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Abstract
In this study, Candida rugosa lipase (CRL) was embedded within nano-zeolitic imidazolate framework-8, nZIF-8 (1:35), 
synthesized with a zinc(II) ion to 2-methylimidazole (Zn2+: HmeIM) ratio of 1:35 using a water-based, de novo synthesis 
method at ambient temperature without any modulating agents. The optimization of the embedding process focused on 
three parameters: the molar ratio of zinc(II) ion to 2-methylimidazole (Zn2+: HmeIM), the concentration of partially puri-
fied lipase, and the duration of embedding process. Various physicochemical characterization techniques were employed to 
confirm and analyze the embedded lipase, including powder X-ray diffraction (PXRD), transmission electron microscopy 
(TEM), and energy dispersive X-ray (EDX) analysis. Additional characterization methods such as thermogravimetric 
analysis (TGA), N2 adsorption-desorption measurements, and Fourier transform infrared spectroscopy (FTIR) were also 
conducted for comprehensive analysis. The amount of lipase successfully embedded was quantified using the standard 
Bradford assay, with CRL3@nZIF-8(1:35) (Candida rugosa lipase (3.0 mg) immobilized on nano ZIF-8 synthesized with 
a Zn²⁺:HmeIM ratio of 1:35) achieving the highest immobilization of 89% with loading capacity of 17.7 mg/g. To evalu-
ate the functional performance of the immobilized enzyme, a p-nitrophenyl palmitate (p-NPPal) hydrolysis assay was 
performed. The results showed a six-fold increase in enzymatic activity compared to the soluble lipase. These findings 
highlight the potential of nZIF-8(1:35) as a promising support material for lipase immobilization, functioning as a robust 
protective nanocomposite and as an enhancer of enzymatic performance, with the added capability of reusability in the 
CRL3@nZIF-8(1:35) system.

Keywords  Nanosized ZIF-8 · Candida rugosa lipase · Embedment into ZIF-8 · Hydrolytic activity

Received: 26 January 2026 / Accepted: 23 June 2026
© The Author(s) 2026

Low-Temperature Water-Based De novo Synthesis of Composites Based 
on Nanosized ZIF-8 Polymorph and Embedded Candida rugosa Lipase

Noor Fazrieyana Hamidon1,2,3 · Mohamed Ibrahim Mohamed Tahir2 · Yazid Yaakob4 ·  
Muhammad Alif Mohammad Latif1,5 · Emilia Abdulmalek1,2 · Mohd Basyaruddin Abdul Rahman1,2,3

Introduction

Candida rugosa lipase (CRL) is a versatile and widely stud-
ied biocatalyst, valued for high activity, and convincing 
substrate specificity. Despite these advantages, the direct 
use of lipase as a homogeneous catalyst is not economically 
viable, as it is difficult to recover in its soluble form and 
may lead to contamination of the final product [1]. Lipase 
is one of the most widely recognized enzymes in industrial 
biotechnology, playing a central role in numerous applica-
tions [2]. Owing to their remarkable selectivity, lipases are 
highly versatile catalysts employed in the production of 
emulsifiers, biodiesel, cosmetics, pharmaceuticals, flavors, 
fragrances, and various organic compounds [3]. Naturally, 
lipases differ in their positional specificity, and some lipases 
can fully hydrolyze triglycerides to glycerol and fatty acids, 
while others selectively at certain ester bonds. CRL is 
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widely reported to hydrolyze ester bonds at the sn1 and sn3 
positions, producing monoglycerides and fatty acids as the 
main products. However, their broader industrial use faces 
several challenges, including limited recyclability, suscep-
tibility to denaturation outside physiological environments, 
and loss of catalytic activity under synthetic conditions, all 
of which increase operational costs [4].

To overcome these limitations, lipases are often immobi-
lized to facilitate retention, recycling, and improve feasibil-
ity at the laboratory scale, enabling subsequent upscaling 
to industrial applications [5, 6]. Immobilization has been 
shown to enhance enzyme stability against heat, pH of reac-
tion medium, and other stress conditions, thereby extending 
their lifespan [7]. Among various immobilization materials, 
nanomaterials have attracted significant attention due to 
their high surface area and ability to encapsulate or embed 
enzymes effectively. Examples include carbon nanotubes, 
nanofibers, nanocomposites, sol-gel-based nanomaterials, 
nanorods, and nano-metal organic frameworks (nMOFs) [8, 
9].

The thermophilic lipase QLM (from Alcaligenes sp.) was 
successfully embedded within zeolitic imidazolate frame-
work-8 (ZIF-8) using a biomimetic mineralization approach 
[10]. Characterization analyses confirmed that the lipase 
was effectively entrapped during ZIF-8 crystal growth. Sim-
ilarly, cytochrome C (cyt C) was directly incorporated into 
ZIF-8 via a co-precipitation method, with polyvinylpyrrol-
idone (PVP) acting as a stabilizer in methanol [3]. These 
examples demonstrate the potential of ZIF-8 as protective 
scaffold for enzymes under harsh conditions. Other MOFs, 
such as ZIF-90 [11], zirconium MOF PCN-128y [12], and 
IR MOF-74 [13] have also been explored as promising sup-
ports for enzyme stabilization. Enzyme immobilization 
within MOFs typically occurs in larger pores to maintain 
mobility, but enzymes can also rearrange to fit smaller pores 
through interactions with functional groups that facilitate 
immobilization.

Factors such as surface chemistry, solvent choice, and 
operating conditions strongly influence enzyme posi-
tioning and stability. High temperatures often promote 
enzyme unfolding, whereas lower temperatures help pre-
serve their native structure. Molecular dynamics (MD) 
simulations of CRL with ZIF-8 revealed the formation 
of stable complexes supported by strong intermolecular 
interactions. Residues including Glu-66, Thr-132, Ser-
209, Ser-450, and Asn-451 were identified as important 
for binding, with hydrogen bonding playing an essential 
role in sustaining catalytic activity [14]. This information 
provides a molecular-level framework for understand-
ing enzyme-MOF interactions and highlights the poten-
tial of lipase-MOF composites in biocatalysis. The MD 
simulations further support the concept that smaller and 

restricted pores can protect enzyme activity and enhance 
reusability.

This research focuses on introducing a de novo strategy 
in which CRL actively directs the crystallization of nano-
ZIF-8 at the molar ratio of zinc(II) ion to 2-methylimidazole 
of 1:35, yielding enzyme-MOF composites with altered 
structural properties and enhanced catalytic stability. Many 
studies have reported on the biomimetic mineralization of 
CRL with ZIF-8 [15, 16]. However, none have addressed the 
polymorphism of ZIF-8 structures. This work demonstrates 
the dual role of lipase as both a biocatalyst and a structural 
modifier of MOF, highlighting its versatility, reusability, 
and protective effect during the hydrolysis of p-nitrophenyl 
palmitate (p-NPPal). Nano-ZIF-8 was selected as the MOF 
support due to its high surface area, excellent chemical and 
thermal stability, and well-defined porosity [17–19].

Lipase from Candida rugosa was chosen as the model 
enzyme because of its widespread application in hydrolysis 
processes and its suitability for various processes, including 
esterification and transesterification. A de novo synthesis 
approach was employed to grow nano-ZIF-8 crystals around 
CRL, resulting in highly porous CRL-loaded nano-ZIF-8 
composites. The influence of lipase on the crystallization 
process was investigated, including its effects on crystallin-
ity, particle size, morphology, and porosity of the resulting 
composites. Since lipase molecules are larger than the pores 
of nano-ZIF-8, their embedment within the framework adds 
complexity to understanding the biocatalytic behavior of 
the embedded system. To evaluate catalytic performance, 
a comparative hydrolysis study was conducted between 
embedded CRL and soluble CRL to determine whether the 
observed differences were due to the protective effect of 
nano-ZIF-8.

Furthermore, the versatility of the CRL@nano-ZIF-8 
system was demonstrated by its application in the hydro-
lysis of p-NPPal, enabling evaluation of the reusability 
and recovery of the immobilized enzyme. Hydrolysis reac-
tions are commonly employed to evaluate and compare the 
catalytic activity of immobilized and soluble lipases. In 
particular, the hydrolysis of p-NPPal yields p-nitrophenol 
(p-NP) [20]. The amount of p-NP released can be quantified 
spectrophotometrically using UV-Vis analysis [21]. This 
embedding strategy not only protects enzymes from harsh 
conditions (such as prolonged time, pH media, and tempera-
ture) but also enhances their catalytic activity, making them 
suitable for nano-biocatalysis applications. Previous find-
ings emphasize the critical role of linker ratio adjustments 
in determining the structural properties of nano-ZIF-8. 
Specifically, a higher proportion of linker was essential 
for achieving nano-ZIF-8 particles [17]. Among the tested 
ratios, nZIF-8(1:35) exhibited superior characteristics, 
including high porosity, high surface area, and remarkable 
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thermal stability, establishing it as an ideal support material 
for embedding CRL.

The motivation of this work was to demonstrate that 
such embedment system not only achieves optimal immobi-
lization and loading capacity but also significantly impacts 
enzymatic activity, stability, and reusability. Overall, this 
study highlights the advancement of enzyme immobiliza-
tion technologies for sustainable nano-biocatalytic applica-
tions. Previously reported studies showed that immobilizing 
CRL within ZIF-8 enabled the hydrolysis of p-NPPal into 
p-NP, its application in catalysing lactose caprate ester, 
and revealed its potential in anticancer, demonstrating that 
immobilized CRL with ZIF-8 can bridge industrial bio-
processing with biomedical applications [15]. This study 
provides compelling evidence that the embedded system 
can serve as a foundation for broader applications. Such 
composites are not only relevant but critically important 
for advancing future research, opening pathways to diverse 
application that extend well beyond hydrolysis.

Experimental

Material

Lipase from Candida rugosa (CRL), with a specific enzyme 
activity of 700 U/mg (Enzyme activity, Unit per milligram 
of protein) meaning that every 1 mg can perform a num-
ber of catalytic reactions of 700 units of activity, 2-methyl-
imidazole, and zinc nitrate hexahydrate were obtained from 
Sigma-Aldrich Ltd. (St. Louis, USA). 4-nitrophenol was 
purchased from Across-Organic, USA, while 4-nitrophe-
nyl palmitate was supplied by Sigma-Aldrich, Japan. Phos-
phate buffer solution was purchased from R & M Chemicals 
(United Kingdom). Additional chemicals with a purity 
greater than 99%, including acetone and ethanol, were sup-
plied by Qrec Chemicals (New Zealand). Deionized water 
was prepared using a water purification system, with a resis-
tivity exceeding 18.2 MΩ·cm.

Water-Based Synthesized Nano-ZIF-8

nZIF-8(1:8), nZIF-8(1:21), and nZIF-8(1:35)were synthe-
sized using a modulator-free, water-based method, as previ-
ously described by Hamidon et al. (2022, 2023) [17, 18]. The 
method of synthesizing the material was modified from the 
previously reported ZIF-8 [22, 23]. The method was modi-
fied by eliminating the ageing process and increasing the 
drying temperature in the evacuation process from 60 °C to 
100 °C. In a typical reaction, zinc nitrate hexahydrate solu-
tion (1 mmol, 7 mL water) was added to a 2-methylimid-
azole solution (8 mmol, 15 mL water), forming nZIF-8(1:8). 

The mixture slowly turned milky after dropwise mixing. The 
reaction was continuously stirred for 60 min at 150 rpm. The 
product was collected by centrifugation at 10,000 rpm for 
15 min, washed five times with deionized water, and then 
dried overnight in an oven at 100 °C. The solid sediment 
was re-dispersed in acetone, a lower-boiling-point solvent, 
to eliminate the water content before activating the sample 
overnight in an oven at 100 °C. The product yields of the 
polymorphisms of ZIF-8 were calculated based on the stoi-
chiometric formula, considering zinc nitrate hexahydrate (g) 
as the limiting reactant for the reaction [23–25]. According 
to the stoichiometric equation of a chemical reaction, the 
limiting reactant is responsible for achieving the complete 
conversion of the substrate into the final product. The nZIF-
8(1:21) and nZIF-8(1:35) were subjected to the same proce-
dure by changing the Zn2+: HmeIM molar ratios to 1:21 and 
1:35. All samples had the same reaction time, stirring rate, 
volume of water, and pre-treatment procedure.

Water-Based Synthesis of Embedded Candida 
rugosa Lipase Onto Nano-ZIF-8

In a typical reaction, a solution of 2-methylimidazole 
(0.2189  mg/mL, 8 mmol, 15 mL) was added to partially 
purified lipase (50 mg/mL, 4 mL) to form the HmeIM-CRL 
solution. Subsequently, a solution of zinc nitrate hexahy-
drate (0.0992  g/mL, 3mL) was slowly introduced, during 
which the mixture gradually changed from brown to milky 
brown. The reaction mixture was stirred continuously at 
150 rpm for 60 min. The resulting precipitate was collected 
by centrifugation at 4 °C and 10,000 rpm for 15 min, fol-
lowed by washing with deionized water. The samples were 
then dried overnight in a lyophilizer at temperatures rang-
ing from 50 °C to −80 °C. All samples were prepared under 
identical conditions, including reaction time, stirring rate, 
total volume of water, and washing procedure. The Brad-
ford method [26] was used to determine protein content 
(Fig. S1). The efficiency of the enzyme was calculated as 
the percentage of immobilization (Eq.  1) based on previ-
ously reported formulas [26, 27] and the loading capacity 
was calculated based on Eq. 2.

Immobilization (%)
= T otal amount of protein (before −after) immobilization

T otal amount of protein before immobilization

×100%
� (1)

Loading Capacity (%)
= Mass of lipase embedded (mg)

Mass of nZIF −8 (g)
� (2)

Commercial Candida rugosa lipase was partially purified 
by dissolving lipase (200  mg) in deionized water (4 mL) 
with continuous stirring for 30 min in 150 rpm. The mixture 
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was the centrifuge at 4 °C and 10,000 rpm for 15 min. The 
supernatant was used as partially purified lipase prior for 
use.

Physicochemical Characterization

The crystalline phases of the prepared samples were ana-
lyzed using powder X-ray diffraction (PXRD) on a Shi-
madzu XRD-D6000 instrument equipped with CuKα 
radiation (λ = 1.5418 Å). Scans were performed over a 2θ 
range of 5°–55° at a scan rate of 2° min⁻¹. Sample morphol-
ogy was characterized by transmission electron microscopy 
(TEM) equipped with energy dispersive X-ray (EDX) using 
a JEM-ARM200F operating at 200 kV. For TEM analysis, 
the samples were dispersed in ethanol, ultrasonicated for 
10  min, and deposited onto a carbon-coated copper grid 
for imaging. Field emission scanning electron microscopy 
(FESEM) images were obtained using a JEOL 7600 F. For 
FESEM, samples were mounted on a carbon-coated copper 
grid and sputter-coated with a thin layer of gold to prevent 
charging under the electron beam. Imaging was carried out 
at an accelerating voltage of 5.0 kV. Nitrogen adsorption-
desorption measurements at 77 K were conducted using a 
TriStar II Plus Series (Micromeritics) to determine surface 
area and pore characteristics. Prior to analysis, samples were 
degassed at 120 °C for 8 h to eliminate moisture and residual 
gases. Surface area and pore volume were evaluated using 
the Brunauer-Emmett-Teller (BET) and Non-Local Density 
Functional Theory (NLDFT) models. Thermogravimetric 
analysis (TGA) was performed using a TGA/SDTA 851 
(Mettler Toledo), with samples heated from 50 °C to 800 °C 
at a rate of 10 °C min⁻¹ under an airflow of 1 mL min⁻¹.

Analysis of Protein Gel

Supernatant were collected and concentrated using ultracen-
trifugation. In this work, a Vivaspin Turbo 15 (30 kDa) and 
a polyethersulfone (PES) membrane was used to concen-
trate the supernatant by removing water content after the 
embedment. The total solution volume was reduced from 
45 mL to 4 mL at 60,000 rpm and 4 °C for 6 h. The con-
centrated supernatant was then analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
a common laboratory method for separating proteins by 
molecular weight [28].

Determination of Lipase Activity

The activity of soluble and embedded lipases was assayed 
spectrophotometrically by measuring the hydrolysis of 
p-nitrophenyl palmitate (p-NPPal). The activity of soluble 
or embedded lipase was measured by adding 1 mg of soluble 

lipase or 60 mg of embedded lipase to the assay mixture, 
which consisted of 2 mL of 35.0 mM p-NPP in ethanol and 
2 mL of PBS at pH 7.4, and incubating under various reac-
tion conditions differing in temperature and pH value. Both 
soluble and embedded lipases catalyzed the formation of 
p-nitrophenol, which was quantified at 401 nm (Figure S2). 
One unit of lipase activity (1 U) is defined as production of 
1 µmol of p-nitrophenol per min under the assay conditions.

Reusability Study of Embedded Lipase in Hydrolysis 
of p-nitrophenyl Palmitate

The hydrolysis activity of the embedded lipase (CRL3@
nZIF-8(1:35)) as a biocatalyst was tested using p-NPPal. 
A clean centrifuge tube was filled with 60 mg of biocata-
lyst and 2 mL of phosphate-buffered saline (PBS) solution 
at pH 7.4 to initiate the reaction. Then, 2 mL of 34.0 mM 
p-NPPal in ethanol was added to the mixture and incubated 
for 15  min at 60  °C before centrifugation for 10  min at 
6,000 rpm. The yellow color formed during the hydrolysis 
process was due to the release of p-nitrophenol (p-NP) from 
p-NPPal. A UV/VIS spectrophotometer was used to measure 
the absorbance of released p-NP at 401 nm. To determine 
the lipase activity of the biocatalyst, comparable hydroly-
sis tests were conducted with nZIF-8(1:35) as a blank. Both 
CRL3@nZIF-8(1:35) and nZIF-8(1:35) were washed once 
with water and then with acetone before reuse. The CRL3@
nZIF-8(1:35) was dried in an oven at 60 °C (below the melt-
ing and boiling points of p-NP and p-NPPal) for 24 h and 
then further analyzed by PXRD to determine the crystallin-
ity of CRL3@nZIF-8(1:35) after being recycled up to seven 
reaction cycles.

Results and Discussions

Characterization and Analysis of Embedded Lipase 
on nZIF-8

This study builds on our previous findings, which dem-
onstrated that nZIF-8 polymorphism significantly influ-
ences its crystallinity, porosity, and particle size [17, 18]. 
The structural analysis revealed that nZIF-8 with a Zn2+: 
2-methylimidazole ratio of 1:8 exhibited diffraction fea-
tures similar to the simulated ZIF-L pattern, typically 
associated with micron-sized crystals. In contrast, nZIF-8 
prepared with ratios of 1:21 and 1:35 showed diffraction 
patterns consistent with the ZIF-8 simulated structure, 
indicating the formation of nanosized particles. This dif-
ference highlights how varying precursor ratios favor 
ZIF-L-like micron structures, while higher ratios promote 
ZIF-8-like nanoscale frameworks. Here, lipase embedding 



1 3

Page 5 of 18    112 Low-Temperature Water-Based De novo Synthesis of Composites Based on Nanosized ZIF-8 Polymorph and…

was performed using three distinct polymorphic forms of 
nZIF-8: nZIF-8(1:8), nZIF-8(1:21), and nZIF-8(1:35), cor-
responding to zinc-to-linker molar ratios of 1:8, 1:21, and 
1:35, respectively. Powder X-ray diffraction (XRD) analy-
sis revealed that the crystallinity of the lipase-embedded 
composites closely resembled that of their respective pris-
tine nZIF-8 polymorphs. However, a noticeable reduction 
in peak intensity was observed across all polymorphs after 
lipase embedding (Fig.  1). This attenuation suggests par-
tial structural modification of the nZIF-8 framework due 

to lipase embedding, resulting from interactions during the 
embedding process.

Lipase content was quantified using the Bradford assay, 
with bovine serum albumin (BSA) as the calibration stan-
dard [29]. The amount of lipase embedded during the self-
assembly process was expressed as immobilization (%) 
following the method described in previous work [26, 27]. 
All three ZIF-8 polymorphs (nZIF-8(1:8), nZIF-8(1:21), 
and nZIF-8(1:35)) successfully embedded Candida rugosa 
lipase (CRL). Among them, nZIF-8(1:35) exhibited the 

Fig. 1  PXRD pattern of embedded lipase using ZIF-8 polymorphs (a) 
CRL3@nZIF-8(1:8), lime green (b) CRL3@nZIF-8(1:21), red and 
(c) CRL3@nZIF-8(1:35), purple with partially purified concentra-

tion of 50 mg/mL, molar ratio of Zn2+:HmeIM: Zn, 1:8 (nZIF-8(1:8), 
pink label), 1:21 (nZIF-8(1:21), green label) and 1:35 (nZIF-8(1:35), 
orange label) [17]
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highest immobilization (89 ± 0.2%), followed by nZIF-
8(1:21) (38 ± 0.2%) and nZIF-8(1:8) (24 ± 0.2%) (Fig. 2(a)). 
The loading capacity of the lipase was calculated based on 
the absolute amount of lipase embedded within the sup-
ports. The values obtained for nZIF(1:8), nZIF-8(1:21) 
and nZIF-8(1:35) embedded in 50  mg/L of soluble lipase 
were 4.5 ± 0.01 mg/g, 6.2 ± 0.01 mg/g, and 17.7 ± 0.01 mg/g, 
respectively. These results demonstrate that CRL3@nZIF-
8(1:35) exhibits the highest immobilization (%) as well as 
the highest loading capacity (mg/g).

In previous study, CRL was immobilized on chromium 
terephthalate MIL-101 (MIL-101(Cr)) and three of its chem-
ically modified forms: amino MIL-101(Cr) (NH2-MIL), tri-
chlorotriazine amino MIL-101(Cr) (TCT@NH2-MIL) and 
glutaraldehyde amino MIL-101(Cr) (Glu@NH2-MIL) [30]. 
Among these, CRL@Glu@NH2-MIL exhibited the high-
est specific activity, with a lipase loading of approximately 
55  µg/mg [30]. Both methods relied on pre-synthesized 
MOFs, followed by immobilization through adsorption or 
wet impregnation techniques. Comparing this work with 
previous studies shows that this MOF selection (nZIF-
8(1:35)) and method (de novo) are more effective, as the 
loading capacity is higher than that reported on earlier stud-
ies. These results highlight the important role of the linker-
to-metal ratio in determining the structural properties of 
nZIF-8, the method use and its compatibility for achieving 
higher levels of lipase embedding.

Nano-sized ZIF-8 particles, characterized by a higher 
surface-to-volume ratio, abundant surface sites, faster nucle-
ation, and more efficient confinement of lipase during crys-
tal growth, provide an enhanced environment for enzyme 

immobilization and catalytic stability. The nZIF-8(1:35) 
facilitates optimal interactions between lipase molecules 
and the zinc(II) ions, as well as the 2-methylimidazole link-
ers, thereby enhancing enzyme immobilization within the 
framework. This increased accessibility results in approxi-
mately 89 ± 0.2% of lipases being embedded. In contrast, 
micron-sized ZIF-8 particles have a lower surface-to-vol-
ume ratio, which limits lipase accessibility and causes ste-
ric hindrance. Consequently, the interaction between lipase 
molecules, zinc and 2-methylimidazole is reduced, yielding 
only about 24 ± 0.2% lipase embedded. The larger ZIF-8 
particle size (nZIF-8 (1:8)) limits lipase embedding dur-
ing crystal growth, thereby decreasing overall loading effi-
ciency compared to nanosized ZIF-8 (nZIF-8(1:35)).

To further optimize the embedding process, the effect 
of reaction time on lipase embedding was investigated for 
nZIF-8(1:35), the nanosized ZIF-8, at intervals of 15, 30, 45, 
60, and 75 min (Fig. 2b). The embedded percentage ranged 
from 16 ± 0.2% to 89 ± 0.2%, with the maximum achieved 
at 60 min, indicating this as the optimal incubation period. 
Beyond 60 min, a decline in embedded lipase was observed, 
suggesting that the self-assembly process had reached equi-
librium and that prolonged reaction times may induce lipase 
leaching due to extended physical agitation. A review of 
lipase immobilization by physical adsorption highlights that 
mechanical agitation promotes enzyme desorption due to 
weak binding forces, limiting reusability in the immobiliza-
tion process [31]. Other reviews have discussed that, among 
immobilization methods, adsorption-based immobilization 
suffers from leaching under strong agitation, and recom-
mend covalent coupling or entrapment to improve stability 

Fig. 2  (a) Immobilization (%) of lipase using different ZIF poly-
morphs at various HmeIM concentrations: 8 (CRL3@nZIF-8(1:8)), 21 
(CRL3@nZIF-8(1:21)), and 35 (CRL3@nZIF-8(1:35)); (b) Immobili-

zation (%) at various times using nZIF-8(1:35) as the support material, 
with incubation times ranging from 15 to 75 min
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[32]. Therefore, an incubation time of 60  min is recom-
mended for maximizing lipase embedding within the nZIF-
8(1:35) framework. A preliminary screening was conducted 
to further evaluate the effect of increasing lipase concen-
tration on its embedding efficiency within the nZIF-8(1:35) 
framework. The concentration of partially purified lipase in 
the Zn2+ and HmeIM (1:35) system was varied from 50 mg/
mL to 125  mg/mL and 250  mg/mL. Based on these con-
centrations, the actual amounts of lipase introduced into the 
reaction were calculated as 3.0 ± 0.01  mg, 7.0 ± 0.01  mg, 
and 11.0 ± 0.01 mg for CRL3@nZIF-8(1:35), CRL7@nZIF-
8(1:35), and CRL11@nZIF-8(1:35), respectively.

It was found that CRL3@nZIF-8(1:35), CRL7@nZIF-
8(1:35), and CRL11@nZIF-8(1:35) exhibited immobili-
zation percentages of 89%, 90%, and 94%, respectively. 
The corresponding loading capacities were 17.7, 40.5, and 
73.9 mg/g. These results indicate that increasing the con-
centration of soluble lipase during the embedding process 
leads to a higher amount of immobilized lipase, as shown by 
both the immobilization percentage and the loading capac-
ity. To confirm successful embedding, SDS-PAGE analysis 
was performed on the supernatant solutions obtained after 
the embedding process. Samples E1, E2, and E3, corre-
sponding to CRL3@ZIF-8(1:35), CRL7@nZIF-8(1:35), and 
CRL11@nZIF-8(1:35), respectively, showed no detectable 
protein bands (Fig. 3a). This absence of bands suggests that 

most of the enzyme was successfully embedded within the 
nZIF-8 structure, leaving negligible amounts in the superna-
tants. The effect of embedded lipase on the crystallinity of 
nZIF-8(1:35) was also examined, confirming that the over-
all crystal structure remained intact after lipase embedding 
(Fig.  3b). However, a gradual decrease in peak intensity 
was observed with increasing lipase loading (CRL3@nZIF-
8(1:35) < CRL7@nZIF-8(1:35) < CRL11@nZIF-8(1:35)). 
This reduction is likely due to the amorphous nature of Can-
dida rugosa lipase, which may partially interfere with the 
overall crystallinity of the nZIF-8(1:35) framework upon 
embedding.

The immobilization (%) and loading capacity (mg/g) 
are summarized in Table 1. The trend shows that nanosized 
ZIF-8 synthesized at a Zn2+:2-methylimidazole ratio of 
1:35 exhibited the highest values. Additionally, increasing 

Table 1  Summarizes the calculated capacity loading and immobiliza-
tion of lipase embedment
Sample Immobilization (%) Loading 

Capacity 
(mg/g)

CRL3@nZIF-8(1:8) 24 ± 0.2 4.5 ± 0.01
CRL3@nZIF-8(1:21) 38 ± 0.2 6.2 ± 0.01
CRL3@nZIF-8(1:35) 89 ± 0.2 17.7 ± 0.01
CRL7@nZIF-8(1:35) 90 ± 0.2 45.0 ± 0.01
CRL11@nZIF-8(1:35) 94 ± 0.2 73.9 ± 0.01

Fig. 3  (a) SDS-PAGE gel of supernatant after immobilization (M: Pro-
tein marker, E1, E2, E3: CRLx@nZIF-8(1:35); x = 3,7,11) at different 
partially purified lipases, (b) XRD pattern of CRL3@nZIF-8(1:35)

(purple), CRL7@nZIF-8(1:35)(blue) and CRL11@nZIF-8(1:35)(pink), 
referring to the different concentrations of initial enzyme used for the 
reaction
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the concentration of soluble lipase during the embedding 
process enhanced both immobilization and loading capac-
ity, with CRL11 @nZIF-8(1:35) showing the highest values 
among the samples.

Physicochemical and Morphological 
Characterization of Embedded Lipase on nZIF-
8(1:35)

The crystallinity of lipase-embedded composites at varying 
lipase loadings (CRLx@nZIF-8(1:35), where x = 3, 7, and 
11) was analyzed and compared. Relative crystallinity at 
2θ = 7°, determined using Gaussian peak fitting, was refer-
enced to pristine nZIF-8(1:35), set as the standard (100% 
crystallinity). A progressive reduction in crystallinity was 
observed with increasing lipase content, primarily attrib-
uted to the amorphous nature of Candida rugosa lipase, 
which disrupts the ordered framework of nZIF-8(1:35) upon 
embedding. Specifically, the relative crystallinity decreased 
from 35% for CRL3@nZIF-8(1:35), to 33% for CRL7@
nZIF-8(1:35), and further to 21% for CRL11@nZIF-8(1:35), 
correlating with the incremental enzyme loading. To further 
evaluate structural changes, crystallite size was calculated 
using the Scherrer equation, based on peak positions and 
full width at half maximum (FWHM) values of promi-
nent peaks at 2θ = 7, 10, 12, 14, 16, 18, 22, 24, and 26°. 
A consistent decrease in crystallite size accompanied the 
reduction in crystallinity, with values declining from 27 nm 
(CRL3@nZIF-8(1:35)) to 22  nm (CRL7@nZIF-8(1:35)) 
and 20 nm (CRL11@nZIF-8(1:35)). These findings clearly 
demonstrate that relative crystallinity and crystallite size 
in lipase-embedded nZIF-8(1:35) composites are inversely 
proportional, with both parameters decreasing as lipase 
loading increases. This inverse relationship is attributed 
to the amorphous nature of Candida rugosa lipase, which 
introduces structural disorder and broadens the diffraction 
peak, thereby reducing the range order.

The presence of lipase within nZIF-8(1:35) framework 
was confirmed using transmission electron microscopy 
equipped with elemental analysis using Transmission Elec-
tron Microscopy and Energy Dispersive X-ray (TEM-EDX) 
spectroscopy. A comparative study was performed between 
pristine nZIF-8(1:35) and the lipase-embedded composites 
(CRLx@ nZIF-8(1:35) (x = 3, 7, and 11). As shown in Fig. 4, 
nZIF-8(1:35) exhibited well-defined rhombic dodecahedron 
morphology [18]. While, the lipase-embedded composites, 
CRLx@ nZIF-8(1:35) (x = 3, 7, and 11) displayed noticeable 
agglomeration of lipase on the particle surfaces, indicating 
that the relatively large lipase molecules were unable to pen-
etrate the internal pores of ZIF-8 and instead accumulated 
externally. EDX spectrum of nZIF-8(1:35) (Fig.  4a) dis-
played characteristic peaks for carbon, nitrogen, zinc, which 

are typical elements of the ZIF-8 structure. In contrast, the 
spectra of CRL2@ nZIF-8(1:35), CRL7@ nZIF-8(1:35), and 
CRL11@ nZIF-8(1:35) (Fig. 4b, 4c, and 4d) exhibited addi-
tional peaks corresponding to calcium and sulphur. These 
elements are indicative of Candida rugosa lipase, confirm-
ing successful lipase embedded within the nZIF-8(1:35) 
framework during the water-based synthesis process.

Further characterization of CRL3@nZIF-8(1:35) was 
performed to study the localization and distribution of lipase 
within the nZIF-8(1:35)). Five EDX spectra were collected 
from different regions of the same particle (Fig.  5a). The 
elemental distribution of N, C, Zn, Ca and S appeared ran-
dom across these locations, suggesting uneven dispersion of 
lipase within the nZIF-8(1:35) particles. The content of Ca 
or S varied between 0.1% and 3.2%, depending on the ana-
lyzed region, while Zn, C, and N ranged from 11.5 to 74.2%. 
Additionally, TEM-EDX line scanning (Fig. 5b) confirmed 
that lipase was embedded within the ZIF-8, although with a 
non-uniform distribution. Ca and S were found in CRL3@
nZIF-8(1:35) which were in accordance with the previ-
ously immobilized lipase [33]. These findings validate the 
successful embedding of lipase within the nZIF-8(1:35) 
framework and highlight the heterogeneous nature of lipase 
distribution within the nZIF-8(1:35).

Field Emission Scanning Electron Microscopy (FESEM) 
images (Fig.  6) provide additional confirmation of suc-
cessful lipase embedding within nZIF-8(1:35) particles. 
Comparative analysis of samples before and after washing 
revealed that lipase was embedded within the internal struc-
ture of nZIF-8(1:35) rather than merely adhering to its sur-
face. Notably, the post-washing images showed enhanced 
clarity and well-defined surface morphology, suggesting 
that rinsing effectively removed non-embedded, surface-
bound lipase. This washing step not only improved visu-
alization of the embedded structures but may also have 
contributed to enhanced crystallinity by eliminating excess 
amorphous lipase, which could otherwise interfere with the 
ordered framework. This is expected to contribute to bet-
ter catalytic performance by maintaining the integrity of the 
porous structure and ensuring optimal enzyme confinement.

Fourier Transform Infrared (FTIR) spectroscopy (Fig. 7) 
was employed to study the functional groups involved in the 
interaction between Candida rugosa lipase (CRL) and the 
nZIF-8(1:35) framework. The FTIR spectrum of CRL3@
nZIF-8(1:35) was closely resembled that of pristine nZIF-
8(1:35), which aligns with previous reports on enzyme 
embedment within ZIF-8 [34–36]. This similarity indicates 
that the enzyme was successfully embedded without caus-
ing significant disruption of the host framework’s structural 
integrity. The characteristic bands of nZIF-8(1:35) high-
light the interaction between 2-methylimidazole (HmeIM) 
and Zn2+ ions, which form the sodalite (sod) topology. A 
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prominent absorption band at 419  cm− 1 corresponds to 
Zn-N bond vibrations, confirming successful coordination 
between Zn and N atoms in the imidazolate linker. Addi-
tional bands in the region 755–1419 cm− 1 are attributed to 
the strong bending vibrations of the HmeIM ring, while weak 
bands observed between 2926 and 3199 cm− 1 originate from 
aliphatic and aromatic C-H stretching vibrations of HmeIM. 
Notably, the spectrum of CRL3@nZIF-8(1:35) exhibited a 
distinct band at 1656  cm− 1, assigned to the amide I band 
of the lipase, which corresponds to C = O stretching vibra-
tions. This feature confirms the presence of lipase protein 
within the nZIF-8(1:35) framework. Furthermore, a notice-
able shift in the broad band around 3500 cm− 1, associated 
with N-H stretching, suggests the presence of amino groups 
from the embedded lipase, providing additional evidence of 
successful enzyme embedding within nZIF-8(1:35) cage.

The thermogravimetric and differential thermal analysis 
(TGA-DTA) curves (Fig.  8) illustrate the thermal decom-
position behavior of pristine nZIF-8(1:35) and lipase-
embedded CRL3@nZIF-8(1:35) under an air atmosphere 
at temperatures ranging from 55 to 800  °C. During this 
process, the organic linker (HmeIM) and the lipase enzyme 
undergo combustion, while Zn2+ is oxidized to zinc oxide 
(ZnO), which remains as the final residue. For CRL3@
nZIF-8(1:35), two distinct decomposition events were 
observed. The first, at approximately 178 °C, corresponds 
to the thermal degradation of the embedded lipase. The sec-
ond, near 413 °C, is attributed to the decomposition of the 
nZIF-8(1:35) framework itself, which functions as a protec-
tive embedment. These thermal transitions confirm success-
ful enzyme embedding and provide insight into the thermal 
stability of the composite system.

Fig. 4  Energy dispersive X-ray (EDX) spectroscopy of (a) nZIF-8(1:35), (b) CRL2@ nZIF-8(1:35), (c) CRL7@ nZIF-8(1:35), and (d) CRL11@ 
nZIF-8(1:35), corresponding to different concentrations of partially purified lipase used for embedded
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Quantitatively, CRL3@nZIF-8(1:35) exhibited a gradual 
and continuous weight loss between 55 and 187  °C, with 
an overall mass loss of approximately 18%, associated with 
the decomposition of lipase and removal of adsorbed mois-
ture. In contrast, pristine nZIF-8(1:35) displayed a major 
decomposition event at around 350 °C, with a total weight 
loss of 55%. The residual mass was approximately 27%, 
consistent with ZnO formation. These findings indicate that 
nZIF-8(1:35) maintains excellent thermal stability under 
oxidative conditions and can effectively serve as a heat-
resistant carrier for lipase, preserving structural integrity up 
to 413 °C. The TGA results were consistent with previously 

reported data on immobilized lipase with ZIF-90. The struc-
tural integrity of ZIF was retained up to 350 °C [28].

Nitrogen adsorption-desorption analysis (Fig. 9) was per-
formed to evaluate the effect of lipase embedding on the 
porosity of the nZIF-8(1:35) framework. The Brunauer-
Emmett-Teller (BET) method revealed that pristine nZIF-
8(1:35) exhibited a surface area of 1776 m2g− 1, indicative 
of its well-developed porous structure. However, upon 
lipase embedding, the surface area of CRL3@nZIF-8(1:35) 
decreased significantly to 645 m2g− 1, representing a reduc-
tion of more than 60%. Similarly, the total pore volume 
decreased from 0.64 cm3g− 1 in pristine nZIF-8(1:35) to 

Fig. 6  FESEM images reveal the single-phase morphology of embedded lipase (CRL3@nZIF-8(1:35)) for (a) non-washed and (b) washed (right) 
samples at a magnification of 50,000X

 

Fig. 5  (a) Five different spots and (b) the elemental composition of CRL3@nZIF-8(1:35) by X-ray EDX mapping of each spot
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Fig. 8  TGA-DTA trace of nZIF-8(1:35) (orange) and CRL3@nZIF-8(1:35) (purple), TGA (a), DTA (b) under air in the temperature range of 
55–800 °C

 

Fig. 7  IR spectra of nZIF-8(1:35) (orange) and CRL3@nZIF-8(1:35) (purple)
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0.31 cm3g− 1 in CRL3@nZIF-8(1:35), reflecting partial pore 
blockage caused by the presence of lipase molecules. At low 
relative pressure (P/Po < 0.06), a sharp decrease in nitrogen 
adsorption was observed, suggesting that microporosity 
remains a dominant feature in both materials. A notice-
able hysteresis loop appeared near a relative pressure of 1 
in CRL3@nZIF-8(1:35), likely due to the complex interac-
tion between the nZIF-8(1:35) framework and the embed-
ded lipase, which may alter the pore space and influence gas 
diffusion dynamics. These results confirm successful lipase 
embedding within nZIF-8(1:35) and demonstrate its impact 
on the material’s textural properties.

The pore characteristics of nZIF-8(1:35) were signifi-
cantly altered upon lipase embedding, with both surface 
area and pore volume reduced by more than half. This 

substantial decrease confirms successfully incorporation 
of lipase within the framework. The embedding process 
was achieved by synthesizing nZIF-8(1:35) in the pres-
ence of lipases, allowing the framework to grow and the 
lipases to be embedded during the growth process. Lipase 
molecules were confined within the void spaces between 
growing nZIF-8(1:35) crystals during synthesis, effectively 
embedding them within the framework without compromis-
ing overall structural integrity. The optimal enzyme load-
ing selected for this study was CRL3@nZIF-8(1:35), which 
achieved an immobilization efficiency of 89%. This cor-
responds to the embedding of approximately 45 mg/mL of 
lipase from an initial concentration of 50 mg/mL introduced 
into the composite system during the embedding process, 
equivalent to17.7 mg/g of loading capacity. The calculation 

Fig. 9  (a) N2 isotherm, (b) linear-log plot, and (c) NLDFT pore size distribution, at 77 K. Adsorption and desorption are represented for nZIF-
8(1:35) and CRL3@nZIF-8(1:35)
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showed that in the CRL3@nZIF-8(1:35) composite, 1 mg of 
soluble lipase was successfully embedded within 60 mg of 
the composite material, corresponding to a distribution of 
1 mg lipase per 60 mg of composite. To further confirm the 
lipase activity after the embedding process, hydrolysis of 
p-nitrophenyl palmitate (p-NPPal) was tested to determine 
the activity of the embedded lipase by selecting different 
parameters for optimization.

Catalytic Activity of CRL3@nZIF-8(1:35)

When comparing the activity of all embedded samples 
(CRL3@nZIF-8(1:8), CRL3@nZIF-8(1:21), CRL3@
nZIF-8(1:35)) (data not included), CRL3@nZIF-8(1:35) 
exhibited the highest catalytic performance, with activity 
enhanced three- to four-fold compared to the other embed-
ded lipases. This result aligns with the immobilization (%) 
and loading capacity (mg/g) summarized in Table 1, as pre-
viously mentioned in Section 3.2. When comparing CRL3@
nZIF-8(1:35) with CRL7@nZIF-8(1:35) and CRL11@nZIF-
8(1:35) (data not included), CRL3@nZIF-8(1:35) dem-
onstrated superior catalytic performance, despite a lower 
loading amount, with activity a fold higher than the other 
embedded lipases. Several factors contributed to this out-
come. First, higher loading may cause partial crowding or 
aggregation of lipase, restricting substrate diffusion and 
reducing the effective rate. Second, excessive lipase loading 
may disrupt the framework, whereas CRL3@nZIF-8(1:35) 
maintains an optimal balance between immobilization, 
loading capacity, and catalytic accessibility.

Therefore, a direct comparison between soluble lipase 
and CRL3@nZIF-8(1:35) was conducted, evaluating the 
activity of the embedded form relative to soluble lipase at 
various time points (Fig.  10(a)). The relative activity (%) 
was calculated by normalizing each measurement against 
the highest lipase activity observed in the dataset. The 
results showed that at 40 °C, the activity of soluble lipase 
was lower than that of the embedded form. The optimal 
reaction time for soluble lipase (100%) was typically within 
5 min. Prolonged heat exposure negatively affected soluble 
lipase activity, causing denaturation and a rapid decline in 
activity, reaching a minimum of 1% after 75 min. In con-
trast, the embedded form exhibited optimal activity (100%) 
within 15 min, indicating that nZIF-8(1:35) acts as a heat-
resistant matrix, protecting the active site and maintaining 
lipase activity for a longer period.

The thermal stability of CRL3@nZIF-8(1:35) was fur-
ther assessed in a hydrolysis reaction at a fixed incuba-
tion time of 15  min across temperatures ranging from 30 
to 99  °C. Typically, catalytic activity increases with tem-
perature, but there is a significant decrease once optimal 
conditions are exceeded. This decline is due to alterations 

in the enzyme’s active site, leading to gradual denaturation 
until the enzyme is fully inactivated. The thermal stability 
of soluble lipase was observed between 30 and 40 °C. Expo-
sure to temperatures above this range negatively affected 
soluble lipase activity due to heat-induced denaturation and 
structural changes. As temperature increased, further struc-
tural changes led to decreased activity until complete dena-
turation occurred. Figure  10(b) shows that soluble lipase 
exhibited its highest activity (100%) at 40 °C, with activity 
decreasing as temperature increased, reaching only 9% at 
70 °C, indicating near-complete denaturation. The activity 
of embedded lipase was found to be four-folds higher than 
that of the soluble form. The highest activity of the embed-
ded lipase was 100% at 60 °C. Activity slightly decreased 
as the temperature increased from 60 to 100 °C. This may 
be due to temperature changes having only a minor impact 
on lipase in the embedded form. However, the overall activ-
ity of embedded lipase remained above 80%, even at the 
highest temperature applied. A previous study investigated 
and compared the activity of soluble and encapsulated CRL 
in hydrolysis of p-NPPal. The optimal temperature for both 
soluble CRL and encapsulated CRL is 35 °C, at which both 
exhibit 100% relative activity. When the temperature is fur-
ther increased to 55 °C, soluble CRL retains only 31% of 
its activity, whereas encapsulated CRL retains 62% [15]. 
This work and earlier studies confirm that immobilization 
strategies not only shift the optimal operating temperature 
upward but also mitigate thermal deactivation, thereby 
broadening the applicability of lipases in biocatalysis under 
harsh conditions.

CRL3@nZIF-8(1:35) was then tested in a reaction 
system with different pH media. The pH of the medium 
ranged from 1 to 13, with acidic, neutral, and basic con-
ditions tested as harsh operational environments. The pH 
of the medium is also important because nZIF-8(1:35) 
frameworks can undergo cleavage of Zn–N bonds in very 
acidic environments, leaving only the zinc(II) cation and 
the HmeIM anion in the system. The activity of lipase 
(Fig. 10(c)) decreases beyond the optimal pH due to modi-
fications in the enzyme structure caused by interactions 
with H+ and OH− in the surrounding conditions. However, 
the embedded lipase demonstrated enhanced activity due 
to the presence of nZIF-8(1:35) as a protective matrix, 
shielding the lipase from direct denaturation and prevent-
ing a rapid decrease in activity. This improvement is most 
noticeable at optimal neutral pH values. Both soluble and 
embedded lipase exhibited optimal activity (100%) at pH 
7.4 (the dotted line was redundant), with nZIF-8(1:35) 
as a protective matrix enabling the embedded lipase to 
achieve approximately five-fold higher activity compared 
to the soluble form. Moreover, the embedded lipase consis-
tently demonstrated enhanced performance under extreme 
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pH conditions, whether highly acidic or highly basic. For 
example, at pH 1, the activity of the embedded lipase was 
25%, while that of the soluble lipase was only 17%. This 
is because soluble lipase is directly affected by pH fluc-
tuations, which can alter its conformation and reduce cata-
lytic efficiency toward p-NPPal. In contrast, the presence 
of nZIF-8(1:35) provides structural protection and stabi-
lization, shielding lipase from denaturation and enabling 
sustained catalytic activity even under harsh operational 

conditions. A previously reported study revealed that the 
maximum observed activity was defined as 100% for com-
parison between free CRL and encapsulated CRL within 
the pH range of 6–7. Notably, CRL@ZIF-8 exhibited 
higher activity than free CRL in both acidic (pH 2–6) and 
alkaline (pH 7–9) regions, confirming the positive effect 
of enzyme encapsulation on its performance [15]. These 
findings significantly improves both thermal stability and 
pH tolerance of immobilized CRL, thereby extending the 

Fig. 10  (a): Activity performance of CRL3@nZIF-8(1:35) and soluble 
lipase (CRL) at 40 °C over different incubation times (5, 15, 30, 45, 60, 
and 75 min). (b): Activity of CRL3@nZIF-8(1:35) and soluble lipase 
(CRL) at different temperatures (30, 40, 60, 75, 90, and 99 °C) with 
an incubation time of 15  min. (c): Activity of CRL3@nZIF-8(1:35) 
and soluble lipase (CRL) at different pH values (pH 1, 3, 5, 7.4, 9, 11, 
and 13) after incubation for 15 min at 60 °C. The yellow dot repre-

sents soluble lipase activity, while the purple dot represents embedded 
lipase activity. Conditions: 2 mL of 35.0 mM p-NPPal in ethanol, 2 
mL PBS at different incubation times (5, 15, 30, 45, 60, and 75 min), 
temperatures (30, 40, 60, 75, 90, and 99 °C), or pH values (pH 1, 3, 5, 
7.4, 9, 11, and 13), incubated at 90 °C for 15 min. Equivalent amounts 
of protein or enzyme in soluble and embedded lipase were calculated 
for 1 mg
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functional applicability of lipases in different biocatalytic 
processes.

The embedded lipase (CRL3@nZIF-8(1:35)) demon-
strated enhanced catalytic activity, thermal stability, and 
pH tolerance compared to soluble lipase. The optimized 
immobilization balances and enhances catalytic accessibil-
ity while preventing denaturation under harsh conditions. 
CRL3@nZIF-8(1:35) effectively protected lipase, maintain-
ing high activity during prolonged incubation, elevated tem-
peratures, and extreme pH environments.

Reusability Study of Embedded Lipase, CRL3@nZIF-
8(1:35)

Under optimum conditions (CRL3@nZIF-8(1:35), 
15 min of incubation at 60 °C, and a fixed concentration 
of p-NPPal at 35 mM), the reusability of the embedded 
lipase was evaluated in a hydrolysis reaction. CRL3@
nZIF-8(1:35) was recovered by decanting, washed once 
with water and then with acetone, and dried in an oven 
at 100 °C before reuse in the next cycle. The observed 
yellowing of the embedded lipase suggests that p-NP 
may have been partially trapped within the frameworks, 
likely contributing to a modest decline in activity in each 
cycle. Lipase activity gradually decreased over succes-
sive cycles (Fig. 11), with a reduction of approximately 
10–20% per cycle. After the seventh cycle of p-NPPal 
hydrolysis using recycled CRL3@nZIF-8(1:35), approx-
imately 20% of the initial lipase activity was retained, 
demonstrating partial but sustained catalytic perfor-
mance under repeated use. In each cycle, the recovery 

rate may play an important role because it reflects the 
stability of the embedded enzyme and the efficiency of 
the recovery process. During repeated hydrolysis, the 
enzyme is subjected to stress factors under optimum 
conditions that gradually reduce its catalytic activity. By 
monitoring activity over cycles, CRL3@nZIF-8(1:35) 
protects the lipase and is effective in preserving enzyme 
activity.

In previous study, FITC-lipase@PCN-333 demonstrated 
recyclability, retaining up to 77.8% of its relative activ-
ity over six cycles, with a 22.4% reduction in enzymatic 
activity observed in the sixth cycle [37]. Both PCN-333 
and ZIF-8 can serve as effective supports for recyclabil-
ity studies, as soluble lipase cannot be reused directly and 
requires purification to avoid contamination. PCN-333, with 
its mesoporous structure, offers a larger pore aperture in the 
range of 4.2–5.5 nm, making it suitable for accommodating 
biomolecules such as enzymes. In contrast, ZIF-8 possesses 
a microporous framework with a much smaller pore aper-
ture of approximately 0.34 nm, which limits direct enzyme 
embedment but provides strong structural stability and pro-
tective embedment.

The PXRD patterns of CRL3@nZIF-8(1:35) at cycle 1 
and cycle 7 (Fig. 12) were compared, and the results dem-
onstrated that each diffraction peak decreased in intensity, 
indicating partial structural disruption during repeated 
catalytic cycles. However, the overall crystallinity was 
maintained, demonstrating strong structural stability and 
protective embedment provided by nZIF-8(1:35). In addi-
tion, these crystalline phases may also be influenced by 
p-NP interacting with the framework during lipase cataly-
sis, leaving residual p-NP adsorbed on the surface of the 
embedded lipase. This interaction could contribute to minor 
variations in peak intensity while still preserving the funda-
mental crystalline framework.

Conclusion

In summary, the high-loading embedded lipase was suc-
cessfully prepared using a de novo approach and dem-
onstrated high hydrolytic activity, withstanding several 
parameters after embedment. Embedment was confirmed 
by PXRD, which showed a reduction in the intensity of 
the ZIF-8 polymorph peaks. EDX confirmed the pres-
ence of sulfur from the lipase and calcium as a metal ion 
detected in the elemental analysis. Candida rugosa lipase 
molecules, which are larger than the pore apertures of 
nZIF-8(1:35), were embedded within the framework dur-
ing self-assembly rather than adsorbed on the surface. 
The reduction in pore volume and surface area of CRL3@
nZIF-8(1:35) demonstrates that lipase molecules occupy 

Fig. 11  Reusability study of CRL3@nZIF-8(1:35) under optimal condi-
tions. Conditions: 2 mL of 35.0 mM p-NPPal in ethanol, 2 mL PBS pH 
7.4, incubated at 60 °C for 15 min. Equivalent amounts of protein or 
enzyme in soluble lipase and embedded lipase were calculated for 1 mg
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and fill the internal voids of the crystals. This embed-
ment enhances catalytic performance, with CRL3@nZIF-
8(1:35) exhibiting six-fold higher activity compared to 
soluble lipase under the studied conditions. The reusabil-
ity assessment demonstrated that CRL3@nZIF-8(1:35) 
can be applied in repeated hydrolysis reactions, by main-
taining the structural integrity of the nZIF-8(1:35) frame-
work for up to seven cycles.
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