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bonic anhydrase encapsulated in
a metal–organic framework: a new platform for
biomimetic sequestration of CO2†
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Majid Moghadam, * Valiollah Mirkhani* and Iraj Mohammadpoor-Baltork

In this work, maximizing the utilization of CO2 and its precipitation as CaCO3 by using immobilized bovine

carbonic anhydrase (BCA) was evaluated. In this way, selection of suitable carriers which have a gas

adsorption function would enhance the CO2 sequestration efficiency of the carbonic anhydrase (CA). So

a metal–organic framework (MOF), an excellent material for gas adsorption and enzyme immobilization

was used. In this manner, BCA was encapsulated into the microporous zeolite imidazolate framework,

ZIF-8, for the first time, using a bottle-around-a-ship method. Systematic characterization including

powder X-ray diffraction (PXRD), UV-vis, and Fourier transform infrared (FT-IR) spectroscopies, BET, field

emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray (EDX) confirmed that the

entrapment of BCA molecules was successfully achieved during the crystal growth of ZIF-8 with an

enzyme loading of ca. 100 � 1.2 mg g�1 of BCA–ZIF-8. Optimization of the matrix for increasing the

stability of the enzyme in an encapsulated form is the main aim of the present study. The de novo

approach was proposed because this method provides better enzyme protection from degradation,

minimizes enzyme leaching and enables multiple reuse. Then, the influence of different parameters,

including pH, temperature, storage and reusability, was evaluated for enzyme@MOF composites versus

free enzymes. The prepared biocatalyst exhibited outstanding activity in a wide pH and temperature

range and demonstrates high storage stability up to 37 days. This efficient and simple association

procedure seems well-adapted to produce an enzymatic bio-catalyst for biocatalytic hydration of CO2.

The FT-IR analysis revealed that the structure of BCA was well maintained during the encapsulation

process. The thermal stability and reusability of the BCA–ZIF-8 increased noticeably due to the structural

rigidity and confinement of the ZIF-8 scaffolds. These two parameters are very important for practical

applications.
Introduction

Enzymes have emerged as highly efficient catalysts in environ-
mentally friendly chemical industries.1,2 The exploration of
enzymes instead of chemical catalysts in the production of
pharmaceuticals and chemicals has been extensively investi-
gated in recent years.3,4

As is well known, global warming has become one of the
most urgent problems for sustainable environment. Carbon
dioxide is a major contributor to greenhouse gases which cause
serious climate problems.5 Therefore, several strategies,
including capture and storage or conversion of CO2 into fuels
and chemicals have been investigated for its reduction.
Although CO2 capture by physical separation or chemical
ision, University of Isfahan, Isfahan

c.ir

tion (ESI) available. See DOI:

69
absorption are effective, due to some limitations including
generation of pollutants and high cost, the need for other
capture strategies continues.6 In this way, various new
approaches have been proposed. Among these methods
biomimetic CO2 capture, by using CA, is one of the most
promising technologies due to a considerable cost reduction,
minimal by-product generation and the green nature of the
enzyme-based approaches.7,8

Carbonic anhydrase (CA, EC 4.2.1.1) is a zinc-containing
metalloenzyme that rapidly catalyzes the reversible natural
sequestration of CO2 which occurs rather slowly in the absence
of a catalyst.9

The Zn active site of CA with distorted tetrahedral geometry
is coordinated with three imidazole nitrogens of histidines and
one oxygen from water or a hydroxyl group.10 This water mole-
cule has a key role for the CO2 hydration process by providing an
OH� unit to convert CO2 to the hydrogen carbonate ion
(HCO3

�).11,12 However, application of the free enzymes has been
limited, due to low operational stability and the lack of
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra04603h&domain=pdf&date_stamp=2019-09-09
http://orcid.org/0000-0001-5263-9795
http://orcid.org/0000-0001-8984-1225
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04603h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009049


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 4
:5

4:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
recyclability. Immobilization of enzymes onto suitable solid
supports has been proven as an effective way for promoting the
industrialization of enzymes as biocatalysts. This increases
enzyme stability, handling and reusability, which in turn
reduces the cost of the enzyme.13,14 In this sense, two crucial
factors need to be considered: the immobilization method and
the selection of a suitable carrier. The main requirements for
selection of an appropriate catalyst support are high surface
area, ease of functionalization, stability, availability and
biocompatibility.15–18 To-date, immobilization of enzymes on
various types of materials, such as inert polymers, inorganic
materials and nanoparticles has been explored extensively.19–22

Mathiowitz et al. encapsulated a model enzyme, CA, into pol-
y(lactide-co-glycolide) microspheres (1–3 mm) by a novel phase
inversion technique. Lecithin was used as a surfactant in the
encapsulation process.23 Also, Rayalu et al. immobilized CA in
mesoporous aluminosilicate, to catalyze conversion of CO2 to
HCO3

�,24 but the carbonation capacity of the immobilized CA
was lower compared to the free enzyme. Jeong et al. immobi-
lized CA onto gold nanoparticles assembled over amine/thiol-
functionalized mesoporous SBA-15. The synthesized bio-
catalyst was investigated for biocatalytic hydration of CO2 and
its precipitation as CaCO3.25 The MOFs are emerging porous
materials with tunable pore size, and have shown great promise
in the preparation of immobilized enzymes.26

Until now most of the MOF–enzyme preparation systems are
classied into four strategies including surface adsorption,
surface immobilization, diffusion into the pores (a ship-in-a-
bottle strategy), and in situ encapsulation within the framework
during the synthesis of MOF (bottle-around-a-ship approach or
de novo).27–29

The surface adsorption is the most useful method, as any
stable MOFs can be employed without needing to consider the
dimensions of the enzyme molecules. Oen, these physical
interactions alone are not enough to keep the enzyme from
desorbing from the support during catalysis due to relatively
weak physical interactions. Furthermore, the enzymes adsorbed
on the external surface of MOFs suffer inactivation caused by
denaturing stresses and a hazardous external environment.29

Enzyme immobilization by covalent bonding introduces
a physical barrier that will rigidify the quaternary structure of
the enzyme.30 As a result, enzyme leaching will be minimized.

However by xing the enzyme, conformational exibility and
consequently the activity of the enzyme will be decreased.

In the third route, enzymes can be physically adsorbed into
the pores. As a result, enzyme stability under harsh conditions
or in unnatural environments can be improved signicantly due
to the protection of MOFs and the reduction of the aggregation
of the enzyme molecules.31

However, the enzyme encapsulation within the MOF cages
requires enzyme diffusion through windows that are smaller in
size than the cavity itself. The enzyme undergoes conforma-
tional changes while migrating into the MOF cavities.29

Among the previously mentioned immobilization methods,
the in situ encapsulation strategy provides a better enzyme
protection from degradation, minimizes enzyme leaching and
excessive denaturing and enables multiple reuse.29 In this
This journal is © The Royal Society of Chemistry 2019
method two crucial points need to be considered: the selected
MOF should be synthesized under mild conditions due to the
presence of the enzyme and the synthetic MOF precursors
should not have an inhibitory effect on the active site of the
encapsulated enzyme.

However, despite the key advantages of the de novo
approach, there are not any reports dealing with the CA
encapsulation into MOFs using the ship-in-a-bottle strategy; the
oen large dimensions of CA might limit their diffusion
through the porosity of most known stable MOFs.

Among the potential MO-based supports, zeolitic imidazo-
late framework-8 (ZIF-8), composed of Zn2+ ions and 2-methyl-
imidazolate anions as a bridging linker has been primarily
studied due to its important permanent porosity, high thermal
and chemical stability and its ability to grow under mild
conditions which is required for the preservation of the
enzyme.32,33 Additionally, due to the key role of Zn for the
transformation of CO2 into carbonate, herein ZIF-8 was chosen
on the basis of the structural similarity between the Zn coor-
dination in this MOF and the CA active center. On the other
hand, it is important that the nodes of the selected MOF should
not have an inhibitory effect on the Zn active site of CA.
Therefore, aer careful evaluation of the inhibitory effect of
different Zn compounds on the Zn active site of CA, Zn(ClO4)2
was selected as the precursor for the synthesis of ZIF-8.34,35

Previously, pure ZIF-8 was applied to carry out the capture of
CO2 due to its sodalite structure, large surface area and the
kinetic diameter, but its adsorption efficiency for CO2 was not
desirable.36,37

The CA, like most of the enzymes, is a macromolecule with
large dimensions of 3 to 5 nm.38

Cui et al. successfully designed a combined immobilization
system of CA and ZIF-8 by the physical adsorption of CA onto
the external surface of ZIF-8.39 The synthesized composite was
utilized as a robust biocatalyst for the sequestration of CO2, but
this immobilized system suffered from problems of weak
interactions such as lower enzyme protection associated with
high enzyme exposure to the environment, as well as a signi-
cantly higher enzyme leaching and detachment of the enzyme
during the process. Chen et al. embedded the CA enzyme into
a zeolitic imidazolate framework (ZIF-L) of nanoparticles to
synthesize CA/ZIF-L composite.40 However, it was difficult to
recover due to their nanometer size, and easy to damage due to
the low mechanical strength during the stirring process. Cui
et al. embedded CA molecules into MOFs via co-precipitation
and then immobilized the prepared composites into PVA–chi-
tosan (PVA–CS) hydrogels to gain the PVA/CS/CA@ZIF-8
hydrogel membrane with an improved CO2 capture capacity.41

Three analogous families of CAs exist within nature: a-CAs
(predominant within animals), b-CAs (predominant within
plants), and the g-CAs (predominant within Archaea).42 Aer
investigation of their inhibitory effects BCA was selected
because the imidazole group in the ZIF-8 structure has no effect
on the high activity of the BCA.43

Considering that the six-ring pores of the ZIF-8 are not
accessible for entering the BCA, here a pre-synthetic strategy
was utilized, using simple and totally green synthetic conditions
RSC Adv., 2019, 9, 28460–28469 | 28461
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[aqueous solution at room temperature (RT)] by incorporating
a BCA solution into the initial reaction mixture. In fact, the high
chemical and structural stability of the ZIF-8 scaffolds can offer
a protective effect for the encapsulated enzyme which prevents
the enzyme leaching or enzyme agglomeration, and at the same
time allows the transfer of small-molecules of substrates or
products.

To this end, in continuation of a recently published paper on
the synthesis of the lipase@ZIF-67 biocomposite,44 the de novo
approach was selected, because it allows suitable protection of
the enzyme to avoid leaching. On the other hand, this method
makes it possible to entrap enzymes with larger dimensions
than the MOF pore size.

The resulting nanobiocomposite denoted as BCA–ZIF-8 was
fully characterized by UV-vis and Fourier transform infrared
(FT-IR) spectroscopies, powder X-ray diffraction (PXRD), FE-
SEM, BET and EDX. Finally, the activity of the prepared bio-
composite in the biocatalytic hydration of CO2 and its precipi-
tation as CaCO3 was demonstrated (Scheme 1).
Experimental
Materials

Bovine carbonic anhydrase (BCA, lyophilized powder), 2-meth-
ylimidazole (2-mim, 98%), zinc perchlorate hexahydrate
Scheme 1 Utilization of BCA–ZIF-8 biocomposite in the biocatalytic hy

28462 | RSC Adv., 2019, 9, 28460–28469
[Zn(ClO4)2$6H2O], triethylamine (TEA), 2-amino-2-
(hydroxymethyl)-1,3-propanediol (Tris base), p-nitrophenol (p-
NP), p-nitrophenyl acetate (p-NPA), anhydrous calcium chloride
(CaCl2), and protein assay reagents for producing the Bradford
reagent were purchased from Aldrich and used without puri-
cation. Other reagents were purchased from Merck or Fluka as
ACS reagent grade chemicals. All solutions were prepared with
deionized water.
Characterization

The PXRD analysis was carried out on a Bruker D8 Advance
instrument using Cu Ka (l ¼ 1.5406 Å) radiation at 2q: 5� to 35�.
Specic surface area, pore volume and pore size were measured
by N2 adsorption–desorption at 77.360 K using a Micrometrics
ASAP 2000 instrument. Before each measurement, samples
were activated via supercritical CO2 drying or outgassing at
room temperature for 3 h under vacuum conditions. Infrared
spectra were collected in the range 400–4000 cm�1 on a JASCO
6300D instrument.

Thermogravimetric analyses (TGA) were performed on
a PerkinElmer STA 6000 thermal analyzer. For this purpose, ca.
20 mg of sample was placed into an alumina crucible and
heated in a continuous-ow of N2 with a heating ramp rate of
20 �C min�1 from 30 �C to 900 �C. The scanning electron
dration of CO2.

This journal is © The Royal Society of Chemistry 2019
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micrographs were taken on a Hitachi S-4700 FE-SEM. The UV-
vis spectra were recorded on a JASCO V-570 spectrophotometer.

Preparation

The BCA encapsulation in the ZIF-8 composite was achieved by
mixing 5 mL of BCA solution (2 mg mL�1 in 50 mM Tris buffer,
pH 8.0) and 2-methylimidazole (80.0 mg mL�1) and ZnClO4-
$6H2O (126.6 mg mL�1) aqueous solutions (Scheme 2). In the
next step, 0.3 mL of TEA was added to the above mixture. Aer
stirring for about 1 h, the product was collected by centrifuga-
tion at 6000 rpm for 20 min and washed three times with Tris
buffer and de-ionized water.

Protein concentration determination and immobilization
efficiency

The amount of BCA in the enzyme solution before and aer
immobilization was determined using the Bradford method
(Fig. S1, ESI†).45 The enzyme encapsulation efficiency was
determined by the following formula (eqn (1)):46

Enzyme encapsulation efficiency (%) ¼ (C1V1 � C2V2)

� 100/(C1V1) (1)

where C1 and C2 are the initial and nal enzyme concentrations,
respectively, and V1 and V2 correspond to the volumes of the
enzyme solution used for encapsulation and the supernatant
aer encapsulation, respectively.

Encapsulation and activity detection

The CA catalyzed hydrolysis of p-NPA exhibits certain similari-
ties with the enzymatically catalyzed hydration of CO2 and of
acetaldehyde. Thus, the pH rate prole for CA catalyzed
hydrolysis of p-NPA has an analogous sigmoid shape to that
observed in the reversible hydration of CO2 and of acetalde-
hyde.34 These catalytic properties occur at the same active site as
the hydration of CO2. In order to investigate a mimic reaction
for the CO2 hydration activity, the p-NPA assay was used to
monitor the activity of CA which exhibited a high level of
correlation with the CO2 hydration activity.47 The enzyme
activity of the free and immobilized BCA was measured at RT by
Scheme 2 Schematic representation of the preparation of the BCA–
ZIF-8 biocomposite.

This journal is © The Royal Society of Chemistry 2019
monitoring the increase in the absorption band at 405 nm,
which was promoted by the hydrolysis of p-NPA to p-NP.48 The
assay mixture consisting of 0.8 mL Tris buffer (50 mM, pH 8.0),
0.1 mL substrate solution, different concentrations of p-NPA
(0.5, 1, 1.5, 2, 2.5 mM) dissolved in acetonitrile, and 0.1 mL of
enzyme solution, was mixed in a 1 mL cuvette using a micropi-
pette. The enzyme activity was measured with a UV-vis spec-
trophotometer by varying the concentration of substrate for
5 min at 1 min intervals. Blank experiments were also con-
ducted in the absence of the catalyst to estimate the self-
dissociation of p-NPA in each assay solution. The catalytic
activity of the immobilized BCA was estimated using a similar
procedure as described previously. The relative activity was
dened as the percentage of the free CA activity used for BCA–
ZIF-8 production compared to the biocatalyst activity. The
activity of free and encapsulated enzyme is shown in Table 2.
Effect of pH

In order to investigate the optimum pH value, the free and
encapsulated BCA were incubated in Tris buffer solution (50
mM) in the pH range of 6–10 at RT. Aer 1 h, the residual
activities of the free and encapsulated enzyme were determined
as described previously.
Thermal stability

The thermal stability of the free and encapsulated BCA was
determined by incubating them in 50 mM Tris buffer at pH ¼ 8
in the temperature range of 30–70 �C for 1 h. Aerwards, the
relative activities were calculated as mentioned previously.
The CO2 sequestration and evaluation of CaCO3

Generally, hydration of CO2 and its subsequent sequestration as
CaCO3 in the presence of free and encapsulated BCA was per-
formed as follows: initially, CO2 gas was introduced into 20 mL
of deionized water at a constant ow rate for 30 min. Then, 3 mg
of free BCA was added to a 10 mL Tris buffer solution (pH¼ 8.0)
at a xed optimum temperature of 25 �C. The enzyme con-
taining solution was added to the CO2 solution and the mixture
was continuously stirred for about 30 min. The hydrated CO2

solution was ltered and subsequently 0.9 g of CaCl2$2H2O was
added. The resulting CaCO3 was ltered and weighed aer
drying. Finally, the previously used procedure for the encapsu-
lated enzyme was applied. In this manner, 30 mg of the
prepared biocatalyst was utilized to maintain the BCA
concentration.
Reuse of the bio-catalyst

In order to investigate the reusability, aer each run the
prepared composite was separated and washed thoroughly with
Tris buffer and nally, the enzyme activity of the immobilized
BCA was measured at room temperature by monitoring the
increase in the absorption band at 405 nm, which was promoted
by the hydrolysis of p-NPA as described for the activity
detection.
RSC Adv., 2019, 9, 28460–28469 | 28463
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Recycling of the bio-catalyst

The recyclability of the BCA–ZIF-8 biocatalyst was evaluated aer the
sequential CO2 sequestration. In this way, upon completion of one
cycle, the prepared biocatalyst was recovered and washed with Tris
buffer and dispersed in a fresh reactionmixture to carry out the next
cycle. The structure of the recovered biocatalyst was monitored by
PXRD and FT-IR aer the last cycle (Fig. 1 and 2).
Fig. 2 The FT-IR spectra of ZIF-8 (a), free BCA (b), BCA–ZIF-8
composite (c) and recovered BCA–ZIF-8 (d).
Results and discussion
Preparation and characterization of the bio-catalyst

The CA (molecular weight of approximately 30 kDa and
dimensions of 5 � 4.2 � 3.3 nm3) is known as the fastest
enzyme for catalyzing the conversion of one million CO2

molecules to bicarbonate per second.38 Due to signicant
drawbacks with the application of free enzymes for large-scale
industrial processes such as solubility and recovery problems,
several immobilization techniques for CA have been proposed
in recent years.

On the other hand, zeolitic imidazolate frameworks (ZIFs),
a prototypical structure of zeolites, have attracted great atten-
tion due to their important permanent porosity, low density and
high thermal and moisture stability.49 The ZIF-8, synthesized by
the mixing of zinc nitrate [Zn(NO3)2] and 2-methylimidazolate,
was initially prepared by Pan et al. via a simple RT method.50

The ZIF-8 exhibits a cubic structure based on a space-lling
packing of regular truncated octahedrals. Due to the small
cages and narrow six-ring pore of ZIF-8, here a pre-synthetic
strategy was utilized by incorporating a CA solution into the
initial reaction mixture. It should be noted that aer careful
evaluation of the inhibitory effect of different zinc compounds
on the enzyme activity, Zn(ClO4)2 was selected as the precursor
for the synthesis of ZIF-8.34,35

The resulting nanobiocomposite was fully characterized by
different methods. The PXRD patterns of the BCA–ZIF-8
composite with intensities and peak positions at 2q of 7.3�,
10.45�, 11.5�, 12.7�, 14.8�, 16.4�, 17.95�, and 22� agreed well
with the patterns of the pure ZIF-8 (Fig. 1), clearly indicating
that the incorporation of the enzyme did not affect the crystal
structure of ZIF-8.51
Fig. 1 The PXRD patterns of ZIF-8 (a), BCA–ZIF-8 (b) and recovered
BCA–ZIF-8 (c).

28464 | RSC Adv., 2019, 9, 28460–28469
Fig. 2 shows the FT-IR spectra of ZIF-8, BCA and the prepared
biocatalyst. The vibrational bands in the range of 600–
1500 cm�1 correspond to the characteristic stretching and
bending modes of the imidazole ring (Fig. 2a).52 Also, the band
at 1580 cm�1 is ascribed to the stretching mode of C]N in 2-
mim, whereas the bands at 2927 and 3131 cm�1 can be related
to the stretching mode of C–H of the aromatic ring and the
aliphatic chain of 2-mim, respectively. Also, the band at
420 cm�1 represents the Zn–N stretching, which corresponds to
the bonding between the Zn2+ cations and 2-mim to form
imidazolate.53

As shown in Fig. 2c, all of the previous bands are well
maintained in the biocatalyst spectrum. Additionally, the exis-
tence of the band at 1648 cm�1 corresponding to double bonds
and C]O stretching modes of the enzyme veried the presence
of the protein in the composites.39 Moreover, the free BCA
spectrum exhibited stretching bands at 1500–1550 cm�1 cor-
responding to amide II bonds and NH stretching vibration
which were visible in the biocatalyst spectrum, conrming the
presence of the CA within the ZIF-8 (Fig. 2c).53

The FE-SEM images in Fig. 3 clearly show that the
morphology of the ZIF-8 was unaffected during the encapsula-
tion of BCA. In addition, the EDX results, obtained from the
Fig. 3 The FE-SEM images of (a) pure ZIF-8, (b) BCA–ZIF-8.

This journal is © The Royal Society of Chemistry 2019
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Table 1 The BET results of the BCA–ZIF-8 catalyst

Samples SBET (m2 g�1)
Total pore volume
(cm3 g�1)

Total pore diameter
(nm)

ZIF-8 331 0.29 3.58
BCA–ZIF-8 125 0.16 5.12
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SEM analysis for the BCA–ZIF-8 composite (Fig. S2, ESI†) clearly
show the presence of Zn and S.

The effective surfaces and porosity of both the ZIF-8 and the
biocatalyst were determined using N2 physisorption measure-
ments at 77 K (Fig. 4), and the textural parameters are presented
in Table 1. These results indicate a noticeable decrease in BET
surface area and total pore volume of ZIF-8 aer encapsulation
of BCA from 331 to 125 m2 g�1 and from 0.29 to 0.16 cm3 g�1,
respectively. This is in agreement with the partial occupation of
the parent framework by enzyme groups. It should be noted that
both ZIF-8 and BCA–ZIF-8 are classied as mesopore materials
(2–5 nm). Additionally, the average pore size of ZIF-8 increased
from 3.58 to 5.12 nm aer encapsulation. This agrees well with
the diameter of the encapsulated enzyme.38

The TGA curves provide information on the thermal stability
of ZIF-8 and BCA–ZIF-8 (Fig. 5). The TGA curve of ZIF-8 and
BCA–ZIF-8 show an initial weight loss related to the removal of
guest water molecules and residual imidazole in the pores
within the range of 20–200 �C, followed by the next weight loss
in the range of 200–300 �C attributed to the loss of the BCA
enzyme.39 By comparison of step two in the TGA curves of BCA–
ZIF-8 and ZIF-8, it can be seen that the weight loss of BCA–ZIF-8
is larger than that of pure ZIF-8 which proves the claim about
the presence of BCA in the framework.

The UV-vis measurements of the prepared composite give an
additional indication for the presence of BCA in the ZIF-8
framework as seen in Fig. 6. In addition to the absorption
bands corresponding to the ZIF-8 support, an extra absorption
band around 286 nm was attributed to the BCA encapsulated in
the framework (Fig. 6b).54
Catalytic experiments

The catalytic activity of the BCA–ZIF-8 composite was rst
investigated with the hydrolysis of p-NPA into p-NP as a function
of the reaction conditions (pH, temperature, presence of
precursors of MOF, reusability and storage) based on the
procedure described before. In this manner, the hydrolysis of p-
NPA was followed spectrophotometrically by observing the
formation of the p-nitrophenolate and acetic acid. The reaction
is described in Fig. S3 (ESI†).
Fig. 4 The N2 adsorption isotherms of ZIF-8 and BCA–ZIF-8 at 77 K.

This journal is © The Royal Society of Chemistry 2019
The kinetic parameters

The kinetic parameters for the hydrolysis of p-NPA were estimated
using the Michaelis–Menten and Lineweaver–Burk equations (eqn
(3) and (4)).

According to the Michaelis–Menten kinetic model, an initial
reaction between the substrate (S) and enzyme (E) occurs to
form an enzyme–substrate (ES) complex and then product
formation occurs regenerating the enzyme in the process:

E + S 4 ES / E + P (2)

Both free and encapsulated enzyme activities were deter-
mined at RT in 50 mM Tris-buffer at pH 8.0. The graphs were
plotted using different substrate concentrations and their cor-
responding reaction rates. The reciprocal of substrate concen-
tration (1/S) was plotted against the reciprocal of reaction rate
(1/V) according to the following equations:

V ¼ kcat½S�½E0�
Km þ ½S� (3)

1

V
¼ 1

Vmax

þ Km

Vmax

1

½S� (4)

where V is the rate of p-NP formation, Vmax is the maximum rate,
kcat is the catalytic rate constant, [E0] is the enzyme concentra-
tion, [S] is the substrate concentration, Km is the substrate
concentration when the rate is equal to Vmax/2, which also
shows the affinity of the enzyme for the substrate, and kcat/Km is
the kinetic constant. The results are shown in Table 2.
Effect of synthetic MOF precursors (2-methylimidazol and
zinc nitrate) on the CA activity

In order to investigate whether the catalytic activity of the BCA
enzyme is affected by the synthetic MOF precursors, the
Fig. 5 The TGA curves of ZIF-8 and the BCA–ZIF-8 composite.
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Fig. 6 The UV-vis spectra of ZIF-8 (a), BCA–ZIF-8 (b) and BCA (c).

Table 2 Kinetic parameters, relative activity

Samples Vmax (mM min�1) Km (mM) kcat/Km (M�1 s�1) Activity (%)

BCA 42.7 8.9 399.8 100
BCA–ZIF-8 54.36 6.4 471.8 118
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enzymatic activity of free BCA was assessed by adding NO3
�

ions, 2-mim and TEA to the reaction medium as shown in Table
3. Due to similarity between the active center site of the BCA
enzyme and the ZIF-8 nodes, the Zn ion could not have an
inhibitory effect on the activity of the enzyme. The activity of the
free enzyme in the presence of 2-mim and TEA was not affected,
and interestingly, increased. But the NO3

� counter ion of Zn2+

decreased the activity of BCA, therefore Zn(ClO4)2 was utilized
as the precursor for the synthesis of ZIF-8.
Effect of pH

As shown in Fig. 7b, the effect of pH on the relative activity of
both the free and encapsulated BCA was evaluated in the pH
range of 6.0–10. The relative activity of the free and encapsu-
lated BCA showed a considerable difference within the pH
range of 6–8. It is worth mentioning that encapsulated BCA
exhibited a higher tolerance in the acidic regions compared to
the free enzyme. Generally, the encapsulation method seemed
to enhance the tolerance of the enzyme to harsh conditions.
Table 3 Activity of BCA in the presence of NO3 ions, ClO4 ions, TEA an

Precursors Concentration Acti

BCA 0.3 mg mL�1 168
Zn(NO3)2 0.11 M 10
Zn(ClO4)2 0.04 M 135
2-mim 0.65 M 460
TEA 0.24 M 150

28466 | RSC Adv., 2019, 9, 28460–28469
Thermal stability

The thermal stability of the biocatalyst was a critical point to be
considered for industrial purposes. It has a very important
effect on the conformational transitions of the enzyme at high
temperatures which can lead to a loss of catalytic activity.
Therefore, immobilization of the enzyme into suitable carriers
might improve the thermal stability of the biocatalyst.

Thus, the relative activity of free and encapsulated BCA was
investigated as a function of temperature in the range of 25 to
65 �C (Fig. 7c). As can be seen, the maximum activity for BCA
was at 35 �C. It is worth mentioning that encapsulated BCA
exhibited a higher activity in all the temperatures evaluated (up
to 65 �C), compared to its free counterpart. For instance, at
55 �C, the decrease in activity of the encapsulated BCA was only
14%, whereas the decrease in activity of free enzyme was 45% of
its initial activity. These results clearly conrmed that the
encapsulation of the BCA enzyme into MOFs can prevent its
conformation transition at high temperatures and increase its
thermal stability.

By further increasing the temperature, a drop in enzyme
activity was observed which was again slower in the case of the
encapsulated enzyme. This decrease was due to denaturation of
the enzyme which occurred at high temperatures.
Storage stability

To see if the encapsulation provided an adequate environment
for the storage stability of the enzyme, the activity of free and
encapsulated enzyme in Tris buffer (50 mM, pH 8.0) was fol-
lowed for 37 days at RT. As shown in Fig. 7a, the decreased
activity of the encapsulated BCA was only 11% whereas the
decreased activity of the free BCA was 53% of its initial activity
up to 37 days.
Reusability

The reusability of the enzyme is a crucial point that needs to be
considered for practical use. Especially, because this parameter
is one of the main requirements for utilization of the bio-
catalysts for the capture of CO2. Fig. 8a represents 12 cycles of
hydrolysis of p-NPA by BCA–ZIF-8. Aer each run the prepared
composite was separated and washed thoroughly with Tris
buffer and nally immersed into fresh substrate for the next
run. The results demonstrated that the activity of the BCA–ZIF-8
composite retained nearly 100% of its initial activity for up to
eight cycles andmaintained about 84% of its initial activity aer
12 cycles.
d 2-mim

vity of BCA (mM min�1 mg�1 enzyme) Activity (%)

100
6
80

274
90
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Fig. 7 (a) Storage stability, and (b) effect of pH and (c) temperature on the enzyme activity.
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Additionally, the amount of BCA in the enzyme solution aer
the recycling test was determined using the Bradford method.
The leaching of the BCA enzyme was not detected during the
Fig. 8 (a) Reusability and (b) recyclability of the biocatalyst.

This journal is © The Royal Society of Chemistry 2019
stability assay. Therefore, the synthesized biocatalyst can be
considered as a reusable sorbent for CO2 capture and has
potential for industrial applications.
RSC Adv., 2019, 9, 28460–28469 | 28467
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The obtained results proved the claim that the de novo
strategy prevented the enzyme leaching or enzyme agglomera-
tion and as a result showed a more advanced performance than
other preparation strategies.
Recyclability

Fig. 8b illustrates the 10 cycles of CaCO3 precipitation. The CO2

sequestration capacity based on the conversion of CO2 to CaCO3

was quantied. As can be seen, the amount of the resulting
CaCO3 was still noticeable.
Catalytic mechanism of BCA and BCA–ZIF-8

In this work, the conversion of CO2 into CaCO3 was performed
in the presence of BCA–ZIF-8 to explore the capture capacity of
the prepared biocatalyst.

The CA, as one of the most representative enzymes con-
taining Zn2+, is frequently used for catalyzing the conversion of
CO2 molecules to bicarbonate.

Due to the synergistic interaction between the BCA enzyme
and the ZIF-8 support it was expected that the yields of solid
CaCO3 produced by the BCA–ZIF-8 composite would be more
than with the free BCA. In fact, under humidied conditions,
the imidazole group (mIm) present in ZIF-8, could participate in
the hydration of CO2 and formation of bicarbonate (HCO3

�) due
to its nucleophilic character.54,55

The reaction can be expressed as:

H2O + mIm + CO2 5 mIm+ + HCO3 (5)

Furthermore, aer encapsulation of BCA into the ZIF-8,
considering that the BCA and ZIF-8 have the same metal Zn,
the capture of CO2 was greatly increased. The yields of the solid
CaCO3 obtained by using the BCA–ZIF-8 composite was deter-
mined to be 34.3 mg of CaCO3 per mg of BCA compared to
29.5 mg of CaCO3 per mg of free BCA. Additionally, due to the
difficulty of recovery of the free enzyme, the encapsulated BCA
could be more efficient in the conversion of CO2 into CaCO3

than free BCA. Therefore, the BCA–ZIF-8 composites could be
successfully applied as an excellent accelerator for CO2

sequestration into CaCO3.
Conclusions

A facile and environmentally-friendly platform was successfully
developed for the encapsulation of bovine carbonic anhydrase
into the crystalline hybrid framework of ZIF-8. The microporous
ZIF-8 material provided the best combination of pore size and
high surface area for achieving high BCA loading and activity for
the encapsulation of the enzymes. Among the different immo-
bilization methods that have been introduced to date, it seems
that the de novo approach is more adapted to BCA immobili-
zation due to the suitable protection of the enzyme, avoidance
of leaching, and making it possible for the entrapping of
enzymes with larger dimensions than the pore size of the MOF.

The encapsulation of BCA into the ZIF-8 platform signi-
cantly increased the thermal stability, storage stability and the
28468 | RSC Adv., 2019, 9, 28460–28469
reusability of the enzyme. In particular, the rigid scaffold of the
ZIF-8 increases the storage stability and also protected the
embedded enzyme from deactivation. A storage stability test
was conducted for up to 37 days and it was observed that the
activity of the encapsulated BCA showed only a 10% decrease
compared to the free BCA which showed more than 50%
decrease in activity.

The CO2 sequestration capacity based on the conversion of
CO2 to CaCO3 was also quantied. The CO2 sequestration
capacity of BCA–ZIF-8 was determined to be 34.3 mg of CaCO3

per mg of BCA compared to 29.5 mg of CaCO3 per mg of BCA for
free BCA. In particular, the activity of this robust bio-catalytic
composite on the challenging CO2 sequestration led to excel-
lent enzymatic performances even aer 10 cycles. Therefore, the
prepared biocatalyst can be applied for industrial applications.
The present study paves the way to the use of the porous ZIF-8
material as a new host matrix to immobilize the BCA enzyme for
preparation of a green, stable, reusable, and convenient bio-
catalyst for CO2 sequestration catalytic applications under mild
conditions.
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