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The shared features of nanomaterials and 
proteins, such as similar overall size, sur-
face properties, and self-assembly capa-
bilities, have led to the suggestion that 
nanomaterials could function as protein 
mimics.[1] Among the nanomaterials, 
those that exhibit enzyme-like activities, 
and thus called nanozymes, have recently 
received considerable attention.[2] Despite 
impressive progress in developing var-
ious types of nanozymes and exploring 
their potential applications, most studies 
employ empirical explorations, and 
rational design strategies have rarely 
been used in designing high-performance 
nanozymes.[2a] Very recently, we have 
shown that for transition metal oxides 
with an octahedral coordination geom-
etry, their peroxidase-mimicking activities 
exhibited a volcano-type dependence on 
the eg occupancies of the corresponding 
transition metals.[3] Nevertheless, for most 
of the currently developed nanozymes, 
such explicit quantitative structure–activity 
relationships have not been identified.[2a] 
This lack of advancement is mainly due 
to the composition heterogeneity and 

While the unique physicochemical properties of nanomaterials that enable 
regulation of nanozyme activities are demonstrated in many systems, 
quantitative relationships between the nanomaterials structure and their 
enzymatic activities remain poorly understood, due to the heterogeneity 
of compositions and active sites in these nanomaterials. Here, inspired 
by metalloenzymes with well-defined metal–ligand coordination, a set of 
substituted metal–organic frameworks (MOFs) with similar coordination 
is employed to investigate the relationship between structure and oxidase-
mimicking activity. Both experimental results and density functional theory 
calculations reveal a Hammett-type structure–activity linear free energy 
relationship (H-SALR) of MIL-53(Fe) (MIL = Materials of Institute Lavoisier) 
nanozymes, in which increasing the Hammett σm value with electron-
withdrawing ligands increases the oxidase-mimicking activity. As a result, 
MIL-53(Fe) NO2 with the strongest electron-withdrawing NO2 substituent 
shows a tenfold higher activity than the unsubstituted MIL-53(Fe). Further-
more, the generality of H-SALR is demonstrated for a range of substrates, 
one other metal (Cr), and even one other MOF type (MIL-101). Such biologi-
cally inspired quantitative studies demonstrate that it is possible to identify 
quantitative structure–activity relationships of nanozymes, and to provide 
detailed insight into the catalytic mechanisms as those in native enzymes, 
making it possible to use these relationships to develop high-performance 
nanomaterials.
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ambiguity in the active sites of nanomaterials, making the iden-
tification of the number, location, and nature of active centers 
very challenging, which in turn hamper the elucidation of 
quantitative structure–activity relationships and thus limit the 
rational design of high-performance nanozymes.

In contrast, protein enzymes have well-defined active sites 
and nearby microenvironments/residues (e.g., primary and sec-
ondary coordination spheres) that can be rationally engineered 
to investigate the structure–activity relationships. Protein engi-
neering has gained insight into the correlation between catalytic 
efficiency and the structures of mutated enzymes.[4] As in-depth 
knowledge of protein engineering and advanced technologies 
become available, more advanced engineering, such as those 
employing unnatural amino acids and non-native cofactors, can 
be introduced to design enzymes with better catalytic activity.[5] 
For example, in a functional model of oxidase, incorporation of 
tyrosine analogs with decreased pKa values resulted in a linear 
enhancement of the O2 reduction activities, allowing the pKa-
dependent activity regulation of oxidase and revealing the role 
of active site tyrosine in oxidase reaction as well.[6]

Inspired by the success of enzyme engineering, we envi-
sion that nanomaterials with similar well-defined structures 
would enable us to explore the structure–activity relationship 
of nanozymes and further rationally design high-performance 
nanozymes. One emerging category of nanozymes comprises 
the metal–organic frameworks (MOFs), which are 3D net-
works of metal ions linked by multidentate organic linkers.[7] 
Therefore, in this work, MIL-53(Fe) (MIL = Materials of Insti-
tute Lavoisier), benefitting from its broad variety of functional 
ligands and Fe metal node widely used in metalloenzymes, was 
chosen as a model system to study the relationship between 
the structure and its oxidase-mimicking activity (Figure  1a). 
Through systematically changing the linker substituent X in 
MIL-53(Fe) X (X = NH2, CH3, H, OH, F, Cl, Br, and NO2), 
the oxidase-mimicking activities can be tuned accordingly. 
Specifically, the oxidase-mimicking activity of MIL-53(Fe) X-
based nanozymes is correlated to Hammett σm values[8] of the 
linker substituent X, which quantify the electronic effects of 
substituents in molecular chemistry. In particular, a Hammett-
type structure–activity linear free energy relationship (H-SALR) 
is also revealed. This concept is also supported by density 
functional theory (DFT) calculations. Moreover, the identified 
structure–activity relationship is found to be general to other 
MOF-based nanozymes.

The MIL-53(Fe) X frameworks, constructed through 
the coordination between FeO6 octahedrons and unsubsti-
tuted/substituted 1,4-benzenedicarboxylic acid (BDC) ligands 
(Figure  1), were synthesized via a solvothermal method  
(Figure S1, Supporting Information). The resulting products were 
characterized by powder X-ray diffraction (PXRD) measure-
ment, confirming the structure of MIL-53(Fe) (Figure S2, Sup-
porting Information).[9] X-ray photoelectron spectra (XPS) indi-
cated the presence of Fe, C, and O in all of the MOFs, and N, F, 
Cl, and Br in the NH2-, NO2-, F-, Cl-, and Br-substituted MOFs 
(Figure S3a, Supporting Information). Then, the oxidase-
mimicking activities (Figure  2a) of the MOFs were evaluated 
through monitoring the absorption peak at 652 nm of oxidized 
3,3′,5,5′-tetramethylbenzidine (TMB). As shown in Figure  2b, 
except for MIL-53(Fe) NH2, which exhibited nearly negligible 

activity, all the MIL-53(Fe) X MOFs exhibited oxidase-mim-
icking catalytic activity. The oxidase-mimicking activity of 
MIL-53(Fe) was dramatically enhanced after F, Cl, Br, and NO2 
substitution. Remarkably, a more than tenfold increase in the 
oxidase-mimicking activity was obtained upon the introduction 
of a NO2 group into the MIL-53(Fe) MOF (Figures S4 and S5,  
Supporting Information). The study of O2-dependent cata-
lytic activities of the MIL-53(Fe) X MOFs further validated 
their oxidase-mimicking properties (Figure S6, Supporting 
Information).

To confirm that the oxidase-mimicking activity was from the 
MOFs rather than the substituted ligands, control experiments 
with only these substituted ligands added to oxidase-mimicking 
catalytic reaction solutions were performed. As shown in 
Figure S7 (Supporting Information) under the same conditions, 
none of these substituted ligands alone exhibited oxidase-mim-
icking activity, confirming that the oxidase-mimicking activity 
originated from the MOFs. A careful study of the thermo-
gravimetric analysis results shown in Figure S8 and Table S1 
(Supporting Information), demonstrated that there was linker 
deficiency in these MOF structures. As a result, we reasoned 
that unsaturated sites on metal nodes existed in MIL-53(Fe) 
X MOFs and functioned as the active sites, which was con-
sistent with the active site in natural oxidase.[10] In addition, the 
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Figure 1.  a) Protein-engineering-inspired MOF nanozyme modulation. 
Illustration of modulating catalytic activity of MOF nanozyme with sub-
stituted organic linkers, which is inspired by the catalytic activity modu-
lation of natural enzyme via a protein engineering strategy. The protein 
drawing is based on the crystal structure of an oxidoreductase (PDB ID: 
6W4X). The Fe center and amino acids are displayed as a ball-and-stick 
representation. The Fe metal node and organic linkers for MOF drawing 
are also marked as a ball-and-stick representation. Fe: orange; O: red; C: 
gray; and N: blue. b) Substituted organic linkers with different electronic 
modulation capabilities used in this work. The Hammett σm values were 
obtained from ref. [8].
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particle size independence of the oxidase-mimicking activity of 
MIL-53(Fe) X was also revealed in Figures S9 and S10 (Sup-
porting Information), implying that all the catalytic sites partici-
pated and contributed during the oxidase-mimicking catalytic 
reactions.[11] The large channels present in MIL-53(Fe) made 
the catalytic sites accessible to the substrates (Figure S11, Sup-
porting Information).[12]

The above analysis suggested that the substituent effect was 
the main reason for the distinct difference in the oxidase-mim-
icking activity of MIL-53(Fe) X MOFs. A detailed XPS study 
for Fe 2p in Figure S3b (Supporting Information) showed 
different binding energies for different substituents, which 
clearly indicated the modulation of electronic structures of 
metal nodes by the substituents. Although the variations for 
some substituents were small, the overall trend illustrated that 
the presence of an electron-withdrawing group, especially a 
nitro group—the strongest typical electron-withdrawing group, 
clearly shifted the binding energy to a lager value, agreeing 
well with a previous report.[13] When using Hammett’s σm 
values to describe the electronic effects of these substituted 
ligands, an H-SALR was identified (Figure  2c), which is a 
typical one in the field of quantitative structure–activity rela-
tionship. The positive correlation indicated that a negative 
charge developed during the rate-limiting step of the reaction. 
Therefore, the electron-withdrawing ligand made the metal 
node more electron deficient, and thus an even better electron 
sponge, facilitating electron transfer among the substrates, 
oxygen, and the MOFs. Moreover, the facilitation of electron 
transfer by the electron-withdrawing ligand was further sup-
ported by the increased reduction potentials of MIL-53(Fe) X 
with electron-withdrawing ligands (Figure S12, Supporting 
Information), consistent with a literature report that a higher 
reduction potential resulted in a faster electron transfer from 

the substrate, and thus was responsible for a higher oxidase-
mimicking activity.[5b]

To provide theoretical basis for the H-SALR, DFT calcula-
tions were performed to understand the structures and energies 
for MIL-53(Fe) X and to reveal the key intermediates involved 
in their oxidase-mimicking catalyses. All the nanozymes were 
modeled by a slab derived from the bulk crystal structure of 
MIL-53(Fe) X (Figure S13, Supporting Information). In the 
slab, each iron atom coordinated with five oxygen atoms, repre-
senting the coordinatively unsaturated irons in the nanozymes. 
According to the calculated results, the electron spins of all 
neighboring irons in the MIL-53(Fe) X slabs preferred an 
anti-ferromagnetic coupling (Figure S14, Supporting Informa-
tion). Both the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) were mainly 
located on the d-orbitals of irons, suggesting irons to be the 
most probable catalytic centers (Figure S15, Supporting Infor-
mation). The energy of LUMOs, which signified the reduction 
potentials of the nanozymes, exhibited a linear relationship 
with the Hammett σm value of substituent X (Figure S16, Sup-
porting Information), in good agreement with the experiment 
(Figure S12, Supporting Information). It is also agreed with 
the knowledge that electron-donating and -withdrawing groups 
raise and lower the frontier molecular orbital energies, respec-
tively.[14] The π-conjugation between substituent X and irons, 
which was known as the mesomeric substituent effect,[15] was 
the dominant way through which the substituent adjusted the 
orbital energy associated with iron (Figure S17, Supporting 
Information). The inductive substituent effect, which was a 
short-range electronic effect caused by the difference in atomic 
electronegativity,[15] played a minor role because all substituent 
Xs were spatially separated from irons too far, by at least four 
atoms (one O and three C atoms).

Adv. Mater. 2021, 33, 2005024

Figure 2.  a) Oxidation of a substrate (i.e., TMB) with O2 catalyzed by oxidase-mimicking MOF nanozymes, producing oxidized product and H2O.  
b) Time evolution of absorbance at 652 nm (A652) for monitoring the oxidase-mimicking catalytic activities of MIL-53(Fe) X MOFs, under the condition of  
50 × 10−3 m NaOAc buffer (pH = 4.5) containing 1 × 10−3 m TMB substrate at room temperature. MIL-53(Fe) was written as MIL-53(Fe) H for a clear 
view of the substituent. c) Catalytic TMB oxidation activities of MIL-53(Fe) X MOFs plotted as a function of Hammett σm values of the linker substituent 
X. Values of kX were calculated from initial kinetic observations. The gray line is shown as a visual guide only. X = NH2, CH3, H, OH, F, Cl, Br, and NO2.
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Based on the above calculations, we proposed a catalytic 
mechanism for the oxidase-mimicking activity of MIL-53(Fe) 
X, similar to those of natural oxidases (Figure  3a).[16] This 
mechanism mainly consisted of five reaction steps: i) the 
transfer of an electron from TMB to MIL-53(Fe) X to increase 
the affinity of the nanozyme toward O2; ii) the protonation-cou-
pled adsorption of an O2 molecule on the iron center to give 
the OOH adsorbate; and iii–v) three consecutive protonation-
coupled electron transfer steps to reduce the OOH adsorbate 
and simultaneously to regenerate the catalytic center. Figure 3b 
plotted the energies for the intermediates in the catalytic cycles. 
For all MIL-53(Fe) X nanozymes, step (i) was endothermic 
with a positive reaction energy (Er); steps (ii)–(v) were all highly 
exothermic with negative Er  <  −1.5  eV. Therefore, step (i) was 
the most probable rate-determining step, whose energy bar-
rier Eb determined the overall reaction rate. This meant that a 
nanozyme with a lower Eb would have a higher oxidase-mim-
icking activity and vice versa. According to Figure  3b, the Er 
for step (i) increased in the order of NO2 < F < Cl, Br < OH < 

H < CH3  < NH2. According to the linear scaling relationship 
between Eb and Er, i.e., the Brønsted–Evans–Polanyi (BEP) rela-
tion,[17] Eb for step (i) should have the same order as Er. Such an 
increasing Eb order excellently agreed with the inverse oxidase-
mimicking activity order experimentally found for MIL-53(Fe) 
X (Figure 2c). Notably, step (i) was a net electron transfer pro-
cess, and its Er linearly scaled with the reduction potential of 
the nanozyme. And further because of the linear relationship 
between Eb and Er (the BEP relationship)[17] and that between 
reduction potential and Hammett σm value, Eb should also be 
linearly scaled with the Hammett σm value, which explained 
the H-SALR of the oxidase-mimicking activity.

To evaluate whether this H-SALR is a general phenomenon, 
we studied other oxidase substrates, including 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,4-dichloro-
phenol (2,4-DP), MIL-53 with other metal nodes (such as Cr), 
and even other types of MOFs (such as MIL-101(Fe)). As shown 
in Figure 4a and in Figure S18 (Supporting Information), when 
ABTS was used instead of TMB as the substrate for oxidation, a 
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Figure 3.  a) Proposed catalytic cycle for the oxidation of TMB to TMB+ with MIL-53(Fe) X as oxidase mimics. b) Energies (in eV) of key intermediates 
in the catalytic cycle of (a) for MIL-53(Fe) X. X = NH2, CH3, H, OH, F, Cl, Br, and NO2. In (b), the asterisk * represents the catalytic center, and the 
structures of the intermediates near the catalytic centers are shown for X = NO2.

Figure 4.  a) Generality of H-SALR to one other substrate (ABTS). Catalytic ABTS oxidation activity of MIL-53(Fe) X (X = NH2, CH3, H, OH, F, Cl, 
Br, and NO2) plotted as a function of Hammett σm values of the linker substituent X. b) Generality of H-SALR to one other metal (Cr). Catalytic TMB 
oxidation activity of MIL-101(Cr)-X MOFs (X = NH2, H, and NO2) plotted as a function of Hammett σm values of the linker substituent X. c) Generality 
of H-SALR to one other MOF (MIL-101). Catalytic TMB oxidation activity of MIL-101(Fe) X MOFs (X = NH2, CH3, H, OH, F, Br, and NO2) plotted as 
a function of Hammett σm values of the linker substituent X. The gray lines are shown as visual guides only.
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similar H-SALR was identified, where the electron-withdrawing 
groups, especially NO2, significantly enhanced the oxidase-
mimicking catalytic activity. Considering that the oxidation rate 
of ABTS is often utilized to determine the catalytic activity of 
the enzyme laccase, these substituted MIL-53(Fe) X MOFs 
could be defined as laccase mimics.[18]

In addition to oxidizing ABTS, laccases also oxidize phe-
nols and play an important role in environmental protection by 
removing these harmful compounds. According to the revealed 
H-SALR of MIL-53(Fe) X MOFs, we hypothesized that among 
all the substituted MOFs, MIL-53(Fe) NO2 should be the 
most efficient laccase mimic for phenol oxidation and removal. 
Notably, the experimental results of 2,4-DP oxidation shown in 
Figure S19 (Supporting Information) verified this hypothesis. 
Furthermore, the MIL-53 MOF with the other metal node (i.e., Cr 
here) was also tested (Figures S20 and S21, Supporting Informa-
tion). Due to the relatively low oxidase-mimicking activity of MIL-
53(Cr), only the nitro and amine groups were utilized to function-
alize MIL-53(Cr) for comparison (Figure S22, Supporting Infor-
mation). The electron-withdrawing NO2 group also enhanced the 
oxidase-mimicking catalytic activity in the Cr MOF (Figure  4b). 
In addition, this H-SALR was even applicable to another type 
of MOF, MIL-101(Fe) X (Figure 4c; Figures S23 and S24, Sup-
porting Information). Therefore, according to the above observa-
tions, the generality of H-SALR led to the conclusion that being 
independent of the type of substrate, metal node, and MOF, the 
electronic effect of substituted ligands is nearly universal and 
dominate for oxidase-mimicking activity modulation.

In summary, by employing a set of substituted MOFs 
to imitate the metal–ligand coordination of natural redox 
enzymes, we have successfully revealed a Hammett-type 
structure–activity linear free energy relationship for oxidase-
mimicking nanozymes, i.e., increasing the Hammett σm value 
by incorporating an electron-withdrawing ligand leads to an 
increase in the oxidase-mimicking activity. Additionally, both 
the experimental results and DFT calculations have provided 
better understanding of the catalytic mechanism. By reaching 
similarly high level of quantitative understanding of struc-
ture–function relationship of nanozymes as in native enzymes, 
this work offers exciting new perspectives and opportunities to 
apply more biomimetic methods for studying the structure–
activity relationships of other nanozymes and to guide the 
design of high-performance nanomaterials.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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