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ABSTRACT 

Proteolytic activity of heterogeneous Zr-based nanozymes is a promising technology for the development 
of selective protein cleavage protocols which are pivotal in modern proteomics. Here, we report the 
hydrolytic activity of nanoporous Zr6-based UiO-66 metal-organic framework (MOF) toward peptide bonds 
in a series of peptides and in hen egg white lysozyme protein. The standard UiO-66 MOF featuring 
unsubstituted 1,4-benzenedicarboxylate linkers hydrolyzed the glycylglycine with a rate constant of 7.9 × 
10-7 s-1, (t1/2 = 10 days), which represents >104-fold acceleration compared to the uncatalyzed reaction. 
Further, this reactivity was compared with UiO-66 analogs synthesized using modified linkers bearing NO2 
and NH2 substituents, or using trifluoracetic acid as a modulator. Although the overall crystalline structure 
and particle size of these UiO-66 derivatives were generally conserved, they presented distinct nanoporous 
structures that could be directly correlated with the reaction rates at least an order of magnitude faster than 
the parent UiO-66 MOF. Further, the modified nanoporous structures also provided distinct reactivities 
across a series of dipeptide substrates probed. We propose that these differences might arise from the distinct 

MOF Lewis and Brønsted acidity resulting from the structural modifications. These findings highlight the 

potential of further optimizing Zr6-based MOF nanozymes to achieve residue-selective hydrolytic activity. 
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INTRODUCTION 

Protein digestion technology is of paramount importance in chemical biology, proteomics and 
therapeutics applications.1-3 Given the large sizes and structural complexity of proteins, methods 
of digestion that are site-selective are prefered because they largely facilitate data processing and 
interpretation.4 To date, proteolytic enzymes (e.g., trypsin) are by far the method-of-choice to 
digest proteins selectively in a short time.5 However, their narrow stability window, high cost and 
difficult recoverability limits their wide application. Moreover, trypsin catalyzed protein hydrolysis 
results only in small fragments, thereby limiting the proteomic information that can be retrieved 
from the original structure.6-7.  

Catalytic nanomaterials have been attracting increasing attention over the last decades as potential 
artificial enzymes. Compared to natural enzymes, they have lower cost, higher stability towards a 
wide range of conditions, and much easier recyclability, among other advantages.8-10 In addition, 
the rapid evolution in the synthesis of nanomaterials allows better control of their specific 
molecular and morphological characteristics, which renders them as promising artificial surrogates 
for the natural enzymes. To date, although many nanomaterials have been described as potential 
nanozymes, very few have been reported to possess hydrolase or protease activity.9 Given the 
current central role of selective protein hydrolysis in many areas of bioscience,  the study and 
development of proteolytic nanomaterials (nano proteases) is highly desired.  

Heterogeneous metal-oxo cluster (MOC) based nanozymes have recently emerged as valuable 
alternatives towards efficient artificial proteases.11-14 Traditionally, peptide bond hydrolysis in 
peptides, oliogopeptides and proteins has been achieved by using Lewis acidic metal complexes.15-

16 Our contribution to the field concerns the discovery and development of MOCs unique potential 
as robust and selective catalysts to cleave the peptide bond. At first, we explored water soluble 
metal-substituted polyoxometalates (POMs),17-21 and demonstrated their potential as highly 
selective proteases.22-29 However, the practical applications of POMs were largely hampered by 
their difficult separation from proteins. Thus, we recently turned our attention to heterogeneous 
MOC-based nanomaterials, aiming to expedite catalyst and protein digest separation while keeping 
the selectivity hallmark of our initial studies. Such effort already resulted in the discovery of new 
heterogeneous artificial nanoproteases, which include the MOF-808,12 NU-100013 and the discrete 
Hf oxo-cluster [Hf18O10(OH)26(SO4)13 (H2O)33].14 Despite their highly promising proteolytic 
activity, very little is known about the structure-activity relationship of these emerging nano 
proteases. Furthermore, the catalytic efficiencies of nanozymes are not yet comparable to the 
natural enzymes, and further studies of their structure-activity relationship are therefore necessary 
to enable future practical applications.  

Metal–organic frameworks (MOFs) are highly tailorable hybrid nanomaterials featuring metal ions 
or clusters interconnected by organic linkers.30 Their nanoscale porosity, high surface area, good 
thermal stability and uniformly structured cavities containing catalytically active sites31 hold great 



potential for a broad range of applications such as gas storage and separation,32 detection and 
decomposition of warfare agents,33 drug delivery34 and (bioinspired)35 catalysis.36-38 Among the 
several MOFs available, Zr-based UiO-66 MOFs is one of the most well-established and versatile 
structures for probing the impact of surgical structural changes on the reactivity.39 In the past, we 
have used UiO-66 as a prototype MOF to demonstrate the effect of ligand electronics40 and the use 
of trifluoroacetic acid as a synthetic modulator41 on the reactivity. Such approach allowed us to 
tune the Lewis acidity of Zr6-clusters and the availability of coordinatively unsaturated Zr sites 
which are presumed catalytic sites without impacting the overall MOF architecture.42 

Given the success of this approach, we envisioned the same system could offer valuable insights 
towards the optimization of emergent and highly promising protease activity of Zr6-based MOF 
nanozymes. Therefore, we set out investigate the peptidase activity of UiO-66 in model dipeptides 
and compare it to three representative analogs prepared with electro-rich or electron-deficient 
ligands, or in the presence of trifluoroacetic acid as a synthesis modulator. Using the standard UiO-
66, we also showcase the selective protease activity of UiO-66 MOF architecture.  

 

RESULTS AND DISCUSSION 

UiO-66 hydrolytic activity in model peptide and protein substrates 

Following our previous studies, we initially characterized the reactivity of conventional UiO-66 
(Scheme 1a) using the hydrolysis of glycylglycine (GlyGly) at 60 °C and pD 7.8 as a model system 
(Scheme 1b).12, 43As expected, following the reaction by 1H NMR over time revealed an overall 
hydrolysis of Gly-Gly to glycine, and the transient formation of cyclic Gly-Gly (c(Gly-Gly)) in 
small amount in the first hours of reaction (Figure 1a, Figure S4). Fitting the conversion of Gly-
Gly to a pseudo-first order kinetics model afforded a rate constant of 7.9 × 10-7 s-1, corresponding 
to a half-life (t1/2) of 10 days (Figure 1b). Comparing these parameters with the estimated 350 years 
half-life of the uncatalyzed reaction under physiological pH and 60 °C clearly evidences the 
potential of UiO-66 in catalyzing the peptide bond cleavage.44 Besides, a standard filtration test 
supported the heterogeneous nature of the reaction (Figure S8a), and promising recyclability was 
showcased washing the recovered UiO-66 with water and methanol before drying and re-
activation. While stable in the first two cycles, the catalytic activity dropped ~10% in the third run 
(Figure S9a), even though Powder X-Ray Diffraction (PXRD) pattern (Figure S10a) and FT-IR 
(Figure S11) analysis evidenced the overall crystallinity remained stable after three cycles.  
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Scheme 1. (a) Synthesis of UiO-66 MOFs and its nanoporous crystalline structure (see also Table 
1); (b) Nanozymatic peptidase activity of UiO-66 MOFs was developed using the hydrolysis of 
Gly-Gly as a model reaction.  

 

 

Figure 1. (a) Percentage of Gly-Gly (blue), c(Gly-Gly) (black), and Gly (red) as a function of time 
(b) ln[Gly-Gly] as a function of time for the hydrolysis of 2.0 µmol of Gly-Gly by 2.0 µmol of 
UiO-66 at pD 7.8 and 60 °C. 

 

Reactivity of UiO-66 was further tested toward the hydrolysis of hen egg white lysozyme protein 
(HEWL), a 14.3 kDa globular protein containing 129 amino acids. HEWL and UiO-66 were 
incubated at 60 °C and pH 7.4 in water, as the MOF was not stable in phosphate buffer solution 
(Figure S12 and S13). The progress of HEWL hydrolysis was followed by SDS-PAGE (Figure 2). 
Appearance of five new bands with Mw of ca. 12, 10.5, 9, 6.5 and 4 kDa indicated HEWL was 
selectively hydrolyzed in the presence of UiO-66. The molecular weights of these bands are similar 
to those observed before with MOF-808 and NU-1000, and suggests an Asp-selective cleavage 



governed by the Zr6 cluster is likely happening also in this case.12-13 Additional experiments 
showed no hydrolysis in the absence of MOF (Figure S14), and a faster cleavage with increasing 
amounts of UiO-66 further attested the catalytic role of UiO-66 in the hydrolysis of HEWL. The 
disappearance of intact protein band without increasing the intensity of fragments is consistent with 
a significant adsorption of proteins we have observed in our previous works. Finally, MOF stability 
under the reaction conditions was confirmed by FT-IR and PXRD analysis of a UiO-66 sample 
recovered after 3 days of reaction.  

 

 

Figure 2. SDS-PAGE gel analysis of HEWL hydrolysis in the presence of UiO-66 in water at 60 
°C and pH 7.4 . 

 

Structural change vs. Reactivity for UiO-66 derivatives  

Effect of linker electronics. Given the above demonstrated peptidase activity of UiO-66 towards 
small peptides and proteins, we moved to probe how specific structural changes to the MOF 
structure would impact the catalytic activity. Inspired by our previous work,40 we initially evaluated 
the impact of electron-withdrawing and electron-donating substituted linkers in hydrolytic activity 
by preparing UiO-66 analogues using 2-amino- and 2-nitro-1,4-benzenedicarboxylic acids as 
organic linkers (herein UiO-66-NH2 and UiO-66-NO2, respectively, Table 1).45 Previously, these 
UiO-66 variants have provided respectively the slowest and the fastest citronellal cyclization rates 
relative to regular UiO-66, putatively because of their electronic influence in the Lewis acidity of 
the Zr6 node. Therefore, we have chosen these as representative examples seeking to observe 
opposite influence in the reactivity. Comparison of PXRD patterns (Figure S3) and scanning 
electron microscopy (SEM) (Figure 3)for both UiO-66 analogues with standard UiO-66 confirmed 
the overall 3D architecture was preserved for all three MOFs, and the particle size was similar 
(~200 – 300 nm) in all cases.40  

 



 

 

Figure 3: Scanning electron microscopy (SEM) images of as-synthesized UiO-66 MOFs (particle 
size is around 200nm – 300nm for all the samples).  

 

Both UiO-66-NH2 or UiO-66-NO2 hydrolyzed the Gly-Gly faster than the regular UiO-66, but they 
unexpectedly provided similar reaction rates. While UiO-66-NO2 hydrolyzed Gly-Gly with a rate 
constant of 83.6 × 10-7 s-1 (t1/2 = 23 h), the rate constant measured for UiO-66-NH2 was 89.7 × 10-

7 (s-1) (t1/2 = 21.5 h) (Figures S5 and S6). Both mean a ca.10-fold increase in the reaction rate 
compared to standard UiO-66 (kobs = 7.9 × 10-7 s-1; t1/2 = 240 h). This behavior is surprising because 
the electron-donating ability of the amino group has been reported to decrease the Lewis acidity of 
the Zr6 node,40 which in turn would decrease the peptide bond polarization and subsequent 
susceptibility to a water attack. Therefore, given that particle size was similar among the MOFs 
tested, we performed a more detailed characterization of the MOFs by nitrogen physisorption 
isotherms (N2 isotherms) and thermogravimetric analysis (TGA) to understand the potential 
reasons behind these unexpected results, especially with regard to the high reactivity of UiO-66-
NH2.46  

  



Table 1. Structural features and reactivity of standard UiO-66 MOFs used in this study.  

MOF UiO-66 UiO-66-NO2 UiO-66-NH2 UiO-66-TFA(1) 

Structure 

  

Linker 

    

Linkers coordinated/ 
Zr6 cluster(2) 

8 9 7 7 

BET surface area 
(m2/g) 

861 570 937 985 

Particle size (nm) 200 – 300 nm for all UiO-66 MOFs  

t1/2 
(3) 10 days 23 h 21.5 24.2 h 

107 × kobs (s-1) (3) 7.9 83.6 89.7 79.7 
(1) Using trifluoroacetic acid as modulator (see ref. 41). (2) Linker coordination/Zr6 cluster estimated from TGA 

curves as in reference 47. (3) Reaction condition: pD = 7.8, 60oC (see main text for details). Color code: Zr6-cluster: 
Cyan-blue; C: Grey; N: Green; O: Red; F:blue. 

 

TGA, N2 isotherms and specific surface areas calculated thereof (BET method) evidenced the UiO-
66-NH2 greater porosity, which is coherent with the higher than expected reactivity observed for 
this MOF (Table 1). To compare the porosity of standard UiO-66 MOFs and analogues, N2 
physisorption isotherm were collected (Figure S1a), and specific surface areas of the studied MOFs 
were calculated by the BET method (Table 1 and S1). UiO-66-NH2 showed the highest BET 
surface area (937 m2/g), followed by standard UiO-66 (861 m2/g), and UiO-66-NO2 (570 m2/g) 
(Table 1). Accordingly, UiO-66-NH2 also exhibited the largest pore width (14 – 20 Å) (Figure 
S1b),48 and the lowest average number of linkers coordinated per Zr6 node (Table 1), as indicated 
by lower linker derived weight loss of UiO-66-NH2 in the TGA results (Figure S2).47 Together, 
these data clearly indicate that more free catalytic sites are present in UiO-66-NH2, suggesting its 
comparable hydrolytic activity derives mainly from its defects. In addition, the larger surface area 
and pore size of UiO-66-NH2 could also promote the reactivity by providing easier access of the 
substrate to the Zr defective sites. Therefore, more defective Zr sites combined with larger pore 
size resulted in higher catalytic activity compared to UiO-66. Nonetheless, present data does not 
rule a potential beneficial H-bonding interaction between the substrate and the linker’s amino group 



as previously described for an aldol reaction.49 Together, this data also suggest the added steric 
hindrance of the NH2/NO2 groups nearby the active sites, which could hinder substrates to reach 
free Zr sites does not have pronounced effect on the reactivity. More interestingly, these data also 
showcase the strong effect of the NO2 group in the reactivity, which overrules the lowest number 
of free catalytic sites and surface area of UiO-66-NO2 and keeps its hydrolytic activity comparable 
to the more defective UiO-66-NH2. Notably, these results indicate that both increasing the number 
of defects or using the linker electronics can in principle be leveraged to boost the hydrolytic 
activity of Zr6 MOF nanozymes. Presumably, a future improved synthesis of a more defective 
variant of UiO-66-NO2 should result in an even higher proteolytic activity.50  

Effect of synthesis modulator. The results discussed above prompted us to complement our 
evaluation of structural changes by inducing defects in the standard UiO-66 and evaluating its 
hydrolytic activity in the same conditions. To induce the formation of defects in the standard UiO-
66 structure (hereon, UiO-66-TFA), we synthesized it in the presence of trifluoroacetic acid (TFA), 
which is effective in inducing ‘missing linkers’ defects and exposing more coordinatively 
unsaturated Zr sites (PXRD in Figure S3).41 As expected, a high surface area (985 m2/g) and a low 
linker/node ratio (Linkers coord./Zr6 cluster = 7) were obtained from N2 physisorption isotherm 
and TGA measurements (Figure S1 and S2), while the particle size remained similar to the other 
UiO-66 MOFs prepared before (Figure 3). Not surprisingly, the hydrolysis of Gly-Gly under 
standard conditions (Scheme 1b) proceeded with a rate constant 79.7 × 10-7 s-1 (t1/2 = 24.2 h) (Figure 
S7). This reaction rate is similar to the ones obtained for UiO-66-NH2/NO2. Such similarity further 
confirms the strong boosting effect of defects in the hydrolytic activity of UiO-66 towards the 
peptide bond. While above it was demonstrated that defects could overcome the electronic 
deactivation of an electron-donating linker (UiO-66-NH2), the similar reactivity of UiO-66-TFA 
suggests that a higher Lewis acidity induced by an electron-withdrawing linker can be mimicked 
by a more defective structure. Such scenario points again to the cumulative boosting effect that can 
be expected by combining electron-withdrawing linkers with a defective structure.   

 

Insights in the nature of catalytic site of UiO-66 analogues 

The results discussed above underline the advantages for the hydrolysis of peptide bonds by 
enhancing the Lewis acidity of the Zr6 node through the use of electron-withdrawing ligands or by 
increasing the number of defects. However, the three modified MOFs may likely have distinctive 
catalytic sites, which may further impact their reactivity. To this end, we compared UiO-66-NH2, 
UiO-66-NO2 and UiO-66-TFA reactivity i) under different pD conditions, ii) in the presence of 
inhibitors and iii) toward the hydrolysis of several Gly-X dipeptides (X = amino acid). Given the 
inherent adsorption capacity of MOFs, we started our comparison by probing the adsorption of 
Gly-Gly in these MOFs since UiO-66-NO2/NH2 are more likely to engage in hydrogen bonding 
interactions with the substrate when compared to MOF-808 which was previously also shown to 
exhibit peptidase activity.12 As expected, UiO-66-NO2/NH2 showed a greater adsorption capacity 
in comparison with the parent UiO-66 structure, probably due to the H-bonding capability of these 



residues. However, the low adsorption capacity of UiO-66-TFA seems to indicate that adsorption 
and reactivity are not necessarily directly correlated in this case (Figure S15 and S16).  

All UiO-66 analogues presented a similar reaction profile when different pD conditions or 
inhibitors were used. The hydrolytic activity of UiO-66-NH2, UiO-66-NO2 and UiO-66-TFA 
towards Gly-Gly topped around pD 8.0 when the pD of the reaction was varied from 4.2 to 9.5 
(Figure S17), which generally coincides with the stability threshold of these MOFs in alkaline 
medium (Figure S18). Likewise, marked inhibition of the hydrolysis reaction was observed across 
the board in the presence of several nonreactive bis-carboxylic acids inhibitors (Figure 4), with a 
slightly better performance observed for the UiO-66-NH2. Curiously, smaller diacids like malonic, 
malic, citric acid and oxalic acids affected the overall activity more than larger inhibitors like 
succinic, glutaric and adipic acids. The correlation between reaction inhibition and size of the 
diacid inhibitor is different than the strong inhibition observed with MOF-808, suggesting that the 
UiO-66 is less prone to strongly bind larger molecules.12 Moreover, the significantly better 
performance of UiO-66-NH2 in comparison to UiO-66-NO2/TFA in the presence of adipic acid (1) 
raises the possibility of a favorable linker-inhibitor interaction that could prevent the diacid to block 
the active Zr site.46, 49  

 
 

Figure 4. Smaller dicarboxylic acids were more efficient inhibitors of Gly-Gly hydrolysis by UiO-
66 analogues. Conditions: 2.0 μmol of Gly-Gly, 2.0 μmol of the studied MOF, and 5.0 μmol of the 
inhibitor after 2 days at pD 7.8 and 60 °C.  

 

Although UiO-66-NH2, UiO-66-NO2 and UiO-66-TFA responded similarly to changes in the 
reaction conditions, interesting differences were observed when a series of 15 Gly-X dipeptides (X 
= amino acid) were examined as substrates (Figure 5). In general, the hydrolysis efficiency 
decreased upon increasing the steric hindrance of X side chain, as evidenced by the lower 
conversions observed upon increase of Gly-X volume regardless of the nature of their functional 
group. In addition, for all three MOFs very similar reactivities were observed when X = Val, Leu 



and Ile, which are residues that can impart various degrees of steric hindrance. This indicates 
minimal steric influence of NO2 and NH2 groups on UiO-66-NO2/NH2 catalytic activity, suggesting 
that the differences observed among Gly-X series derive from other structural or electronic 
features. On the other hand, the Gly-X dipeptides hydrolyzed more efficiently were different for 
each UiO-66 analog. UiO-66-TFA showed a marked preference for the hydrolysis of dipeptides 
containing nucleophilic groups that can undergo an intramolecular N,O-rearrangement such as Gly-
Ser and Gly-Asp. This rearrangement generates an intermediate ester, which is then quickly 
hydrolyzed. Considering the hydrolysis of proteins in acidic medium reported previously, such 
trend suggests a greater contribution of Brønsted acidity in these reactions.51 Moreover, the surface 
acidity of group IV metal-oxo clusters has previously favored the cleavage of Asp-X/X-Asp in 
horse-heart myoglobin.14 On the other hand, a more homogeneous distribution of Gly-X conversion 
rates observed for UiO-66-NH2/NO2, with a greater effect observed for the more electron-poor 
UiO-66-NO2, pointed to a greater contribution of a standard Lewis acid activation of the amide 
group, since substrates like Gly-Ser/Asp peptides did not present an increased reactivity compared 
to other substrates.16  

 

 

Figure 5. Conversion of dipeptides after (a) 3 days in the presence of UiO-66-TFA, (b) 2 days in 
the presence of UiO-66-NH2 and (c) 2 days in the presence of UiO-66-NO2 as a function of the 
volume of amino acid X (2.0 μmol of Gly-X dipeptides + 2.0 μmol of MOF, pD 7.8 and 60 °C). 

 

Together, these results indicate that besides improved reactivity, different selectivity in the peptide 
bond cleavage can likely be achieved using different strategies to manipulate the structure around 
the catalytic site. Further, such selectivity might derive not only from distinct coordination 
preferences of each substrate but also from fine tuning the Brønsted and Lewis acid contributions 
in the hydrolysis pathway.52 These trends become even more interesting when we take into 
consideration the strikingly similar experimental activation parameters for three UiO-66 analogues 
obtained through the Arrhenius and Eyring equations using reaction kinetic data of experiments 
carried out at different temperatures (Table 2, and Figures S19-S22). Consistent with the reaction 
rate constants reported above, this similarity indicates the reactivity is equally improved in all three 



UiO-66 analogs, even though the contributions of Brønsted and Lewis acid pathways to the overall 
hydrolysis reaction likely vary between the structures. Excitingly, this suggests that selectivity (i.e., 
mechanism of hydrolysis) and catalytic activity could be tuned independently from each other.  

 

Table 2. Experimental activation parameters of the hydrolysis of Gly-Gly by UiO-66 MOFs at pD 
7.8. 

MOF 
Ea 

(kJ mol-1) 
∆H‡ 

(kJ mol-1 ) 
∆S‡ 

(J mol-1 K-1) 
∆G‡ at 310 K 

(kJ mol-1) 

UiO-66-NH2 79 ± 1 76 ± 1 - 112 ± 1 111 ± 1 

UiO-66-NO2 82 ± 1 79 ± 1 - 105 ± 1 111 ± 1 

UiO-66-TFA 78 ± 1 75 ± 1 - 117 ± 1 112 ± 1 

 

CONCLUSION 

In summary, the strategies to modify the structure of Zr-based MOFs by modulating the linker 
electronics or increasing the number of defects resulted in significant increase in the reaction rates 
of UiO-66 mediated peptide hydrolysis. While standard UiO-66 successfully showcased the 
potential of UiO-66 as a heterogeneous artificial nanoprotease, modified derivatives, which 
conserved crystallinity and particle sized but provided a distinct nanopore environment, clearly 
presented a more attractive reactivity profile. Surprisingly, the catalytic activity of UiO-66-NH2 
derivative is higher than expected considering solely linker electronics influence on the Zr6-node, 
suggesting that defect sites play a prominent role in promoting reactivity by both increasing the 
number of catalytic sites available and streamlining the access of substrates to these sites due to 
the larger nanopores present. These observations were ratified by the similar reactivity observed 
for UiO-66-TFA. On the other hand, the least defective UiO-66-NO2, which also presented the 
lowest surface area and kept the nanopore size distribution rather similar to the parent UiO-66 
MOF, was as active as the other analogues, indicating that increasing the Lewis acidity is also an 
effective strategy to increase reactivity. Apart from the boost in reactivity, UiO-66 analogues 
provided distinct reactivity patterns towards a series of Gly-X dipeptides, thereby highlighting the 
potential of developing residue-selective artificial peptidases. Initial analysis of this pattern 
revealed a marked but general effect of the substrate size, suggesting that changes imparted in the 
nanoporous network were not responsible for the different reactivity. On the other side, the results 
suggest that distinct Brønsted and Lewis acid contributions to the hydrolytic reaction pathway 
might be at the origin of the different reactivities observed. Further studies exploiting these 
structural changes in the design of other heterogeneous nanozymes with improved proteolytic 
activity are ongoing in our lab and will be published in due course.  
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