, and the higher the proportion of β-turn 
angle, the higher the activity. 
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1. Introduction 

Catalase (CAT) is a terminal reductase that is widely distributed in plants and animals as well as in 
microorganisms [1] and has a very important role in the protection of the body. However, its poor 
stability, inactivation, difficulty in recovery and high production costs have limited its industrial use 
[2,3]. Therefore, it is necessary to immobilize the enzyme to improve its stability. 

A new method of in situ immobilization of enzymes using metal-organic backbones (MOFs) has 
emerged. Liao et al. used ZIF-90 to immobilize CAT and subjected the immobilization CAT@ZIF-
90 and free CAT to the denaturing reagent urea and high temperature and found that CAT@ZIF-90 
maintained its activity while the free CAT was inactivated [4]. similarly prepared CAT@ZIF-90 and 
a comparison with the free enzyme revealed a significant increase in the stability as well as the 
enzymatic activity of CAT@ZIF-90 [5].  

Zeolite imidazole skeletons (ZIF) are a class of the MOF family and are widely used for the 
immobilization of biological enzymes due to their high specific surface area and thermal stability as 
well as their simple synthesis and low cost [6-8]. Where each Zn2+ is linked to four surrounding 
nitrogen atoms, with 2-methylimidazole as the organic ligand, forming a three-dimensional skeleton, 
with Hmim acting as the connecting bridge between the metal ions, resulting in a polyhedral skeletal 
structure [9,10]. Cui's team encapsulated the curing compound formed by CAT@ZIF-8 into silica, 
resulting in higher stability at extreme temperatures and pH, retaining 50% of the activity after 10 
cycles [11]. By encapsulating CAT with ZIF-8, Du Y. et al. formed CAT@ZIF-8 with a residual 
enzyme activity of 78.79% at 65°C for 60 min, which was 73% higher than that of the free enzyme 
[12]. However, the above studies did not systematically analyze the effect of the synthesis conditions 
on the structure and activity of CAT encapsulated in situ in ZIF-8. In addition, the above studies did 
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not investigate the effect of ZIF-8 on the structure of CAT, so it is necessary to analyze the activity 
and secondary structure of CAT@ZIF-8 synthesized under different synthesis conditions. 

The activity of an enzyme is closely linked to its secondary structure. Methods used to study protein 
secondary structure include UV spectroscopy, X-ray diffraction, infrared spectroscopy (FT-IR) and 
circular dichroism [13]. The most accurate of these is X-ray diffraction, but it has the limitation of 
not being able to determine the effect of different physiological conditions on protein structure [14]. 
Clarified solutions are necessary for circular dichroism determinations, and UV spectroscopy can 
only determine a few amino acid groups in protein molecules. In contrast, infrared spectroscopy has 
the strongest applicability and is simple and convenient to operate [15]. Yi et al. used FT-IR to analyze 
the secondary structure of mushroom polyphenol oxidase and found that the fluorescence of the HPP-
treated enzyme was greatly reduced, mainly due to changes in its secondary and tertiary structures 
[16]. 

In this study, CAT@ZIF-8 prepared under different immobilization conditions was firstly 
characteristic and its activity measured to obtain the effect of different synthesis conditions on 
peroxidase activity. This was followed by the analysis of the infrared spectrum of CAT@ZIF-8 in the 
amide I band (1600-1700 cm-1), which in turn led to an interpretation of the changes in its secondary 
structure with different conditions, and thus to an interpretation of the changes in its activity. 

2. Preparation and Characterization of CAT@ZIF-8 Hybrid Nanoflowers 

2.1 Experimental Materials 

CAT (ultrapure); sodium chloride (analytical pure); potassium dihydrogen phosphate (analytical 
pure); zinc acetate (analytical pure); 2-methylimidazole (>98%); concentrated ammonia (analytical 
pure); concentrated hydrochloric acid (analytical pure). 

2.2 Experimental Apparatus 

UV spectrophotometer (GD5313001, Shanghai Prismatic Technology Co., Ltd.); centrifuge (TG160, 
Yancheng Kate Experimental Instruments Co., Ltd.); analytical balance (AUW120D, Shimadzu 
Analytical Technology R&D (Shanghai) Co., Ltd.); constant temperature shaker (JTYS-1000, 
Shanghai Yiheng Scientific Instruments Co.). 

2.3 Preparation Methods 

2.3.1 Preparation of ZIF-8 

0.109g of Zn(CH3COO)2 2H2O was weighed and dissolved in 5.0mL of ionized water, 0.815g of 2-
methylimidazole was weighed and dissolved in 15.0mL of deionized water, the two solutions were 
mixed and stirred uniformly for 5min and left to stand for 24h at 25°C. The precipitate was obtained 
by centrifugation at 7000r/min for 8min, the supernatant was removed and washed with deionized 
water. The supernatant was washed three times and then lyophilize. 

2.3.2 Preparation of CAT@ZIF-8 under Different Conditions 

1) Different temperatures 

100.0 mg of catalase was weighed into 5.0 ml of Tris-HCl buffer (pH 7.4) to make 20 mg/mL of the 
enzyme solution and its protein content was determined by the KOMAS Brilliant Blue method. 0.109 
g of Zn(CH3COO)2 2H2O was weighed and dissolved in 5.0 mL of ionized water. 0.815 g of 2-
methylimidazole was weighed and dissolved in 10.0 mL of ionized water, and the CAT solution and 
zinc acetate solution were first mixed well, then the 2-methylimidazole solution was added and mixed 
at a constant speed for 5 min. After centrifugation at 7000 r/min for 8 min, the protein concentration 
in the supernatant was measured and the precipitate was washed three times with ionized water, then 
lyophilize and weighed. 

2) Different times 

100.0 mg of catalase was weighed into 5.0 ml of Tris-HCl buffer (pH 7.4) to make 20 mg/mL of the 
enzyme solution and its protein content was determined by the KOMAS Brilliant Blue method. 0.109 
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g of Zn(CH3COO)2 2H2O was weighed and dissolved in 5.0 mL of ionized water. 0.815 g of 2-
methylimidazole was weighed and dissolved in 10.0 mL of ionized water. The protein concentration 
in the supernatant was determined by centrifugation at 7000 r/min for 8 min. The precipitate was 
washed three times with ionized water, then lyophilize and weighed. 

3) Different pH 

100.0 mg of catalase was added to 5.0 ml of Tris-HCl buffer of different pH (pH=6.0, 7.4, 8.6) to 
prepare 20 mg/mL of the enzyme solution and the protein content was determined by the KOMAS 
Brilliant Blue method. 0.109g of Zn(CH3COO)2 2H2O was dissolved in 5.0mL of ionized water and 
0.815g of 2-methylimidazole was dissolved in 10.0mL of ionized water. The protein concentration in 
the supernatant was determined by centrifugation at 7000 r/min for 8 min at 25°C. The precipitate 
was washed three times with ionized water, then lyophilize and weighed. 

2.3.3 Determination of Protein Content and Calculation of Encapsulation Rate and Loading Rate 

The protein content was determined by the Kemas Brilliant Blue method: 5.0 ml of Kemas Brilliant 
Blue solution was added to 1.0 ml of the solution to be measured and the absorbance was measured 
at 595 nm for 5 min. The encapsulation efficiency of CAT was assessed by the encapsulation rate and 
the content of CAT in the hybridized nanoflowers was assessed by the loading rate. The formula is 
as follows: 

Encapsulation rate α: 

 

α=   %100*
11

2211

vc

vcvc 
                             (1) 

 

where c1 is the initial enzyme solution protein concentration; v1 is the volume of the enzyme solution; 
c2 is the protein concentration of the supernatant after centrifugation; and v2 is the volume of the 
supernatant. 

Load factorβ: 

 

1 1 2 2 *100%
s

c v c v

m
 
                             (2) 

 

where β is the loading rate, c1 is the initial enzyme solution protein concentration; v1 is the volume 
of the enzyme solution; c2 is the protein concentration of the supernatant after centrifugation; v2 is 
the volume of the supernatant; and ms is the mass of the entire cure. 

2.3.4 Determination of Enzyme Activity 

Prepare 0.2 mol/L phosphate buffer solution at pH 7.4, 0.1 mol/L hydrogen peroxide solution 
calibrated with potassium permanganate and 0.1 mg/mL hydrogen peroxidase solution. Preheat the 
ionized water and phosphate buffer in an oven at 37°C. Take two centrifuge tubes and add 2 ml of 
preheated phosphate buffer and 1.6 ml with ionized water for group 1, A2, and 2 ml of preheated 
phosphate buffer, 1.4 ml of ionized water and 0.2 ml of enzyme solution for group 2, A1. Take a 
quartz cuvette and add 2 ml of preheated phosphate buffer and 2 ml of ionized water for group 2, A1. 
2ml of phosphate buffer and 2ml of deionized water as blank control, take another quartz cuvette, 
pour and add 0.4ml of 0.1mol/L hydrogen peroxide solution for group 1 to be tested and time 
immediately, record the change of value within 1min, read the absorbance at 240nm, after the 
measurement, pour and add 0.4ml of 0.1mol/L hydrogen peroxide solution for group 2 to be tested 
and timed immediately, as above. 

Definition of enzyme activity: Amount of enzyme required to consume 1μ mol of hydrogen peroxide 
in 1 min. 
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enzyme activity: 

 

U=
3

2 1 1

2

A -A *C *0.4*10

A * * et m

（ ）
                              (3) 

 

where C1 is the molar concentration of H2O2 consumed; A1 and A2 are the absorbance values of 
groups 1 and 2 to be measured; t is the reaction time; me is the mass of the enzyme added. 

2.4 Representation 

2.4.1 FT-IR 

IR at 400cm-1 to 4000cm-1 after compression with potassium bromide. 

2.4.2 XRD 

Measurements with an x-ray diffractometer (cuk-α radiation, λ = 0.15418 nm) with an applied voltage 
of 40 kV and a current of 30 mA in the range 5° to 50°. 

2.4.3 SEM 

Freeze dried zif-8 and CAT@ZIF -8 samples were tested at 5.0kv voltage after gold spraying 
treatment, and their surface morphology was observed. 

3. Discussion of Results 

3.1 FT-IR 

 
Figure 1. FTIR spectra of ZIF-8, CAT@ZIF-8 and CAT 

 

Figure 1 shows the FTIR spectral results for ZIF-8, CAT@ZIF-8 and CAT. As shown in Fig. 1, for 
CAT, there is an absorption peak at 1649 cm-1 which coincides with the characteristic peak of the 
amide I band at 1640-1660 cm-1 (mainly from C=O stretching vibration), while the absorption peak 
at 1557 cm-1 corresponds to the characteristic peak of the amide II band at 1510-1560 cm-1 (mainly 
from C-N stretching vibration and N-H bending vibrations). These peaks were not present in the FT-
IR spectrum of ZIF-8, while the same peaks were present in the spectrum of CAT@ZIF-8, thus 
demonstrating that CAT was successfully encapsulated. 
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For ZIF-8, the absorption peak at 420 cm-1 is the unique Zn-N stretching vibration of ZIF-8, the 
strong absorption at 692 cm-1 and 756 cm-1 is the out-of-plane bending vibration of the imidazole 
ring, while the absorption peaks at 952 cm-1 and 1310 cm-1 are the in-plane bending vibration of the 
imidazole ring. the strong absorption at 1450 cm-1 is the bending vibration of 2-methylimidazole the 
strong absorption at 1450 cm-1 is the bending vibration of 2-methylimidazole. These peaks are not 
found in the infrared spectra of CAT, but are found in CAT@ZIF-8, thus demonstrating the successful 
formation of the ZIF-8 backbone. 

3.2 XRD 

 
Fig. 2 XRD comparison of ZIF-8 and CAT@ZIF-8 

 

As can be seen from Figure 2, the XRD pattern of ZIF-8 is highly similar to that of CAT@ZIF-8, 
with characteristic peaks of ZIF-8 at 7.2°,10.5°, 12.9°, 16.7° and 18.1°. This demonstrates that the 
ZIF-8 skeleton is still formed after the addition of CAT. 

3.3 SEM 

 
Figure 3. SEM images of CAT@ZIF-8 under different synthesis conditions 

a:4℃; b:25℃; c:40℃; d:2h; e: 24h; f: 72h; g: pH 6.0; h: pH 7.4; i:pH 8.6 
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Figure 3 shows the SEM images of CAT@ZIF-8 under different synthesis conditions. As can be seen 
from Figure 3, the morphological structure of CAT@ZIF-8 is cruciform only in a neutral environment 
(pH=7.4), similar to the findings in the literature [17]. However, unlike the literature where the 
concentration of Zn2+ and dimethylimidazole affects the structure of CAT@ZIF-8, pH was also 
found to be a key factor affecting the morphological structure in this study. In the acidic environment 
CAT@ZIF-8 formed cubic crystals of approximately 500 nm in size (e.g. Figure 3.g), in the basic 
environment it formed Orth dodecahedron rhombic crystals of approximately 200 nm in size, while 
in the neutral environment the cruciform particles were approximately 800 nm in size, which may be 
caused by the different charges on the CAT surface in different pH environments. The positive charge 
on the surface of the protein in the acidic environment hinders its complexation with Zn2+, resulting 
in a lower crystal growth rate and ultimately larger cubic-shaped grains. In the alkaline environment, 
the protein surface is mostly negatively charged, which promotes the complexation with Zn2+ and 
increases the crystal growth rate, resulting in the smallest positive dodecahedral rhombic crystals. In 
a neutral environment, the growth rate of the crystals is between acidic and basic, thus forming a cross 
between cubic and dodecahedral rhombic grains. 

In addition, the different incubation times also had a significant effect on the growth of CAT@ZIF-
8, as can be seen in Fig. 3.d-f. The crystals after 2 h incubation (Fig. 3.d) are not only smaller in size 
but also have an unfinished cruciform structure, whereas the crystals after 24 h incubation (Fig. 3.e) 
are larger in size and show a complete cruciform structure; the crystals after 72 h incubation (Fig. 3.f) 
are very similar to those after 24 h incubation. It can be seen that the CAT@ZIF-8 crystals are fully 
formed at 24h incubation and that increasing the time does not have any further effect on the 
morphology. 

The growth of CAT@ZIF-8 is also influenced by the temperature, as can be seen in Fig. 3.a-c. At 
4°C (Fig. 3.a) the structure of the crucifix is not fully formed, while at 25°C the crystal structure is 
basically formed, and at 40°C the structure of the crucifix is very clear and the particles are the largest 
(1000 nm). This shows that the higher temperature is favorable for the growth of CAT@ZIF-8 crystals. 

3.4 Encapsulation and Loading Rates 
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Figure 4. Encapsulation and loading rates of CAT@ZIF-8 under different synthesis conditions 

 

As can be seen from Figure 4, the encapsulation and loading rates of CAT@ZIF-8 increased with 
increasing temperature, and the highest encapsulation and loading rates were found for CAT@ZIF-8 
synthesized at 40°C. The highest encapsulation and loading rates were found for CAT@ZIF-8 
synthesized at 40°C. This is probably because the higher the temperature, the faster the crystal growth 
and the easier the CAT is to be encapsulated. The incubation time did not have a significant effect on 
the embedding rate, but the loading rate was significantly higher for 2h than for 24h and 72h, probably 
because the crystals were not fully grown at 2h, so the total mass of CAT@ZIF-8 was smaller and 
the mass of the embedded CAT was similar to that of the other two times, resulting in a higher loading 
rate. Similarly, the loading rate increased slightly after 72h incubation compared to 24h, probably due 
to the redissolution of some of the ZIF-8 resulting in a lower total crystal mass and higher loading 
rate. This suggests that a 24h incubation is preferable. Similarly, the growth of crystals under alkaline 
conditions was accelerated by the negatively charged CAT, resulting in a slight decrease in loading 
rate for a small difference in encapsulation rate. 

3.5 Relative Enzyme Activity of CAT@ZIF-8 under Different Conditions 
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Figure 5. Relative enzyme activity of CAT@ZIF-8 under different conditions 
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Using the activity of CAT@ZIF-8 synthesized at 40°C as a benchmark, Figure 5 shows that the 
temperature at synthesis and the pH of the enzyme solution had a significant effect on the activity of 
the immobilized enzyme. The activity of the enzyme increased with the temperature of the synthesis, 
with the activity of the enzyme immobilized at 4°C being only 75% of that at 40°C. Different 
incubation times did not have a significant effect on the activity of the immobilized enzyme. The 
activity of CAT immobilized under acidic conditions was 12% higher than that of CAT immobilized 
under alkaline conditions. This shows that the temperature and pH of the immobilization had a 
significant effect on the activity of the immobilized enzyme. 

3.6 Secondary Structure Analysis 

Fourier deconvolution of the infrared spectrum of CAT@ZIF-8 at the amide I band (1600-1700 cm-
1) was performed using Peakfit 4.0 with the following deconvolution equation. 

 

                   
0

A( ) { ( )} ( )cos(2 )v F I x I x vx dx


                      (4) 

 

According to the literature [18], 1600-1640 cm-1 belonged to β-folding, 1640-1650 cm-1 belonged 
to random curl, 1650-1660 cm-1 belonged to α-helix, and 1660-1700 cm-1 belonged to β-turning 
angle. The Gausses function was used to carry out a second-order derivative sub-peak fit so that R2 
reached above 0.99. Using the relationship between each peak and different secondary structures, the 
percentage of the four secondary structures was calculated based on the area of each peak after sub-
peak, so as to determine the proportion of each secondary structure (Table I). Figure 6 below shows 
the CAT in the amide I band after Fourier deconvolution and second-order derivatives, etc. The 
superimposed peaks were decomposed as The Gaussian curve fit of each sub-peak is shown. 

 

Table 1. Quantitative analysis of the secondary structure of the encapsulated CAT under different 
conditions 

 β-fold Irregular curl Alpha helix β-Turning angle 

Free CAT 39% 17% 21% 23% 

2h 33% 21% 15% 31% 

24h 33% 13% 18% 33% 

72h 39% 12% 17% 32% 

4℃ 43% 18% 16% 26% 

25℃ 33% 13% 18% 33% 

40℃ 25% 12% 20% 43% 

pH 6.0 31% 16% 16% 37% 

pH 7.4 33% 13% 18% 33% 

pH 8.6 39% 19% 12% 30% 
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Figure 6. Schematic of the CAT@ZIF-8 amide I band Gaussian curve fit(40℃, 24h, pH 7.4) 

 

As can be seen from Table III, the proportions of the four secondary structures of CAT under different 
synthesis conditions differed significantly. Combined with the changes in CAT activity under 
different conditions in Figure 5, it can be seen that the greater the proportion of β-turned angles, the 
higher the activity of CAT. The proportion of free enzyme β-folding was the highest, while the 
proportion of β-turning angle was only 23%. The activity of CAT was highest when the synthesis 
temperature was 40°C, pH was 7.4 and the synthesis time was 24h, and the proportion of β-turned 
corners in the secondary structure was also the highest, at 43%. 

4. Conclusion 

In this study, the morphological structures of CAT@ZIF-8 synthesized under different synthesis 
conditions were characterized by FT-IR, SEM and XRD and its encapsulation rate, loading rate and 
activity were determined. The structures showed that the encapsulation and loading rates were 
relatively high and the relative enzyme activities were the highest when the synthesis temperature 
was 40℃, the synthesis time was 24h and the pH was 7.4. Afterwards, the secondary structure of the 
encapsulated enzyme was analyzed, and the FT-IR data at 1600-1700 cm-1 were deconvoluted and 
peak-sorted using Peak fit 4.0 software, and it was found that the proportion of β-turn angle had a 
greater influence on the enzyme activity, and the β-turn angle accounted for the largest proportion at 
40°C, 24 h synthesis time and pH 7.4, so its enzyme activity was the highest. 
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