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Abstract

In the past decade, much effort has been devoted to using chemical clock-type reac-
tions in material design and driving the self-assembly of various building blocks.
Urea-urease enzymatic reaction has chemical pH clock behavior in an unbuffered
medium, in which the induction time and the final pH can be programmed by the
concentrations of the reagents. The urea-urease reaction can offer a new alternative
in material synthesis, where the pH and its course in time are crucial factors in the
synthesis. However, before using it in any synthesis method, it is important to inves-
tigate the possible effects of the reagents on the enzymatic reaction. Here we inves-
tigate the effect of the reagents of the zeolite imidazole framework-8 (zinc ions and
2-methylimidazole) on the urea-urease reaction. We have chosen the zeolite imida-
zole framework-8 because its formation serves as a model reaction for the formation
of other metal-organic frameworks. We found that, besides the inhibition effect of
the zinc ions which is well-known in the literature, 2-methylimidazole inhibits the
enzymatic reaction as well. In addition to the observed inhibition effect, we report
the formation of a hybrid urease-zinc-2-methylimidazole hybrid material. To sup-
port the inhibition effect, we developed a kinetic model which reproduced qualita-
tively the experimentally observed kinetic curves.
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Introduction

A clock reaction (or chemical clock) is a type of chemical reaction in which the
product appears suddenly with a well-defined time lag after starting the reaction
[1-3]. The lag time is also defined as Landolt time after the iodine clock reaction
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discovered by Heinrich Landolt [4]. Strictly speaking, a clock reaction is a two-
step process with the time scale separation of the reactions (A+... »P+... with
slow kinetics, B+ P — ... with fast kinetics and the initial concentration of A should
be greater than that of the B) [2]. Chemical reactions with different kinetic and
mechanistic features can also have an induction period, e.g., autocatalytic reactions
(A +P—2P), consecutive reactions (A — B — P) and enzymatic reactions.

In recent years, the application of systems exhibiting chemical clock type behav-
ior in the material design and driving the self-assembly of various building blocks
has gained much attention. A key engineering issue is that the clock time (induction
period) and the final concentration of the product (e.g., H*) can be easily adjusted by
the initial concentration of the reagents and experimental conditions (e.g., tempera-
ture) [5-9]. Predominantly reactions showing chemical clock type of behavior are
based on reactive inorganic compounds (e.g., sulfite, bromate) and non-biocompati-
ble reagents (e.g., formaldehyde). Due to this disadvantage, the application of these
chemical clock-type systems involving bio-related components had been missing.
Therefore, there was an increasing demand to develop biocompatible clock reactions
to use in various bio-related applications. Enzymatic reactions can serve as possible
candidates to overcome the previously mentioned drawbacks.

Because of their bell-shaped activity dependence on pH, certain enzymatic reac-
tions can produce chemical clock type behavior in unbuffered media, if one or more
products of the reaction itself affect the pH. One of the simplest systems showing
such behavior is the hydrolysis of urea mediated by the enzyme urease to yield
ammonia and carbon dioxide [10-12]. Urea-urease set was successfully employed
for time programming of self-regulating supramolecular hydrogels [13, 14], spati-
otemporal control of the gelation and polymerization fronts [15], layered compart-
mentalization [16] and vesicles self-division [17-19]. In material science, the urea-
urease reaction can be further employed to control the formation process of those
compounds which synthesis relies on pH-sensitive precursors.

Metal—organic frameworks (MOFs) are unique porous crystalline materials hav-
ing various applications in catalysis, gas storage and separation, electronics, chro-
matography, and drug delivery. [20-26] MOFs are usually produced by the coor-
dination of metal cations and organic linkers in a liquid phase. The most common
solvent in the solvothermal synthesis of MOFs is dimethylformamide (DMF). How-
ever, several protocols have been published on the generation of MOFs in the water
phase. In this case, the strategy includes the application of the proper excess of the
organic linkers and appropriately set pH to provide successful coordination to the
metal cations [27-29].

Our ultimate goal is to use the bio-compatible urea-urease reaction in the syn-
thesis of MOFs [30]. We hypothesize that the final pH and temporal change of the
pH might significantly affect the morphology of the produced materials. However,
before the design steps would be made it is crucial to investigate the effect of the
reagents of MOFs on the kinetics of the enzymatic reaction. Here we investigate the
effect of the components of the zeolite imidazole framework-8 (ZIF-8), zinc ions
and 2-methylimidazole on the urea-urease reaction. We have chosen ZIF-8 because
it serves as a model system for other MOFs and its formation has been extensively
studied in the literature [31-36]. This type of investigation can be very important
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since metal cations (as one reagent of MOFs) acts as inhibitors in the most enzy-
matic reaction [37-39]. In addition to this, we report the formation of a hybrid ure-
ase-zinc-2-methylimidazole (U-Zn-Met) structure.

Experimental

Urea (CO(NH,),, Sigma), Urease enzyme from Canavalia ensiformis (Jack bean)
(typically 40,150 units/g, Sigma-Aldrich), 2-methylimidazole (Sigma-Aldrich), zinc
acetate dihydrate (Sigma-Aldrich), and acetic acid (CH;COOH, Sigma-Aldrich)
were used as received without further purification. The aqueous solutions of all
chemicals (except acetic acid solution) were freshly prepared before each measure-
ment, and the urease stock solution was stored at~8 °C.

Kinetic experiments without the turbidity measurements were carried out in an
open water-jacketed glass cell (V=22 mL, 20.0+0.2 °C), and the pH was monitored
by a glass microelectrode (Mettler Toledo). The solutions of the reactants (with a
total reaction volume of 18 mL) were consecutively added to the cell as follows:
urea solution, 2-methylimidazole solution, acetic acid solution (to adjust the pH
to~4), zinc acetate solution, and urease solution. The reaction mixture was stirred
by using a magnetic stirrer at 300 rpm.

Kinetic experiments with the turbidity measurements were carried out in a cuvette
with 10 cm optical path length and 100 mL volume. The cuvette was thermostated
at 20.0+0.2 °C in a metal block with gaps for the light beam. The experimental pro-
cedure was similar to the kinetic experiments performed in a glass cell except that
the turbidity was monitored by a UV—Vis spectrophotometer (VWR UV-1600PC) in
kinetic mode (A=600 nm) connected to PC (Fig. S1 in the Supplementary Informa-
tion, SI).

The formed white precipitate was filtered by using a 0.45 pm syringe filter (cellu-
lose-acetate) and washed three times with 3 mL distilled water and once with 2 mL
DMF. Then the filter was dried (~24 h), and the white precipitate was removed from
the surface of the filter. The microstructure of the dried samples was characterized
by scanning electron microscopy (SEM), the sample was transferred to the carbon
tape and sputter-coated with gold.

Simulations

Numerical simulations were run by solving the ordinary differential equations cor-
responding to the kinetics of the chemical reactions involved in the process.
The urea-urease reaction has the general stoichiometry
ureas:

CO(NH,), + H,0 == 2NH, + CO, )

and the corresponding reaction rate is described by the Michaelis—Menten kinetics.
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(RE) R= Vi3]

s] [P] Ke , HTY
(Ku+isi(1+R)) 1+ &) (1+ 55 + &)

Here v, =k,[E], with [E] expressed as enzyme activity (units/mL), Ky, is the
Michaelis constant, K ; and K., are protonation equilibrium constants of the
substrate-enzyme complex. K., accounts for the dependence of the rate on the
formation of an active protonated form of the enzyme—substrate complex (ESH,
S is the substrate and EH the enzyme) and K, for the formation of an inactive
biprotonated form (ESH?*). [P] is the concentration of the protonated form of
ammonia (NHI), [S] is the concentration of urea, and K and K are the equilib-
rium constants for uncompetitive substrate and product inhibition, respectively.
The pH is governed by the following equilibria

(R1) NH,’ :<:> NH,+ H"

(R2) Co,+ Hzok%%Hw HCO,"
(R3) HCO,” :<:> CO,> +H'
(R4) H,0 :<:>5H* +OH"

(R5) HA:# A +H

(R6) MIMH,* :<:>MIMH +H
(R7) MIMH#’MIM’ +H

Here HA is acetic acid, MIMH is 2-methylimidazole, MIMHZJr is the proto-
nated form of MIMH and MIM™ is the deprotonated form. When Zn** is added
to the solution, several species can be generated according to the following
equilibria

(R8) Zn* +CO" k‘<:> ZnCO,

(R9) Zn**+ OH™ :<:> Zn(OH)*

(R10) Zn(OH)" + OH" kk<:> Zn(OH),
(R11) Zn(OH), + OH™ #zmom;
(R12) Zn(OH),” +OH /‘<:> Zn(OH),>
(R13) Zn** + 2MIM™ :<:> Zn(MIM),

The set of ordinary differential equations derived from the reaction rates
(reported in the SI) was numerically integrated by using the software XPPAUT
[40] and COPASI [41] with the parameters listed in Tables S1-S3 in the SI.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis

Results and discussion

The urea-urease reaction yields carbon dioxide and ammonia (Eq. 1) and since stoi-
chiometrically twice ammonia is produced than carbon dioxide, the pH continuously
increases in an unbuffered medium [42]. In experiments, the initial pH of the reac-
tion mixture was set to pH~4 by acetic acid, and due to the bell-shaped activity
dependence of the enzyme on pH (having a maximum at pH=8.2 [12]) a sigmoi-
dal kinetic curve (pH versus time) can be obtained. Figure 1a shows typical kinetic
curves obtained in the urea-urease enzymatic reaction, it can be seen that the clock
time ranges between ~ 30 and ~200 s in the excess substrate (urea) depending on the
enzyme concentration. The inhibition effect of metal cations (especially zinc ions)
on the urea-urease reaction is known and thoroughly explored [43-45], therefore,
we did not investigate it in this study. On the other hand, no studies have been con-
ducted on the effect of 2-methylimidazole on urease enzyme activity. Figures 1b and
S2 show that the 2-methylimidazole significantly affects the enzymatic reaction. The
activity of the enzyme was found to decrease up to~70% when the concentration of
the 2-methylimidazole was 100 mM (Fig. S2 in the SI), consequently the clock time
increased, and it was found to be between 1000 and 3500 s at a fixed concentration
of 2-methylimidazole (30.0 mM). The inhibition effect by the zinc ions and 2-meth-
ylimidazole can be explained by considering the same framework. In fact, the ure-
ase is a nickel-containing metalloenzyme, therefore, Zn** ions compete with Ni**
in coordinating the protein groups thus changing the original enzymatic structure
and affecting the activity. Since 2-methylimidazole coordinates with zinc ions (as a
product of the ZIF-8), we can speculate a competition with protein groups to coor-
dinate the nickel in the enzyme. Similarly, this coordination can affect the original
active site geometry thus decreasing the enzyme activity.

First, we explored the cumulative inhibition effect of the reagents of the ZIF-8,
and due to their pronounced effect on the urease activity, we carried out our kinetic
investigation at low concentrations of zinc ions (1.0 mM) and 2-methylimidazole
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Fig. 1 pH kinetic curves of the urea-urease clock reactions with different enzyme concentrations in a
batch reactor in the absence ([2-methylimidazole],=0.0 mM) (a) and the presence of 2-methylimidazole
([2-methylimidazole],=30.0 mM), b [urea],=390 mM and [CH;COOH];,=80.9 mM. The curves cor-
responding to 10.0 and 8.0 U mL™! are overlapped in the inset
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(4.0 mM) keeping only a slight excess of the organic linker. In these kinetic experi-
ments, we recorded both the turbidity of the solution and the pH course. Fig. 2a, b
show the kinetic curves (pH vs time) and Fig. 2c, d show variation of the turbidity
in time in the case of fixed substrate concentration while the concentration of the
enzyme was varied, and vice versa, when the enzyme concentration was fixed the
urea concentration was changed. It can be seen that by increasing both the substrate
and the enzyme concentrations the clock time (the interval between the start of the
experiment and the time at which the rate of the pH change is maximum) is reduced.
The enzyme concentration affects the final pH of the systems at the excess of the
urea.

In all the experiments, when the pH reached ~ 6.4, a white precipitate appeared
in the solution causing an increase of turbidity as shown in Fig. 2c and d. After
reaching the maximum value, the turbidity decreased in time due to the formation
of bigger aggregates. We carried out several control experiments to investigate the
origin of the precipitation phenomenon. First, we titrated a solution of zinc ions
([Zn2+]0= 1.0 mM) with the sodium hydroxide solution starting from pH~4 simi-
larly to the experiments with the enzyme, substrate, and linker. Zinc hydroxide
appeared in the solution at pH=7.34 indicating that the white precipitate cannot
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81 —ZoomM 81
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4 4 —20 U/mL
0.0 Of5 1TO 1.5 0.0 0.5 1.0 1.5
t/'h t/h
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Fig.2 Urea-urease reactions in the presence of [Zn**]=1 mM and [2-methyl imidazole] =4 mM with
different urea (a) and (c) (where [urease],=5 Unit/mL) and urease (b) and (d) (where [urea],=400 mM)
concentrations. The initial pH was set to 4 with an acetic acid solution. Red dots show when the turbidity
started to increase from zero
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be the zinc hydroxide because in most cases in the enzymatic reaction the final pH
could not reach this value (Fig. S3a in the SI). Second round of the control experi-
ments was the titration of a solution having zinc ions, 2-methylimidazole, and urease
(in the absence of urea) with the sodium hydroxide solution starting from pH~4
([Zn2+]0= 1.0 mM, [2-methylimidazole]y=4.0 mM, and [urease],=10.0 U/mL). In
this case, we detected a turbidity change in the solution at pH=6.07 (Fig. S3b in the
SI). In the third setup, we titrated a solution having zinc ions, 2-methylimidazole,
and urea (in the absence of urease) and observed no precipitation ([Zn2+]0= 1.0 mM,
[2-methylimidazole],=4.0 mM, and [urea],=4.0 mM, Fig. S3c in the SI). We then
hypothesized that the origin of the precipitation event could be attributed to the
interaction of zinc ions with the enzyme. Therefore, we carried out control experi-
ments titrating a solution of zinc ions and enzyme with the sodium hydroxide solu-
tion ([Zn2+]0=1.0 mM and [urease],=10.0 U/mL). We observed the formation of
a white precipitate accompanied by the increase of the turbidity at pH=6.08 (Fig.
S3d in the SI). Based on these control experiments, we could rule out the formation
of either zinc hydroxide or ZIF-8 because the generated increase of pH was not high
enough to facilitate their formation. However, we observed the precipitation of zinc
ions with urease.

Numerical simulations can help to understand the behavior of urease in the pres-
ence of the ZIF-8 reactants. Figure 3 reports the integration of the ordinary differ-
ential equations describing the chemical equilibria (RE) and (R1)-(R7), in the pres-
ence and the absence of 2-methylimidazole. Figure 3a shows an excellent matching
of the model with the experimental behavior of the urea hydrolysis in the absence
of 2-methylimidazole when different amounts of the enzyme are added to the solu-
tion (integration parameters and kinetic constants are reported in Table S1 of the
SI). To introduce the inhibitory effect of 2-methylimidazole, the kinetic constants
K. and K, accounting for the pH dependency of the enzyme activity, were
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Fig. 3 Results of the numerical simulations of the urea-urease system. a Kinetic curves in the absence of
2-methylimidazole ([2-methylimidazole],=0 mM) and comparison with the experimental results; dot-
ted lines correspond to the simulations. b Simulated clock time in the presence of 2-methylimidazole
([2-methylimidazole],=30.0 mM), the inset reports an example of simulated curve when [E],=8 U/mL,
[urea], =390 mM, and [CH;COOH],=280.9 mM; solid and dotted lines corresponds to the experimental
and numerical results, respectively. Kinetic constants and simulation parameters are reported in the SI
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slightly decreased, while Kp, accounting for the non-competitive product inhibition,
was increased (see details in Table S2 in the SI). Moreover, the basic character of
2-methylimidazole affects the final pH of the solution, as described by equilibria
(R6) and (R7). As an example, the inset in Fig. 3b shows that the sigmoidal shape
of the enzymatic reaction ([urea]y=390 mM, [CH;COOH],=80.9 mM, [E],=8
U/mL, [2-methylimidazole],=30.0 mM) is well described by the modified model,
though with some deviations in the autocatalytic part and the trend of both the clock
time (Fig. 3b) and the final pH of the solution (Fig. S4 in SI) at increasing [E],, is
reproduced with a quantitative matching at high enzyme concentration.

When the zinc is added to the solution, additional chemical equilibria R8-R13
were included in the model through the corresponding kinetics (constants and
parameters reported in Table S3 in the SI), but we could reproduce the general
trends reported in Fig. 2 only by drastically changing the enzymatic kinetic con-
stants and the concentration of some reactants. A possible explanation for the mis-
match between experimental conditions and model parameters can be found in the
formation of the precipitate, which can have multiple effects on global dynamics.
As previously mentioned, Zn** itself is a strong inhibitor for the enzyme, in addi-
tion to this, when the enzyme is embedded in the precipitate, the diffusion of the
substrate towards the active sites is strongly hindered. The net result would be that
the real concentration of reactive urea is much lower than the theoretical one, as it
happens when urease is loaded on resin particles [12]. In amino resin particles, the
bell shape is shifted to lower pH values and the stability of the enzyme is increased.
The values of K, K., and K, change due to electrostatic interactions between the
enzyme and the amino groups of the resin. Similarly, in our system, we observe a
shift of the maximum activity towards lower pHs. This shift can depend on the inter-
actions between Zn>* and 2-methylimidazole with Ni** ions and the amino acids of
the active site of urease.

At present we do not have enough data to account for reliable values of the kinet-
ics constants, however, Fig. 4 shows that the experimental trend reported in Fig. 2b
of the final pH (Fig. 4a) and of the clock time (Fig. 4b) with respect to the variation
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Fig.4 Simulated final pH (a) and simulated clock time (b) for a system containing [Zn**]=1 mM,
[2-methyl imidazole] =4 mM, [Urea],=400 mM and [HA]=1 mM for different [Urease],
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of [E], can be simulated by decreasing of 2 orders of magnitude K, ; and increasing
K., of 3 orders of magnitude. In contrast, data reported in Fig. 2a cannot be repro-
duced by our model, unless the concentrations of urea are decreased by 2 orders of
magnitude.

To characterize the morphology of the precipitates, we performed scanning elec-
tron microscopy (SEM) measurements, and to increase the amount of the precipitate
in experiments, we increased the concentration of zinc ions to 3.0 mM, but the ratio
of the concentrations of the cation and linker remained 1:4. In the enzymatic reac-
tion in the presence of zinc ions and linker, we obtained highly monodisperse spher-
ical particles with an average size and polydispersity index (PDI) of 0.82 pm and
0.026, respectively (Fig. 5a). This morphology significantly differs from the crystal
structures of the Zn**-enzyme compound (Fig. Sb—plate-like structure) and ZIF-8
crystals (Fig. 5c—dodecahedra). We exclude the encapsulation of the enzyme by
ZIF-8 because, in this case, the morphology of the MOF crystals remained intact
[46-48]. We hypothesize the following mechanism for the formation of the U-Zn-
Met structure. When the pH increases driven by the urea-urease reaction, first the
Zn**-enzyme compound is formed, which acts as heterogeneous nuclei for the fur-
ther coprecipitation of the enzyme, Zn>*, and 2-methylimidazole even in the pH
range where no pure ZIF-8 formation is expected.

It should be noted that we cannot rule out the formation of zinc carbonate since
the enzymatic system generates carbon dioxide which transforms into carbonate ions
at alkaline conditions. Metal cations can react with carbonate ions producing car-
bonate precipitate. This strategy has been used in the remediation of heavy metals
[49]. To investigate the formation of zinc carbonate, we carried out a control experi-
ment in which zinc ions were titrated by a concentrated carbonate solution (Fig. S5
in the SI). We found that the zinc carbonate started to precipitate at pH~7.2, which
is higher than the pH for the appearance of the precipitate in the system (pH~ 6.4,
Fig. 2a and b). In other words, the observed precipitation is not due to the formation
of the zinc carbonate.

We investigated the enzymatic activity of the formed precipitate (see the protocol
in the SI). After each cycle, the U-Zn-Met was filtered, washed three times with
distilled water, and redispersed in a liquid phase. Figure 6 shows that the activity of
this hybrid compound gradually decreased until the third cycle in which the sample
practically lost its enzymatic activity, which can be attributed to the disintegration of
the structure.

Conclusions

In this study, we investigated the inhibition of 2-methylimidazole and the com-
ponents of the ZIF-8 (zinc ions and 2-methylimidazole) in the urea-urease enzy-
matic reaction. We found that not only the zinc ions inhibit the reaction, but
2-methylimidazole does the same. Using the urea-urease enzymatic reaction, in
the presence of the zinc cations and linker, we could not achieve the formation
of ZIF-8 crystals due to the lower pH increase in the inhibited enzymatic reac-
tion. We observed the formation of a hybrid U-Zn-Met material with a strong
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Fig.5 SEM micrographs of precipitates formed in the urea-urease enzymatic reaction in the presence
of the zinc ions and linker ([Zn2+]0:3.0 mM. [2-methylimidazole],=12.0 mM, [urea],=390 mM, and
[urease],=10.0 U/mL) (a); zinc-urease crystals formed in the titration experiment with the solution of
sodium hydroxide ([Zn2+]o=3.0 mM. and [urease],=10.0 U/mL) (b); ZIF-8 crystals in the direct reac-
tion of zinc ions and linker ([Zn2+]0= 3.0 mM. [2-methylimidazole],=12.0 mM) (c)
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interaction between urease and the MOF reactants, Zn>" and 2-methylimidazole,
which was confirmed from the kinetic simulations. The kinetic model includes
the pH equilibria, the enzymatic constants of the urea-urease system and the equi-
libria coming from the Zn>* ions. The equilibria correlated to the formation of
various zinc hydroxides, the precipitation of Zn carbonate and the ZIF formation
(at pH higher than 10) do not affect significantly the final pH and the induction
period for a wide range of values (even six orders of magnitude). The change of
some enzymatic parameters (K, K., and K;) leads to a shift of the bell shape
towards acidic pHs and better reproduces the experimental data (e.g., the sig-
moidal shape with a low final pH). This trend is in line with the kinetic activ-
ity of other immobilized enzymes which are more stable and work even at lower
pH values compared to the free enzyme. In future research, our aim would be to
characterize this hybrid structure and understand if other chemical species of the
enzymatic reaction are whether embedded in the structure.
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