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ABSTRACT: Nanozymes are nanomaterials with natural enzyme characteristics, which are expected to be potential substitutes of 
traditional enzymes. In this study, the 1Al/MIL-100(Fe) nanozymes with excellent peroxidase-like activity were synthesized by the 
ultrathin modification (one-cycle Al2O3) strategy of atomic layer deposition, whose peroxidase-like activity is almost doubled 
compared with MIL-100(Fe) nanozymes. Investigation of the catalytic mechanism indicates that the increased amount of hydroxyl 
radical is responsible for the much-enhanced peroxidase-like activity of 1Al/MIL-100(Fe) nanozymes. Furthermore, the catalytic 
effect of the designed nanozymes is inhibited by glutathione through consuming the oxidized 3,3′,5,5′-tetramethylbenzidine in the 
reaction system. The 1Al/MIL-100(Fe) nanozymes also achieve the sensitive and selective detection of glutathione, which have an 
excellent linear response to glutathione concentration in the range 0.01−1000 μM with a detection limit of 2.2 nM. The ultrathin 
modification strategy can be potentially extended to synthesize other high-efficiency nanozyme materials. 

KEYWORDS: nanozymes, atomic layer deposition, ultrathin modification, peroxidase-like activity, glutathione 

 

1. INTRODUCTION 

Nanozyme is a new generation of artificial enzyme, which has 
the advantages of adjustable catalytic activity, low cost of 
ownership, and good stability.1−16 Due to their extensive 
potential applications, nanozymes have emerged as a 

burgeoning field that bridges biology and nanotechnol- 
ogy.17−32 However, the activity and selectivity of nanozymes 
still need to be improved, and the biocompatibility is also a 
challenging issue.2 In order to overcome the above constraints, 

various strategies have been suggested to control the catalytic 

activity of nanozymes by means of surface modification, 

element doping, or construction of composite nanomaterials,18 

among which surface modification has been an effective 

strategy to improve the nanozyme performance. 

Atomic layer deposition (ALD) is an advanced tool for the 

precise preparation of specifically structured nanomaterials, 

which can achieve fine control of the structures of nanoma- 
terials at the atomic level.33−39 ALD has been widely used in 
the traditional catalysis field, and especially the ultrathin 
modification strategy was used to synthesize catalysts with a 

specific structure. However, the synthesis of high-efficiency 

nanozymes by using the ultrathin modification strategy of ALD 

has been rarely reported in the nanozyme field. 
In this work, the atomically dispersed nanozyme named 1Al/ 

MIL-100(Fe) was synthesized based on the Al2O3 ALD 
process (one-cycle Al2O3 ultrathin modification toward MIL- 
100(Fe)), which can simulate the activity of peroxidase by 

decomposing H2O2 into the hydroxyl radical (·OH), and 
present much-enhanced peroxidase activity compared with the 
as-prepared counterparts in the characteristic colorimetric 
hydrogen peroxide (H2O2)−3,3′,5,5′-tetramethylbenzidine 
(TMB) reaction. By utilizing this characteristic, 1Al/MIL- 
100(Fe) nanozymes also show great potential in developing 
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Figure 1. (A) Synthetic process of 1Al/MIL-100(Fe) by the ultrathin modification strategy. (B) HAADF-STEM images of the MIL-100(Fe) 
nanozymes. (C−E) HAADF-STEM images of 1Al/MIL-100(Fe) and the EDS mapping images of Al, Fe, C, and O. (F) HAADF-STEM images of 
1Al/C (the white dots are Al single atoms, and parts of them are labeled by the yellow circles). DW represents deionized water. 

 

 

high-efficiency sensitive biosensors. A colorimetric strategy 
based on 1Al/MIL-100(Fe) nanozymes has also been 
developed for the quantitative detection of glutathione (GSH). 

 

2. EXPERIMENTAL SECTION 

2.1. Materials. Sulfoxide (DMSO), hydrogen peroxide (H2O2), 
ethanol (C2H6O), isopropyl alcohol (IPA), sodium acetate trihydrate 
(CH3COONa·3H2O), acetic acid (CH3COOH), iron(III) chloride 
hexahydrate (FeCl3·6H2O), trimesic acid (H3BTC), sodium chloride 
(NaCl), calcium chloride (CaCl2), and potassium chloride (KCl) 
were obtained from Shanghai Sinopharm Chemical Reagent Co., Ltd. 
Glutathione (GSH), 3,3′,5,5′-tetramethylbenzidine (TMB), cysteine 
(Cys), threonine (Thr), lysine (Lys), glycine (Gly), histidine (His), 
and arginine (Arg) were purchased from Shanghai Aladdin Chemical 
Co., Ltd. Terephthalic acid (TA) was acquired from Shanghai 
Macklin Biochemical Technology Co. Trimethylaluminum (Alfa 
Aesar, 25 wt % in hexane) and titanium tetraisopropoxide (Alfa 
Aesar, 97%) were obtained from J&K Scientific. Ultrapure water was 

USA). X-ray diffraction (XRD) patterns were obtained by using Cu 
Kα radiation. N2 adsorption−desorption experiments were performed 
by Beishide Instrument Technology (Beijing) Co., Ltd. (BSD- 
PS(M)). X-ray photoelectron spectroscopy (XPS) was performed 
by using the Al-Ka line as the radiation source. The generation of ·OH 
was measured by an electron spin resonance (ESR) spectrometer 
(Bruker ESR A300), with DMPO as the spin trap. 

2.3. Ultrathin Modification of MIL-100(Fe) Nanozymes. The 
MIL-100(Fe) carrier was first obtained by a slight adjustment based 
on the previously reported method. Briefly, FeCl3·6H2O (5.4 g) and 
H3BTC (3.78 g) were placed in 12 mL of ultrapure water and 

dissolved uniformly by ultrasonication. The prepared solution was 
then transferred to 25 mL of the reactor and maintained at 95 °C for 
18 h. After the completion of the reaction, the precipitate was 
separated through centrifugation and three washes with 50% (v/v) 

ethanol/water to obtain the MIL-100(Fe) carrier. Eventually, the 

MIL-100(Fe) solid powder was prepared by vacuum-drying over- 

night.40,41 Then, the ultrathin-modified xAl/MIL-100(Fe) nanozymes 

(x represents the number of Al2O3 ALD cycles) were obtained by 

used for all the experiments. conducting an Al O ALD process with C H Al and deionized H O as 
2.2. Nanozyme Characterizations. Transmission electron 2  3 3  9 2 

microscopy (TEM), high-angle annular dark-field scanning TEM 
and energy-dispersive X-ray spectroscopy mapping images were 
obtained by operating a transmission electron microscope (Themis 
FEI) at 300 kV. Scanning electron microscopy (SEM) images were 
acquired by a scanning electron microscope (ZEISS Sigma 500, 

the precursor and oxidant, respectively. The deposition temperature 
was set at 130 °C. The pulse, exposure, and purge times for C3H9Al 
and H2O were 0.02/8/32 and 0.1/9/32 s, respectively. By adjusting 
the number of cycles in this procedure, several xAl/MIL-100(Fe) 

nanozymes were prepared (x = 0, 1, 3, 6, 12). 

https://pubs.acs.org/doi/10.1021/acsanm.3c05262?fig=fig1&ref=pdf


  

  

 

 

 

 

Figure 2. (A) N2 sorption isotherms and pore size distribution (inset) of the two nanozymes. (B) XPS survey spectra of the two nanozymes. (C) 
XPS Al 2p spectrum of 1Al/MIL-100(Fe). (D) Fe 2p spectra of the two nanozymes. 

 
2.4. Evaluation of Peroxidase-Like Activity. The peroxidase- 

like activity of the nanozymes was evaluated by using a typical 
chromogenic reaction with H2O2 and TMB as substrates. The HAc− 
NaAc buffer solution (pH = 3.6, 0.2 M) including TMB (0.5 mM), 

dispersion, low content (0.07 wt %, ICP-OES), and small 
difference of Z contrast. However, aluminum, iron, carbon, and 
oxygen elements can be detected from the EDS mapping 
images of 1Al/MIL-100(Fe) nanozymes (Figure 1E), indicat- 

H2O2 (1 mM), and 1Al/MIL-100(Fe) (0.04 mg mL−1) was mixed 
and incubated for 10 min at 37 °C. The colorless TMB can be ing the successful deposition of Al2O3 on MIL-100(Fe) 

oxidized to oxidized TMB (ox-TMB, ε652 nm = 39,000 M−1 cm−1). 
The reaction absorbance was measured using an ultraviolet−visible 
spectrophotometer to record the peroxidase-like activity. 

2.5. Colorimetric Detection of Glutathione. Colorimetric 
detection of glutathione experiment catalyzed by the optimized 1Al/ 
MIL-100(Fe) nanozymes was carried out as follows: GSH with 
different concentrations was added to HAc−NaAc buffer (pH = 3.6), 
and then 20 μL of 1Al/MIL-100(Fe) and 100 μL of H2O2−TMB 
substrates were mixed and incubated for 10 min. The mixed solutions 
were measured using a UV−vis spectrophotometer, and the 
absorbance at 652 nm was recorded, which is related to the GSH 
concentration for the quantitative detection of GSH. The detection 
limit is obtained by the standard formula (LOD = 3σ/S), in which σ 
and S represent the standard deviation of blank control and slope of 
the calibration graph, respectively. 

 

3. RESULTS AND DISCUSSION 

3.1. Synthesis and Characterization of Nanozymes. 
Nanozymes (1Al/MIL-100(Fe)) were prepared by the ultra- 
thin modification strategy of ALD, as shown in Figure 1A. In 
detail, the MIL-100(Fe) supports were first prepared through 
the hydrothermal synthesis approach; then, Al2O3 ALD was 
conducted to obtain the ultrathin modified xAl/MIL-100(Fe) 
nanozymes, in which x represents the number of cycles of 
Al2O3 ALD (x = 0, 1, 3, 6, 12). Figure 1B is the HAADF- 
STEM image of MIL-100(Fe) nanozymes, which present 
particle morphology (Figure S1A). No obvious change is 
observed after the decoration of one cycle of Al2O3 (Figures 
1C and S1B). From the high-resolution TEM image (Figure 

1D), no aluminum species is detected owing to the high 

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
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nanozymes. The ultralow amount of Al on the 1Al/MIL- 
100(Fe) nanozymes also indicates the potential atomic 
dispersion of Al on the support. To confirm this speculation, 
one cycle of Al2O3 was deposited on the carbon support. As 
expected, atomically dispersed Al atoms can be clearly 
observed (Figure 1F). These results indicate that the 1Al/ 
MIL-100(Fe) nanozymes possess the atomic dispersion 
property for the ALD-decorated aluminum species. 

The physicochemical properties of the nanozymes were 
further characterized by multiple characterization techniques. 
To study the textural properties of the nanozymes, N2 sorption 
characterization was carried out (Figure 2A). The curves of 
two samples present properties of mesoporous materials. The 
specific surface area of the 1Al/MIL-100(Fe) nanozyme 
increases slightly in comparison to the as-prepared counter- 
parts, while the pore size distribution is nearly unchanged 
(Table S1). To investigate the microstructure of MIL-100(Fe) 
and 1Al/MIL-100(Fe) nanozymes, XRD was performed 
(Figure S2). It can be seen that the peaks of MIL-100(Fe) 
and 1Al/MIL-100(Fe) are quite similar, which suggests that 
the ALD process exerts little influence on the structure of MIL- 
100(Fe). No peak ascribed to aluminum species is detected 
owing to the high dispersion and low content. The electronic 
property of the elements was characterized by XPS, according 
to Figure 2B−D. From the fine Al 2p spectrum of 1Al/MIL- 
100(Fe) nanozymes (Figure 2C), the peak at around 74.9 eV 
ascribed to Al 2p can be observed, and this again indicates the 
successful modification of Al2O3 on MIL-100(Fe) nanozymes. 
For the XPS Fe 2p spectra of MIL-100(Fe) nanozymes and 

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf


  

  

 

 

 

 

Figure 3. (A) Comparison of peroxidase-like activity catalyzed by xAl/MIL-100(Fe) nanozymes. (B) Al content of xAl/MIL-100(Fe) nanozymes. 
 

 

Figure 4. (A, D) Initial reaction rate as a function of [H2O2] for 10 min of incubation over the two nanozymes. (B, E) Lineweaver−Burk plots of 
1/V vs 1/[H2O2] over the two nanozymes. (C, F) Plots of ln V against ln[H2O2] over the two nanozymes. 

 

 

1Al/MIL-100(Fe) nanozymes (Figure 2D), no obvious shift is 

observed, indicating that the electronic state of Fe is almost 
unchanged before and after the ultrathin modification of 

aluminum species. 

3.2. Peroxidase-Like Activity Evaluation and Steady- 
State Kinetic Studies of Nanozymes. The peroxidase-like 
activity of the xAl/MIL-100(Fe) nanozymes was evaluated in 
the typical H2O2-TMB reaction system (Figure 3A).42−45 We 
first determined the optimized reaction conditions with the 
temperature of 37 °C, pH 3.6, and the concentrations of H2O2 
(1 mM) and TMB (0.5 mM, Figure S3). Note that MIL- 
100(Fe) modified by one-cycle Al2O3 (atomic ultrathin 
modification) shows the best peroxidase-like activity, while 
the continued increase of Al2O3 ALD cycles causes the activity 
decrease owing to the probable coverage of the MIL-100(Fe) 

active sites. The Al content in the 1Al/MIL-100(Fe), 3Al/ 

MIL-100(Fe), 6Al/MIL-100(Fe), and 12Al/MIL-100(Fe) 
nanozymes is also determined (Figure 3B), respectively. 

These results demonstrate that ALD is a fine and promising 

approach for decorating the ultralow amount of Al2O3 to 
improve the peroxidase-like activity. 

To evaluate the activity enhancement mechanism of the 
prepared MIL-100(Fe) and optimized 1Al/MIL-100(Fe), 
steady-state kinetic experiments were conducted by separately 
adjusting the concentration of H2O2 or TMB (Figures 4 and 
S4). The kinetic parameters were obtained by fitting the data 
according to the Michaelis−Menten equation, and the 
absorbance of reaction products catalyzed by MIL-100(Fe) 
and 1Al/MIL-100(Fe) nanozymes was recorded over time 
under specific reaction conditions. Nanozyme parameters were 
determined using the characteristic double reciprocal Line- 
weaver−Burk diagram. The Km values (2.4 × 10−5 mM for 
H2O2 and 9.1 × 10−5 mM for TMB, Figures 4E and S4E) of 
1Al/MIL-100(Fe) nanozymes were significantly lower than 
that of MIL-100(Fe) nanozymes (2.1 × 10−4 mM for H2O2 
and 1.96 × 10−4 mM for TMB, Figures 4B and S4B), 
indicating that 1Al/MIL-100(Fe) nanozymes exhibited a 
stronger affinity toward the two substrates. Moreover, as 

another critical parameter for evaluating the catalytic rate, Vmax 

values were also calculated. The Vmax values of 1Al/MIL- 

100(Fe) nanozymes were 1.33 × 10−4 mMs−1 for H2O2 and 

3.03 × 10−4 mMs−1 for TMB, which were higher than that of 

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05262?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05262?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05262?fig=fig4&ref=pdf


  

  

 

 

 

 

Figure 5. (A) Relative activity before and after the trapping experiments of ·OH. (B) Fluorescence spectra of blank, MIL-100(Fe), and 1Al/MIL- 
100(Fe). (C) ESR spectra for ·OH catalyzed by H2O2, MIL-100(Fe), and 1Al/MIL-100(Fe). (D) Mechanism of the reaction proposed. 

MIL-100(Fe) nanozymes (6.36 × 10−5 mMs−1 for H2O2 and 
2.96 × 10−4 mMs−1 for TMB). In addition, the two nanozymes 
present similar reaction orders for H2O2 and TMB, which 
indicates that the two nanozymes possess similar reaction 
routes and mechanisms (Figures 4C,F, and S4C,F). Therefore, 
1Al/MIL-100(Fe) nanozymes possess excellent affinity and 
catalytic rate, leading to the excellent POD-like activity, which 
will be an ideal candidate for peroxidase mimics (Table S2). 

3.3. Peroxidase-Like Catalytic Mechanisms of Nano- 
zymes. ·OH is usually regarded as the active intermediate of a 
peroxidase-like reaction. To ascertain the ·OH generation in 
the reaction, ·OH trapping experiments were performed for 
1Al/MIL-100(Fe) nanozymes (Figure 5A). Isopropyl alcohol 
(IPA) was added as the scavenger of ·OH. After adding IPA, 
the peroxidase-like activity of 1Al/MIL-100(Fe) is obviously 
inhibited, indicating that ·OH should be the major active 
species produced in the reaction process. To further confirm 
the existence of ·OH radicals, the fluorescent probe of 
terephthalic acid (TA) experiments was also conducted.26 
Obviously, the 1Al/MIL-100(Fe) nanozymes display a 
fluorescence intensity much stronger than that of pristine 
MIL-100(Fe) in the reactions (Figure 5B), suggesting that 
1Al/MIL-100(Fe) nanozymes can promote the generation of · 
OH to boost the catalytic reaction, which is in agreement with 
the results of the kinetic analysis above. The presence of the · 
OH active species was also verified by ESR measurement. The 
characteristic four-line signal with a ratio of 1:2:2:1 indicates 
the production of ·OH radicals (Figure 5C), and the 1Al/MIL- 
100(Fe) nanozymes produce more ·OH than MIL-100(Fe) in 
the process. According to these results, the higher number of 
produced ·OH radicals should be responsible for the 
outstanding peroxidase-like activity of 1Al/MIL-100(Fe) 
nanozymes, and the reaction mechanism is presented in 
Figure 5D. 

3.4. Universality of ALD Ultrathin Modification 
Strategy. Factually, the proposed ultrathin modification 

strategy of ALD is universal, and it can be used to deposit 

other oxides on various materials. To this end, we further 

deposited TiO2 on MIL-100(Fe) by finely adjusting the ALD 

cycles from 0 to 12 (Figure 6A). Similarly, the 1Ti/MIL- 

100(Fe) nanozymes decorated with only one-cycle TiO2 

exhibit optimized POD-like activity, and excessive TiO2 has 

a detrimental influence on the activity. Still, the Ti species 

present the atomic dispersion property (Figures 6B,C and S5). 

These results indicate that the decoration of an ultralow 
 

 

 
Figure 6. (A) POD-like activity comparison of the xTi/MIL-100(Fe) 
nanozymes. (B) HAADF-STEM and (C) corresponding EDS 
mapping images of 1Ti/MIL-100(Fe) nanozymes. 

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05262/suppl_file/an3c05262_si_001.pdf
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Figure 7. (A) UV−vis absorption spectra of the colorimetric system with the addition of various concentrations of GSH. (B) Plot of absorbance 
change (A0 − A) vs GSH concentration (inset: linear calibration curves for log[GSH]). 

 

amount of Al or Ti species can remarkably enhance the POD- 

like activity due to the modification of the electronic properties 

of the active metal. 

3.5. Sensitivity and Selectivity of GSH Detection. The 

optimized 1Al/MIL-100(Fe) nanozyme with high stability 

(Figure S6) was further applied for the colorimetric analysis of 

GSH. As shown in Figure 7A, the absorbance of ox-TMB was 

progressively decreased by increasing the GSH concentration 

(from top to bottom: 20, 40, 60, 80, and 100 μM). It was also 
found that the decreased absorbance values could be linear to 
log[GSH] in the range of 0.01−1000 μM (Figure 7B). The 
LOD of the developed sensor was determined to be as low as 
2.2 nM by the 3σ rule. Moreover, the 1Al/MIL-100(Fe) 
nanozyme-based colorimetric approach for the detection of 
GSH could show a broader detection range and lower LOD 

compared to those of previous reports (Table S3). Addition- 

ally, we have also completed the GSH detection in the fetal 

bovine serum (Table S4). Hence, the developed colorimetric 

approach should be promising for the detection of GSH in 

actual samples. 

In addition, to evaluate the selectivity of the colorimetric 

system catalyzed by 1Al/MIL-100(Fe) nanozymes, the 

influence of different possible components (Lys, Cys, Gly, 
His, Cl−, Na+, K+, Ca2+, Thr, Arg, and Glu) that could 
concomitantly be present in serum was analyzed to confirm the 

specificity of the proposed method for GSH. Although the 

detection method has some response to cysteine, GSH is the 

most abundant biothiol in living organisms. The disturbance 

caused by the above species can almost be neglected although 

their concentration is fivefold higher than that of GSH (Figure 

8), and this should be ascribed to the stronger reduction 

activity of GSH. These results suggest that 1Al/MIL-100(Fe) 

nanozymes possess excellent sensitivity and selectivity in the 

GSH detection reaction, and the developed colorimetric 

approach has a strong anti-interference ability for the detection 

of GSH. 

These results confirm that the ultrathin-modified nanozymes 

have significantly enhanced POD-like activity in comparison 

with the as-prepared nanozymes, which should be related to 
Al−Fe synergy. The synthesized 1Al/MIL-100(Fe) nanozymes 
also show excellent sensitivity and selectivity in the GSH 

detection reaction. The ultrathin modification strategy of ALD 

could potentially be applied to the synthesis of other nanozyme 

systems. 

Figure 8. Selectivity of the colorimetric system to various interfering 
substances. The concentration of interferents is 50 μM. 

 

4. CONCLUSIONS 

In summary, the atomically dispersed 1Al/MIL-100(Fe) and 
1Ti/MIL-100(Fe) nanozymes were successfully synthesized 
via the ultrathin modification strategy of ALD. The ultrathin 
modified nanozymes present much higher POD-like activity 
than their MIL-100(Fe) counterparts. A highly sensitive and 
selective colorimetric approach based on the catalysis effect 
was established for the quantitative detection of GSH with 
1Al/MIL-100(Fe) as a high-efficiency nanozyme, which 
possesses high catalytic efficiency and excellent sensitivity 
and selectivity. Our present strategy can potentially be 
extended to synthesize other nanozymes with atomic 
dispersion for various applications. 
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