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Abstract: Green zinc-metal-pillared bentonite mediated curcumin extract (Zn@CN/BE) was syn-
thesized and characterized as a low-cost and multifunctional (curcumin-based phytochemicals,
zinc-capped curcumin, zinc/curcumin complexes, and zinc-pillared bentonite) antioxidant and an-
tidiabetic agent with enhanced activity. The activities of the Zn@CN/BE structure were assessed
in comparison with curcumin and ZnO as individual components and in the presence of miglitol
and acarbose commercial drugs as controls. The structure validated remarkable antioxidant ac-
tivities against the common oxidizing radicals (nitric oxide (94.7 ± 1.83%), DPPH (96.4 ± 1.63%),
ABTS (92.8 ± 1.33%), and superoxide (62.3 ± 1.63 %)) and inhibition activities against the main
oxidizing enzymes (porcine α-amylase (89.3 ± 1.13%), murine α-amylase (70.8 ± 1.54%), pancre-
atic α-Glucosidase (99.3 ± 1.23%), intestinal α-Glucosidase (97.7 ± 1.24%), and amyloglucosidase
(98.4 ± 1.64%)). The reported activities are higher than the activities of individual components and
the studied ascorbic acid as well as the commercial drugs. This enhancement effect was assigned
to the impact of the zinc pillaring process within the curcumin/bentonite host, which induced the
stability, dispersions, and interactive interface of the essential active compounds in addition to the
solubility and release rate of the intercalated curcumin extract. This paper recommends the applica-
tion of the Zn@CN/BE structure as an enhanced, low-cost, biocompatible, safe, and simply produced
antioxidant and antidiabetic agent.
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1. Introduction

During later periods, humanity will face an eventual increase in the number of diabetes
patients in the world. It is predicted that by 2030, diabetes, as clinical pancreatic syndrome,
will be the seventh leading cause of death in the world and might affect up to 366 million
persons [1–3]. There are two types of diabetes disease: (1) type-1 diabetic mellitus (T1-DM))
and (2) type-2 diabetes mellitus (T2-DM). The latter is the most widely identified type and
might affect 90% of the diabetes patients in 2030 [1,4]. T2-DM is a stark type of metabolic
disorder and is usually associated with post-prandial hyperglycemia (high concentration
of glucose) in addition to the release of free-oxidizing radicals (reactive oxygen species
(ROS)) at abnormal levels [5,6]. The T2-DM type of diabetes causes several types of clinical
complications such as neuropathy, coronary heart disease, cardiomyopathy, morbidity,
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nephropathy, retinopathy, kidney failure, and even mortality [7,8]. Additionally, other
types of health side effects are widely reported as a result of high levels of blood sugar,
such as polyphagia, polydipsia, and glycosuria [6,9]. Additionally, high levels of ROS
cause remarkable pathophysiological conditions that involve the significant fading of the
essential antioxidant defenses in the body and result in strong oxidative stress [6,10]. Such
oxidative stresses strongly induces lipid peroxidation, insulin resistance, damage to blood
vessels, and the destruction of cellular organelles [6,9,11].

However, there are several species of commercially used antidiabetic drugs (biguanides,
thiazolidinedione, miglitol, sulfonylureas, acarbose, and voglibose) that achieve signifi-
cant efficiency during the reduction of hyperglycemia and the oxidizing radicals [6,9,12].
However, their applications are commonly associated with some side effects, such as hep-
atotoxicity, abdomen distention, meteorism, diarrhea, and severe hypoglycemia [6,13].
Therefore, several types of multifunctional structures have been produced as potential
antioxidant and antidiabetic agents that exhibit enhanced management impacts on T2-DM
diabetes and prevention properties against oxidative stress [6,14]. Later, different metals
and metal oxides-based structures were evaluated as effective antidiabetic materials as
a result of their unique physicochemical properties in addition to their significant safety,
surface area, biocompatibility, biological activity, and therapeutic and theranostic poten-
tiality [1,14,15]. On the other hand, numerous types of edible plants and their leaves
were assessed as safe antioxidant and antidiabetic products, either as raw samples or
their extracts [9,14,16]. The valuable phytochemicals of these plants, such as polyphenols,
glucosinolates, tannins, terpenes, carotenoids, and steroids, strongly reduce the level of
blood sugar as well as the commonly reported complications of T2-DM [7,10,17].

Zinc and its oxide- or hybrid-based structures have been widely investigated as
promising bioactive materials that exhibit notable safety, biocompatibility, nontoxicity, and
antidiabetic and antioxidant properties [18–20]. Zinc was identified as one of the most
vital elements in the organs of the human body that are essential components during
the production of protein and nucleic acid [15,19]. Additionally, it is extensively used in
several biological and medical applications, including drug delivery and tissue engineering,
and as an antioxidant, anticancer, antibacterial, and hypoglycaemic agent [15,21]. How-
ever, the studies introduced in this field demonstrate significant effects for crystallinity,
morphology, synthesis methods, mechanical stability, crystallite size, hybridization, and
surface-modification processes on the biological activities and biomedical applications
of zinc-based materials [15,18,22]. Moreover, the assessed zinc-based complexes with
different species of biopolymers and the active phytochemicals based on the extracts of
plants have resulted in enhanced bioactive products of enhanced biocompatibility, with
antioxidant and genotoxicity properties [19,23–25]. Therefore, the green fabrication of
zinc-based nanomaterials, utilizing the extracts of edible plants, which are saturated with
different species of well-known phytochemicals such as turmeric rhizome, might result in
products of enhanced antioxidant and antidiabetic potentiality. This technique was recom-
mended strongly for obtaining non-agglomerated nanoparticles, which are characterized
by low production cost, simple fabrication procedures, non-toxicity, and biosafety [18,26].
Moreover, the obtained nanoparticles have been significantly coated with the capping films
of the present phytochemicals, such as phenolic compounds, alkaloids, amino acids, and
proteins, i.e., the structure presents as a metal/phytochemicals complex [18].

Curcumin (CN) is a polyphenolic natural compound and is extracted from the known
turmeric rhizome (Curcuma longa), which exhibits considerable antioxidant, antibacterial,
anti-inflammatory, antitumor, and anticancer properties [27,28]. Its low water solubility,
poor bioavailability, low chemical stability, and rapid metabolism behavior place strong
restrictions on the commercial use of curcumin in different medical applications [28–30]. It
was reported that the encapsulation of curcumin or its based extract in effective carriers, or
the integration of it into complexes with different metals and metal oxides, can enhance
its solubility as well as its biological activity, including its antioxidant and antidiabetic
properties [27,31–33]. The application of natural bentonite as a substrate for zinc oxide and
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the zinc/curcumin complex, as well as a host for curcumin, will result in an innovative and
enhanced multifunctional antioxidant and antidiabetic agent. Bentonite is a widely used
natural biocompatible clay mineral that exhibits unique physicochemical properties that
could be incorporated extensively into numerous medical and pharmaceutical and medical
industries, especially as a drug delivery system [34–36]. Bentonite is characterized by its
high natural reserves, ion exchange capacity, surface reactivity, surface area, non-toxicity,
biocompatibility, adsorption, and absorption capacity, which validate its value as a carrier
for specific metal or drugs as it can enhance physicochemical properties as well as biological
activity [34,37].

Therefore, this study aims to synthesize Zn-pillared bentonite mediated curcumin
extract (Zn@CN/BE) by the facile intercalation of the organic molecules of the curcumin
extract within the bentonite layers, followed by the green pillaring of zinc metal by the same
extract, as a safe reducing and capping agent. The synesthetic composite was characterized
as an enhanced multifunctional antidiabetic and antioxidant agent with several species of
bioactive compounds and chemical groups (curcumin-based phytochemicals, zinc-capped
curcumin, zinc/curcumin complexes, and zinc-pillared bentonite). This was performed in
comparative and synergetic studies, as compared to pure curcumin, commercial ZnO, green
ZnO, bentonite, Zn-pillared bentonite, and curcumin-intercalated bentonite, in addition to
the previously tested compounds in the literature.

2. Results and Discussion
2.1. Characterization of the Synthetic Structure
2.1.1. Structural Properties

The structural effects of the integration reaction as well as the crystalline phases were
assessed according to the obtained XRD patterns of the final composite as well as the raw
materials (Figure 1). The used bentonite precursor demonstrates the characteristic peaks
of montmorillonite, the main component of bentonite, in addition to some kaolinite and
quartz impurities. The essential montmorillonite diffraction peaks were recognized clearly
at 5.78◦ (001) and 6.95◦ (002), and other identification peaks were detected at 19.85◦, 21.54◦,
26.68◦, and 28.56◦ (Ref. card No: 000-003-0010)) (Figure 1A (A)). The montmorillonite
phase in the used bentonite sample exhibits 12.9 nm and 12.71 Å as the average crystallite
size and basal spacing, respectively. The activation of bentonite with acid resulted in
notable structural changes in the montmorillonite crystallinity (Figure 1A (B)). The essen-
tial peaks deviated notably to lower 2Theta positions (5.05◦ and 6.6◦) and there was an
obvious reduction in the intensities of these peaks, which is in agreement with the previ-
ously reported structural effects of acid activation processes on montmorillonite structure
(Figure 1A (B)) [38–40]. These features signify the partial destruction impact of the acid
activation step on the bentonite crystalline structure, which is commonly associated with
the enhancement of textural properties and physicochemical properties, including the
surface reactivity and the chemical functional groups.



Inorganics 2023, 11, 154 4 of 21Inorganics 2023, 11, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 1. Shows (A) XRD patterns of the studied materials (bentonite (A(A)), acid-activated 
bentonite (A(B)), and synthetic Zn@CN/BE structure (A(C))) and (B) focus image on the diffraction 
patterns of the pillared zinc metal. 

The resulting XRD pattern of the formed Zn@CN/BE demonstrates the significant 
intercalation of the curcumin-based phytochemicals as well as the formation of the 
pillared metal (Figure 1A(C)). The intercalation of the curcumin organic phytochemicals 
as well as the successful pillaring of the montmorillonite layers with zinc result in strong 
exfoliation effects on the structure of the bentonite layers, causing partial destruction for 
the crystalline structure and partial amorphization, with a notable increase in the basal 
spacing to 26.3 Å (Figure 1A©) [41]. Moreover, there is a notable detection of two 
identification diffraction peaks of curcumin (12.2°, 14.42°, and 19.5°), which signify its 
intercalation within the bentonite layers at a significant ratio (Figure 1A(C)). The 
formation of the pillared metals was confirmed by the detection of much-reduced peaks, 
which was identified as significant on the high-intensification scale within the area from 
30° to 80°. The diffraction peaks characterize the formation of zinc metal with a 
crystallite size of 10.8 nm, according to the Debye–Scherer formula. The characteristic 
diffraction peaks were identified at 36.41° (002), 39.08° (100), 43.3° (101), 54.4° (102) and 
36.4° (101) (Figure 1A(C),B) (PDF. card: 04-0831; JCPDS 36–1451; JCPDS no. 00-004-0784). 

2.1.2. Morphological and Textural Properties 
The morphological features were assessed to investigate the impact of the different 

modification and hybridization steps. This was investigated based on the SEM and the 
HRTEM images of the different products (Figure 2). The used bentonite host in its SEM 
images appears as notable aggregated clusters composed of stacked and compacted 
flakey particles, which normally signify the layered features of the clay minerals (Figure 
2A). The characteristic cornflakes structure of montmorillonite structure was clearly 
detected in the high-magnification SEM images (Figure 2B). The montmorillonite 
platelets exhibited flexed and curvature properties, which provide the general form of 
the secondary type of lenticular pores (Figure 2B). Regarding the HRTEM images, the 
bentonite particles displayed a notable and significant multilayered internal structure 
with the characteristic lattice figure structure that is widely detected for montmorillonite 
layered units (Figure 2C). 

Figure 1. Shows (A) XRD patterns of the studied materials (bentonite (A (A)), acid-activated bentonite
(A (B)), and synthetic Zn@CN/BE structure (A (C))) and (B) focus image on the diffraction patterns
of the pillared zinc metal.

The resulting XRD pattern of the formed Zn@CN/BE demonstrates the significant
intercalation of the curcumin-based phytochemicals as well as the formation of the pillared
metal (Figure 1A (C)). The intercalation of the curcumin organic phytochemicals as well as
the successful pillaring of the montmorillonite layers with zinc result in strong exfoliation
effects on the structure of the bentonite layers, causing partial destruction for the crystalline
structure and partial amorphization, with a notable increase in the basal spacing to 26.3 Å
(Figure 1A (C)) [41]. Moreover, there is a notable detection of two identification diffraction
peaks of curcumin (12.2◦, 14.42◦, and 19.5◦), which signify its intercalation within the
bentonite layers at a significant ratio (Figure 1A (C)). The formation of the pillared metals
was confirmed by the detection of much-reduced peaks, which was identified as significant
on the high-intensification scale within the area from 30◦ to 80◦. The diffraction peaks
characterize the formation of zinc metal with a crystallite size of 10.8 nm, according to the
Debye–Scherer formula. The characteristic diffraction peaks were identified at 36.41◦ (002),
39.08◦ (100), 43.3◦ (101), 54.4◦ (102) and 36.4◦ (101) (Figure 1A (C),B) (PDF. card: 04-0831;
JCPDS 36–1451; JCPDS no. 00-004-0784).

2.1.2. Morphological and Textural Properties

The morphological features were assessed to investigate the impact of the different
modification and hybridization steps. This was investigated based on the SEM and the
HRTEM images of the different products (Figure 2). The used bentonite host in its SEM
images appears as notable aggregated clusters composed of stacked and compacted flakey
particles, which normally signify the layered features of the clay minerals (Figure 2A). The
characteristic cornflakes structure of montmorillonite structure was clearly detected in
the high-magnification SEM images (Figure 2B). The montmorillonite platelets exhibited
flexed and curvature properties, which provide the general form of the secondary type
of lenticular pores (Figure 2B). Regarding the HRTEM images, the bentonite particles
displayed a notable and significant multilayered internal structure with the characteristic
lattice figure structure that is widely detected for montmorillonite layered units (Figure 2C).
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Figure 2. SEM image of raw bentonite (A), high-magnification SEM image on the surface of bentonite,
and the selected area portrays the cornflakes structure of montmorillonite (B), HRTEM images of the
used raw bentonite (C), SEM image of CN/BE particles, (D) HRTEM image of the synthetic CN/BE
particles (E), SEM image for the surface of the synthetic Zn@CN/BE structure (red arrows refer to the
decorated Zn metal on the surface) (F), high-magnification image of the supported zinc nanoparticles
and the interstitial pores (G,H), and HRTEM image of the synthetic Zn@CN/BE structure (red arrows
refer to the pillared zinc metal between the bentonite layers) (I).

After the intercalation process of the bentonite layered units with the extracted
curcumin-based organic phytochemicals, the bentonite layers swelled and exfoliated sig-
nificantly, which appeared during the significant displacement of the layers from each
other (Figure 2D). The internal structure, according to the HRTEM images, also reflects
the hybridization of the bentonite layers, with the thin films of the polymeric organic com-
pounds that were extracted from the curcumin powder (Figure 2E). They exhibit observable
fibrous forms with a dark-grey tone, as compared to the silicate layers of the bentonite host
(Figure 2E).

The synthetic Zn@CN/BE structure exhibits a highly decorated exfoliated layer
with numerous nanoparticles of the synthetic green zinc metal with spherical shapes
(Figure 2F). The growth and distribution of these green zinc nanometals, commonly in-
volved in interstitial nano-pores, significantly positively affected the surface area of the
structure (Figure 2G,H). Regarding the HRTEM images of the structure, they support
the SEM images significantly. The synthetic zinc-metal nanoparticles were detected be-
tween the bentonite layers, which confirms their formation as pillared structures as well as
surface-coated layers (Figure 2I).

The morphological effects of the intercalation and pillaring processes resulted in
notable textural changes in terms of porosity as well as the surface area of the obtained
hybrid structure. The determined surface areas of raw bentonite (BE), acid-activated
bentonite (A.BE), curcumin-intercalated bentonite (CN/BE), and the prepared zinc-pillared
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bentonite mediated curcumin extract (Zn@CN/BE) are 91 m2/g, 98.7 m2/g, 106.3 m2/g,
and 156.7 m2/g, respectively. The notable enhancement in the surface area after the
intercalation process with the curcumin-based organic phytochemicals was assigned to
the expansion and swelling impact of these long organic chains on the basal spacing
of the layered bentonite units. Additionally, the formation of the zinc metal as pillared
nanoparticles between the bentonite layers gives the structure highly porous properties,
which also induce the surface area. Moreover, the reported morphological features of the
coated zinc layer, as spherical nanoparticles with numerous interstitial nano-pores, on the
surface of the exfoliated bentonite sheet also significantly enhanced the surface area.

2.1.3. Chemical Properties

The synthesis procedures and the impact of the hybridization processes were based on
the FT-IR spectra of the raw samples as well as the synthetic products (Figure 3). The incor-
porated bentonite precursor exhibited the characteristic spectrum of the montmorillonite
chemical structure, demonstrating its essential functional groups such as the coordination of
–OH (3400 cm−1) with the octahedral cations (Al2OH, AlMg(OH) and AlFe3+(OH)) and the
interlayer water molecules between the montmorillonite layers (1640 cm−1) (Figure 3 (A)).
The structural Si-O as well as Al-O chemical groups were recognized based on the reported
bands of around 1000 cm−1 and 918 cm−1, respectively. The signified bands within the
estimation range from 1000 cm−1 to 400 cm−1 identify the structural bonds of Si–O–Al,
Si-O-Si, Si–O–Mg, and Mg–Fe–OH (Figure 3 (A)) [42,43]. The detected spectrum of the
acid-activated bentonite exhibits no significant detection for new bands or the removal of
the original bands (Figure 3 (B)). The structural effect of the process was signified by the
notably deviated absorption bands in addition to the observable increase in the intensity
of the characteristic bands of the interlayer water molecules, as well as the coordinated
hydroxyl groups within the phyllosilicate structure of montmorillonite, which occurred
as a result of the hydration properties of the performed acid treatment step (Figure 3 (B)).
Moreover, the previous results are in agreement with the XRD studies that signify the
non-extensive destruction properties of the acid-modification process on the crystalline
structure of the montmorillonite units (Figure 3 (B)).
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The obtained spectrum of the used curcumin powder exhibits the commonly identified
bands of its main chemical groups, including the –OH groups of the present organic pheno-
lic compounds (3506 cm−1), aromatic -C-H groups of the neat curcumin (2943–2965 cm−1),
C=C bonds (1626 cm−1), the structural benzene ring of curcumin (1604 cm−1), vibration
stretching of C=O bonds (1507 cm−1), C-H bond of olefin groups (1432 cm−1), C-O bonds of
the aromatic groups (1278 cm−1), C-H bonds of the aromatic groups (1162 and 812 cm−1),
the vibration of C-O-C groups (1023 cm−1); benzoatetrans-CH (963 cm−1), and the cis-CH
of the aromatic structure (716 cm−1) (Figure 3 (C)) [28,35,44]. The spectrum of the synthetic
curcumin-intercalated bentonite sheets (CN/BE) was compared with the spectra of the
integrated raw materials of bentonite and curcumin (Figure 3 (D)). The identified bands
demonstrate the successful combination of the inorganic structure of bentonite and the
organic chemical groups of the curcumin-based extract (Figure 3 (D)). The interaction
between them was signified by the remarkable shifting in the positions of the identification
bands of the essential chemical groups, as compared to the original samples (Figure 3 (D).
The marked inorganic functional groups of bentonite layers are Si-O-Si (473.2 cm−1),
Si–O–Al (534 cm−1), Al-O (934 cm−1), and Si-O (1008 cm−1), while the marked organic
functional groups of the curcumin extract are benzoatetrans-CH (921 cm−1), aromatic C-O
(1284 cm−1), olefin C-H (1440 cm−1), C=O (1509 cm−1), and benzene rings (1612 cm−1)
(Figure 3 (D)).

Such changes in the functional chemical groups were also identified in the determined
FT-IR spectrum of the synthetic Zn@CN/BE hybrid structure (Figure 3 (E)). The organic
chemical groups of the curcumin-based phytochemicals as well as the inorganic aluminosil-
icate chemical groups of bentonite were clearly identified, with a considerable deviation of
the bands demonstrating the impact of the zinc pillaring processes (Figure 3 (E)). Moreover,
the reduced absorption bands of around 602.7 cm−1 and 462 cm−1 signify the Zn-O bonds
and the entrapping of the metal (Figure 3 (E)) [24,26]. This is in notable agreement with the
obtained results from the dispersive X-ray spectrum (EDX) of the composite (Figure S1).
The elemental composition based on the EDX spectrum demonstrates the existence of Si
and Al as inorganic elements related to the bentonite host, the C element signifies the
organic component of the composite (curcumin extract), and the Zn element signifies the
pillared and coated zinc nanoparticles.

2.2. Antioxidant Properties
2.2.1. Scavenging of Nitric Oxide

The aerobic respiration and electron transportation processes resulted in several
species of ROS that normally cause significant oxidative stress and several types of degen-
erative diseases [45]. Nitric oxide, which is a common gaseous free reactive oxygen radical,
can cause numerous hazardous side effects [6,46]. The abnormal levels of nitric oxide
cause the fragmentation of DNA, death of neuronal cells, cell cytotoxicity, and damage
to the cells [47]. The metal and metal oxide-based structures were categorized as poten-
tial antioxidant materials that can be applied effectively against the nitric oxide radicals
(Figure 4A). The experimentally detected scavenging percentage of nitric oxide radicals
by the synthetic Zn@CN/BE multifunctional structure is 94.7 ± 1.83% (Figure 4A). This
value is higher than the determined values of pure curcumin extract (CN) (12.3 ± 1.06%),
bentonite-intercalated curcumin CN/BE (23.6 ± 1.17%), commercial ZnO nanoparticles
(35.7% ± 1.57 %), and green synthesized ZnO (48.7 ± 1.36%), as well as the commonly used
commercial ascorbic acid as the control sample (21.6 ± 1.33%) (Figure 4A). These results
validate the significant effect of the used bentonite host on the achieving efficiency of the
curcumin as well as the zinc. This effect might be assigned to the impact of the clay host
in enhancing the dispersion properties, stability, exposure, and interactive interface area
between the loaded biologic active compound (Zn and curcumin-based phytochemicals)
and the nitric oxide radicals, which in turn enhance their capture [48,49]. Moreover, the
encapsulation of curcumin within the bentonite host induces the biological and solubility
properties of curcumin in addition to the reported significant adsorption and absorption
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capacity of the bentonite structure [42,50]. Therefore, the synthetic green zinc-pillared
bentonite mediated curcumin extract (Zn@CN/BE) was recommended as a multifunctional
organic/inorganic antioxidant structure of significant scavenging efficiency for the active
free nitric oxide radical.
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2.2.2. Scavenging of DPPH Radical

The scavenging properties of the prepared Zn@CN/BE composite against the DPPH
oxidation radicals were estimated in comparison with CN, CN/BE commercial ZnO, green
ZnO, and ascorbic acid as the commonly used control or standard. The estimated scav-
enging percentage of DPPH by the Zn@CN/BE composite is 96.4 ± 1.63%, which is
a significantly high value considering the obtained value by the control (ascorbic acid
(76.3 ± 1.28%)) as well as the determined values using commercial ZnO (41.7± 1.58%),
green ZnO (56.3 ± 1.37%), CN extract (62.5 ± 1.62%) and CN-intercalated bentonite
(CN/BE) (74.8 ± 1.41%) (Figure 4B). Moreover, the determined activity is notably higher
than several tested compounds in the literature, such as CuO (about 80%) [51], Ag-doped
ZnO (73.79%) [6], RGO-ZnO NCs (69%) [4], Ag nanoparticles (67%) [52], Pt nanoparti-
cles (70%) [53], and Au nanoparticles (70.73%) [54]. The DPPH scavenging mechanisms
by the metal-based antioxidant agents such as Zn@CN/BE composite occurred by the
effective transfer process of an electron (e-) and a proton (H+) from its structure to the
organic structure of the DPPH radical [55]. This is commonly known as the coupled
proton/electron transfer mechanism, where electron density can be transmitted from the
surface of the pillared zinc metal to the odd electrons within the nitrogen atoms of the DPPH
structure [35]. Hosting the zinc metal as a biologically active and antioxidant structure
between the bentonite layers significantly enhances the efficiency of the previous mech-
anisms. The saturation of the bentonite layers with numerous negative charges induces
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the charge separation efficiencies involving electron attraction reactions, causing a notable
enhancement in the scavenging properties of Zn@CN/BE, considering the previously
reported mechanism [55,56].

2.2.3. Scavenging of ABTS Radical

The scavenging of ABTS was later introduced as a significant indictor of the antioxi-
dant properties of different synthetic materials, especially hybrid structures or composites,
depending on the generated reduction in the ABTS cation radical (ABTS•+), which is com-
monly produced using potassium persulfate. It was reported that the synthetic structures
that characterize hydrogen-donating antioxidant behaviors can be applied defectively
to reduce the level of the released ABTS•+ radical in the cells. Therefore, the prepared
Zn@CN/BE structure with its essential components (pillared zinc metal and curcumin-
based phytochemicals) is a highly effective antioxidant agent against the ABTS•+ radical.
The capturing percentage of the ABTS radical by the Zn@CN/BE composite is 92.8 ± 1.33%,
which is a significantly promising value when considering the value obtained by the control
(ascorbic acid (75.4 ± 1.14%)) as well as the values determined using commercial ZnO
(36.4 ± 1.45%), green ZnO (55.7 ± 1.44%), CN extract (63.7 ± 1.35%) and CN-intercalated
bentonite (CN/BE) (77.4 ± 1.83%) (Figure 4C). Additionally, the reported activity of the
composite is higher than the compounds investigated in the literature, such as oregano
oil/halloysite [57], soy β-conglycinin-dextran-polyphenol [50], mung bean protein [58],
and chitosan/lignosulfonate micelles [59]. The results obtained during these synergetic
tests demonstrate the enhancement properties of the composite as compared to the main
components, which were assigned previously associated with an enhancement in the
quantities of the active chemical groups as well as the textural and physicochemical prop-
erties. Moreover, the expected wrapping of the intercalated curcumin-based long-chain
organic phytochemicals between the aluminosilicate layers of bentonite strongly induces
the generation of numerous hydrogen atoms [48].

2.2.4. Scavenging of Superoxide Radical

The superoxide anion radical (O2
•−) is a common oxidizing radical that generates

widely in cellular organelles involving mitochondria. This radical is commonly immedi-
ately transformed into active species of hydroxyl radicals (•OH) in addition to hydrogen
peroxide (H2O2). The generation of reactive hydroxyl radicals and the non-regulation of
its concentrations in the cells commonly cause severe pathophysiological conditions and
associated degenerative diseases in addition to several types of hazardous health risks [60].
Superoxide radicals and their transformed species exhibit strong cellular damage effects, es-
pecially on DNA, RNA, and protein [61]. However, the system of the human body provides
a natural defense against the generated superoxide radicals to maintain safe physiological
homeostasis, but in various diseases, the organs cannot provide the suitable functional
groups or the required levels of these functional groups to overcome the concentrations
of the released superoxide radical. Therefore, the scavenging of superoxide radicals by
innovative and biocompatible synthetic structures is strongly recommended (Figure 4D).
The measured scavenging percentage of O2

•− using Zn@CN/BE (62.3 ± 1.63%) is an excel-
lent value as compared to the reported structure in the literature and the used standard
(ascorbic acid (17.3 ± 1.34%)) (Figure 4D). Additionally, the synergetic tests demonstrate
the significant enhancement effects of the different steps of the integration process on
the antioxidant properties of the structure gains of the superoxide radical. The deter-
mined values using commercial ZnO, green ZnO, CN extract, and CN/BE are 8.7 ± 1.16%,
13.8 ± 1.22%, 15.2 ± 1.66%, and 27.5 ± 1.31%, respectively (Figure 4D). Moreover, the
activity of Zn@CN/BE is significantly higher than that of the previously addressed struc-
tures in the literature, such as Ag-doped ZnO (27.34%) [6], Ag nanoparticles [52], and CuO
(about 80%) [51]. This qualifies the prepared Zn@CN/BE as a green multifunctional antiox-
idant product to be used effectively against generated O2

•− radicals in the human cells.
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2.3. Antidiabetic Properties
2.3.1. Porcine Pancreatic α-Amylase Inhibition Assay

The antidiabetic properties of the zinc-pillared bentonite mediated curcumin extract
(Zn@CN/BE) were evaluated against several enzymes, including α-amylase enzymes,
which are categorized as a highly effective and dominant species of digestive enzymes.
They exhibit strong destruction and breakdown effects on the long chains of carbohydrate
polymeric structures, such as polysaccharide starch-producing maltose simple structures,
which in turn transform immediately into glucose [6]. Therefore, the effective inhibition
of α-amylase enzymes will significantly reduce the breakdown rate of the complex sugar
compounds and in turn the absorption rate of dietary starches and the actual levels of the
blood sugar [62]. Therefore, post-prandial hyperglycemia in diabetes can be controlled
at significant and safe levels [24]. The determined inhibition % of the α-amylase enzyme
(porcine pancreatic) using Zn@CN/BE (89.3 ± 1.13%) reflects its significant antidiabetic
properties, considering the values determined by the commercially used drugs as standards
(acarbose (75.2 ± 1.68%) and miglitol (18.3 ± 1.42%)) (Figure 5A). Moreover, the detailed
synergetic studies display an enhancement in the inhibition percentage of curcumin ex-
tract (CN) after its intercalation within the aluminosilicate layers of bentonite (CN/BE),
and the inhibition efficiency of the composite (CN/BE) was strongly enhanced after the
pillaring of the structure with green zinc metal nanoparticles. The measured inhibition % of
α-amylase using commercial ZnO, green ZnO, CN extract, and CN/BE are 40.3 ± 1.66%,
44.5 ± 1.53%, 54.3 ± 1.46%, and 60.7 ± 1.77%, respectively (Figure 5A). Additionally,
the determined activity of Zn@CN/BE is notably higher than Ag-doped ZnO (23%) [6],
RGO-ZnO (51.19%) [4], Ag/CuO (38.9%) [63], NiO nanoparticles (22%) [64], Ag nanoparti-
cle (61%) [52], and the synthetic Fe-CuO-SiO2 composite [65], which are structures studied
in the literature.
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Figure 5. The α-amylase inhibition activities of CN, CN/BE, commercial ZnO, green ZnO, and
Zn@CN/BE structures (500 µL; 100 µg/mL) (the tests were replicated 5 times); (A) Porcine pancreatic
α-amylase enzyme (100 µL; 50 µg/mL); and (B) Murine pancreatic α-amylase enzyme (100 µL;
50 µg/mL).

This enhancement effect might be related to the impact of the bentonite host or carrier
on controlling the diffused rates on the intercalated curcumin-based biologically active
phytochemicals, which maintain the interaction between these compounds and the enzyme
for significant intervals [42]. Moreover, the significant surface area of the applied bentonite
carrier induces the stability and dispersion properties of the loaded active compounds
(pillared zinc and curcumin phytochemicals). Additionally, the presence of the loaded
zinc nanoparticles in the pillared and non-agglomerated forms between the bentonite
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layers enhances their exposure and interaction interfaces with the enzyme. Previous
studies demonstrated the significant adverse effects of the agglomeration processes on the
biological activities of the synthetic metal and metal oxide nanoparticles [48]. The obtained
enhancement effect of the applied host on the biological and antidiabetic activities of the
organic and metal-based active compounds are in agreement with the reported results in
the literature [14,28,48,60]. Based on the determined inhibition efficiency of Zn@CN/BE
against the porcine pancreatic α-amylase enzymes, it can be applied effectively as an
enhanced and safe antidiabetic agent, considering the commonly detected side effects of
the commercially applied drugs as well as their expensive costs [66,67].

2.3.2. Murine Pancreatic α-Amylase Inhibition

The inhibition properties of Zn@CN/BE against the murine pancreatic α-amylase
were assessed to signify the qualification of the composite to be used against the com-
mercially studied enzymes as well as the metabolically crude active enzymes. The tests
were conducted in synergetic systems, considering the effect of the different combinations
and hybridization procedures. The application of Zn@CN/BE caused an inhibition of the
α-amylase enzyme (murine pancreatic) of 70.8 ± 1.54%, demonstrating higher activity
than the common antidiabetic drugs used as controls (acarbose (61.4 ± 1.55%) and miglitol
(11.2 ± 1.61%)) (Figure 5B). The synergetic tests also demonstrated the significant impact
of the hybridization process on inducing the antidiabetic activity of the essential active
compounds of curcumin and the pillared zinc-metal nanoparticles. The measured inhi-
bition % using commercial ZnO, green ZnO, CN extract, and CN/BE were 9.8 ± 1.12%,
15.4 ± 1.11%, 38.7 ± 1.33%, and 44.8 ± 1.52%, respectively (Figure 5B). Therefore, the
prepared Zn@CN/BE composite exhibits an enhanced inhibition effect on the α-amylase
enzyme, either the commercial type (porcine pancreatic) or the metabolically crude ac-
tive enzyme (murine pancreatic), as compared to the commercial drug or the individual
components of curcumin and zinc oxide.

2.3.3. Pancreatic α-Glucosidase Inhibition

The inhibition properties of Zn@CN/BE against the α-Glucosidase enzymes were
assessed as they are the most vital enzymes during the essential metabolic reactions of
the dietary carbohydrates. Therefore, the significant inhibition of these enzymes with a
suitable agent will strongly reduce the absorption rate and efficiency of the glucose in the
blood and will be associated with significant suppression effects on hyperglycemia [18].
The inhibition effect of the synthetic Zn@CN/BE on the pancreatic α-Glucosidase enzymes
is close to 100%, achieving significant activity as compared to the commercial controls
of the antidiabetic drugs (miglitol and acarbose) and several investigated zinc and zinc
oxide-based synthetic antidiabetic structures (Figure 6A). The estimated inhibition effects of
CN (75.6 ± 1.37%), CN/BE (83.5 ± 1.48%), commercial ZnO (68.7 ± 1.44%), and green ZnO
(77.3 ± 1.27%) (Figure 6A) are in agreement with the previously obtained inhibition effects
on the α-amylase enzymes. Additionally, they show the significant enhancement impact of
the hybridization process and the bentonite carrier on the biological activities of the loaded
active compounds by enhancing the stability, curcumin release rate, and exposure interface
of zinc. Moreover, the synthesis of the pillared zinc-metal nanoparticles based on the
curcumin extract might result in a curcumin/zinc complex structure or zinc capped with
thin forms of the curcumin-based phytochemicals, especially the biophenol-compounds,
which exhibit higher inhibition properties than the synthesized pillared clay by transitional
chemical methods [18]. The determined activity of Zn@CN/BE is notably higher than
Ag-doped ZnO (91.19%) [6], Ag/CuO (19.6%) [63], and RGO-ZnO (53.24%) [4] as studied
materials in the literature.
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2.3.4. Murine Intestinal α-Glucosidase Inhibition

In addition to the commercial pancreatic α-Glucosidase enzymes, the inhibition prop-
erties of the prepared Zn@CN/BE composite were tested against crude active murine
intestinal glucosidase enzymes. The results also demonstrate the significant inhibition
effects of the synthetic composite on the crude active glucosidase enzymes, with an experi-
mental percentage of 97.7 ± 1.24%, which is notably higher than the results determined by
the commercial antidiabetic drugs such as miglitol and acarbose (Figure 7B). Additionally,
the synergetic results portray the enhanced biological activity and the inhibition effects
of Zn@CN/BE on the murine intestinal α-Glucosidase enzymes, as compared to CN ex-
tract (68.4 ± 1.27%), CN/BE (72.8 ± 1.51%), commercial ZnO (58.7 ± 1.46%), and green
synthesized ZnO (71.3 ± 1.16%) (Figure 6B). Several studies demonstrate the significant
antidiabetic properties of the zinc-based structures, which can strongly reduce the actual
levels of glucose in the blood in addition to having a significant enhancement effect on the
serum insulin, glucokinase activity, insulin receptor, and glucokinase genes [68].

2.3.5. Amyloglucosidase Inhibition

The amyloglucosidase enzymes also exhibit strong effects on the breakdown of the
starch and the absorption rates of the dietary starches. Therefore, the inhibition of this
type of enzyme will also have significant reduction effects on the efficiency of the con-
version of the present complex sugar compound into simple species [69]. The inhibition
properties of the Zn@CN/BE composite against the amyloglucosidase enzymes were as-
sessed in synergetic studies and compared to the integrated components. The Zn@CN/BE
structure exhibits a strong inhibition effect on the enzyme, achieving an inhibition per-
centage of 98.4 ± 1.64%, which is a promising value as compared to the determined value
using commercial drugs at the same conditions (miglitol (88.3 ± 1.83%) and acarbose
(95.6 ± 1.72%)) (Figure 7). Additionally, this value is notably higher than the measured
inhibition percentages using CN extract (65.8 ± 1.35%), CN/BE (83.4 ± 1.47%), commercial
ZnO (65.4 ± 1.27%), and green synthesized ZnO (70.5 ± 1.77%) (Figure 7). Therefore, the
prepared green zinc-pillared bentonite mediated curcumin extract (Zn@CN/BE) in this
study represents a promising antidiabetic agent of notable high biocompatibility and low
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production cost, with few side effects and strong inhibition effects on the essential enzymes
responsible for diabetic mellitus diseases.
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3. Experimental Work
3.1. Materials and Chemicals

Natural bentonite (54.82% (SiO2), 2.6% (Na2O), 17.56% (Al2O3), 2.5% (MgO),
9.5% (Fe2O3), 2.4% (CaO), 1.45% (TiO2), and 9.2% (LOI)) was obtained from a bentonite
quarry in the Western Desert, Egypt. Sulfuric acid (99%), curcumin (>94.99%), abso-
lute ethanol, hydrazine solution (35 wt %), and zinc nitrate hexahydrate (98%) were
obtained from Sigma-Aldrich, Egypt, and were applied during the synthesis procedures
of the composite. Moreover, α-amylase, para-nitrophenyl α-glucopyranoside (pNPG),
1,1-diphenyl-2-picrylhydrazil (DPPH), α-Glucosidase, L-ascorbic acid, starch, phosphate
buffer, and 2,2‘-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) were delivered
from Sigma-Aldrich, Egypt, and used during the antioxidant and antidiabetic tests.

3.2. Synthesis of Green Zinc-Pillared Bentonite Mediated Curcumin Extract (Zn@CN/BE)
3.2.1. Acid Activation of Bentonite

The activation of the bentonite structure with acid was carried out to dispose of
the present metallic and carbonate impurities. Thus, 10 g of bentonite powder was dis-
persed within the diluted sulfuric acid solution (20%; 100 mL) and the homogenization
between them was conducted by a magnetic stirrer (650 rpm) for 12 h at 100 ◦C. After
that, the acid-activated bentonite powder was extracted by filtration using Whatman filter
paper. The filtrated products were washed thoroughly and neutralized with distilled water,
dried under room conditions for 48 h (40.3 ◦C), and kept in specific containers for further
synthesis steps.

3.2.2. Synthesis of Curcumin-Intercalated Bentonite (CN/BE)

The intercalation of the bentonite layers with the phytochemicals of curcumin was
performed using a facile organic intercalation technique. Firstly, the curcumin extract was
prepared by the dispersion of the curcumin powder (3.7 g) within ethanol (100 mL; 60%)
for about 15 min in a closed system at 50 ◦C, and the mixture was homogenized by stir-
ring (1500 rpm). After this step, the mixture was treated by sonication waves (20 min;
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240 W) to induce the homogenization degree and the extraction efficiency of the essen-
tial phytochemicals. Then, 50 mL of the resulting curcumin-based extract was mixed
homogenously with previously prepared bentonite colloid solution (4.4 g of bentonite
+ 50 mL of distilled water). The obtained mixture was kept under very fast stirring
(1500 rpm) for 12 h and sonicated for an additional 5 h (240 W), to induce the intercalation
efficiency of the dissolved phytochemicals of curcumin within the layered structure of
bentonite. After that, the intercalated solid particles were filtrated from the intercalation
solutions, washed thoroughly for five runs (10 min), and dried gently at 50 ◦C for 12 h to
be used in the next step (Figure 1).

3.2.3. Synthesis of Zinc-Pillared Bentonite Mediated Curcumin Extract (Zn@CN/BE)

The synthesis procedures started with the production of the curcumin-based extract
as the essential green reagent, which was used as a reducing and capping agent. On the
other side, the bentonite/Zn(NO3)2·6H2O) mixture was prepared by the homogenization
of the intercalated bentonite fractions (4.4 g) within the aqueous solution of zinc nitrate
(2.2 g; 100 mL). The homogenization between the two components was continued for
10 h using a magnetic stirrer (650 rpm) and then by a sonication source (240 W) for an
additional 2 h. After that, the curcumin-based extract (100 mL) was mixed with the
bentonite/Zn(NO3)2·6H2O) mixture under continuous high-speed stirring (1500 rpm)
until the observable detection of a dark-red precipitate. This was followed by the sudden
addition of a hydrazine solution of 50 mL to confirm the successful conversion of early
formed oxides or hydroxides into metallic Zn (II). The reaction continued for an additional
24 h under stirring, including five intervals of sonication treatment (20 min) to ensure
effective homogenization between the different reactants and to maintain the homogenous
distribution of the pillared ions or the adsorbed phytochemicals. After that, the Zn-pillared
curcumin-intercalated bentonite, as solid particles (Zn@CN/BE), was separated effectively
by filtration using Whitman filter paper. The filtrated product was washed for five runs
with distilled water, with each washing run continuing for 10 min, and the washed product
was dried for 12 h at 50 ◦C (Figure 8).
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3.3. Characterization Techniques

The crystallinity and the structural impacts of the performed modification and inte-
gration processes were illustrated based on the X-ray diffraction patterns of the resulting
products using a PANalytical-Empyrean X-ray diffractometer with a determination range
from 5 to 80◦. The impact of the modification reactions and the successful incorporation
of the active chemical groups were monitored based on the FT-IR spectra of the products



Inorganics 2023, 11, 154 15 of 21

obtained by a Fourier Transform Infrared spectrometer (FTIR−8400S; Shimadzu) within
the frequency range of 400 cm−1 to 4000 cm−1. The changes in the external morphology
as well as the internal properties were investigated using a Scanning Electron Microscope
(Gemini, Zeiss-Ultra 55) and a Transmission Electron Microscope (JEOL-JEM2100), respec-
tively. The impact of the integration reactions on the textural properties and the surface
area was assessed using a surface area analyzer (Beckman Coulter SA3100), considering
the resulting N2 adsorption/desorption isotherm curves.

3.4. Antioxidant Studies
3.4.1. Nitric Oxide Radical Scavenging Assay

This was inspected based on the reported procedures by Kitture et al. [70]. The
evaluated structures (20 µL; 100 µg/mL) were mixed effectively with sodium nitroprusside
(2 mL; 10 mM) in previously prepared saline phosphate buffer (500 µL; pH 7.4), and this
mixture was incubated at 25 ◦C for 150 min. Then, about 500 µL of this mixture was
extracted and homogenized with 1 mL of diluted sulphanilic acid (33% sulphanilic acid+
20% glacial acetic acid). The obtained mixture after this stage was incubated again for an
additional 5 min, and this was followed by the careful addition of naphthyl ethylenediamine
dihydrochloride (0.1% w/v; 1 mL) before an additional re-incubation stage for an additional
30 min. The absorbance was detected using a microplate reader at 540 nm, and the
differences between the reported values of the control samples and the existence of the
structures were used to determine the scavenging percentage according to Equation (1).

Scavenging (%) =
A540Control − A540Test

A540Control
× 100 (1)

3.4.2. DPPH Radical Scavenging Assay

The scavenging tests of DPPH were conducted according to the methodology re-
ported by Robkhob et al. [6]. The prepared materials (20 µL; 100 µg/mL)) were homoge-
nized with prepared methanolic solution (80 µL) containing 2, 2-diphenyl-1-picrylhydrazyl
(DPPH, 100 µM) in specific 96-well plates. After this step, the obtained homogenous mix-
ture was incubated for about 20 min in the dark. The absorbance was detected using a
microplate reader at 517 nm, and the differences between the reported values of the control
samples and in the existence of the structures were used to determine the scavenging
percentage according to Equation (2).

Scavenging (%) =
A517Control − A517Test

A517Control
× 100 (2)

3.4.3. ABTS Radical Scavenging Assay

This test was executed according to the technique mentioned by Dappula et al. [71].
ABTS stock solution (7 mm) was firstly prepared by the direct dissolving of ABTS
(44 mg) in deionized water (10 mL). This solution was mixed effectively within potas-
sium persulfate solution (3 µL) to produce the free cations of ABTS radicals (ABTS•+), after
a reaction interval in the dark for 18 h at 25 ◦C. After the generation of ABTS•+, the system
was diluted with methanol at an adjusted ratio of 1:29 to obtain freshly mit ABTS•+. Then,
the materials (10 µL; 100 µg/mL) were mixed with the ABTS solution (290 µL) for 30 min.
The absorbance was detected using a microplate reader at 734 nm, and the differences
between the reported values of the control samples and in the existence of the structures
were used to determine the scavenging percentage according to Equation (3).

Scavenging (%) =
A734Control − A734Test

A734Control
× 100 (3)
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3.4.4. Superoxide Radical Scavenging Assay

This assay was conducted according to the experimental steps reported by Robkhob et al. [6].
The prepared materials (100 µL; 100 µg/mL) were mixed separately with EDTA so-
lutions (200 µL; 12 mM), riboflavin solutions (100 µL; 20 µg), NBT (100 µL; 0.1 mg),
and ethanol (200 µL) mixture. Afterward, this mixture was diluted using phosphate
buffer (50 mM; 3 mL) and exposed for 5 min to an illumination source. The absorbance was
detected using a microplate reader at 540 nm, and the differences between the reported
values of the control samples and in the existence of the structures were used to determine
the scavenging percentage according to Equation (4).

Scavenging (%) =
A540Control − A540Test

A540Control
× 100 (4)

3.5. Antidiabetic Studies
3.5.1. Porcine Pancreatic Amylase Inhibition Assay

This type of assay, which used the evaluated materials, was carried out as a commonly
investigated antidiabetic indicator based on Robkhob et al. [6]. The synthetic materials at
certain dosages (500 µL; 100 µg/mL) were incubated with the tested porcine pancreatic
α-amylase enzyme (100 µL; 50 µg/mL) at 37 ◦C for 10 min. This incubation step was
followed by the incorporation of starch as a substrate (1 %). After that, the absorbance of
α-amylase was detected using a microplate reader at 540 nm, and the differences between
the reported values of the control samples and in the existence of the structures were used
to determine the scavenging percentage according to Equation (5).

Inhibition (%) =
A540Control − A540Test

A540Control
× 100 (5)

3.5.2. Crude Murine Pancreatic Amylase Inhibition Assay

This assay was performed to assess the inhibition impact of the synthetic materials on
the commercial enzymes as well as the crude enzyme to ensure the antidiabetic properties
of these materials. The pancreas of a Swiss male mouse (10 weeks old) was used as the
source of crude enzyme. The pancreas was firstly incorporated into the starvation step for
12 h and then excised and dispersed within a specific saline phosphate buffer, which was
supplemented carefully with the protease inhibitors. After that, the cell-free supernatant
was extracted from the system using centrifugation processes for 15 min at an adjusted
speed of 10,000 rpm; it was diluted to achieve an absorbance of 0.4 at 280 nm; and it was
used as the source of the crude enzyme. The assay tests of the crude murine pancreatic
amylase enzyme were conducted as previously reported in Section 3.5.2.

3.5.3. α-Glucosidase Inhibition Assay

This type of inhibition assay, on α-Glucosidase using the evaluated materials, was
carried out according to Sanap et al. [72]. The prepared materials (200 µL; 100 µg/mL)
were mixed homogenously with the α-Glucosidase enzyme (100 µL; 0.1 unit/mL) and
the mixture was incubated at 37 ◦C for 60 min. After that, 10 mL of the pNPG was
mixed with the incubated system and re-incubated for an additional 10 min. By the
end of the incubation interval, the reaction was stopped using a prepared solution of
Na2CO3 (2 mL; 0.1 M). Finally, the absorbance of the released nitrophenol molecules from
the used pNPG was measured by a microplate reader at 420 nm, and the measured values
were used to determine the inhibition percentages according to Equation (6).

Inhibition (%) =
A420Control − A420Test

A420Control
× 100 (6)
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3.5.4. Crude Murine Intestinal α-Glucosidase Inhibition Assay

The crude intestinal α-Glucosidase enzyme was obtained using the pancreas of Swiss
male mice according to the previously reported experimental procedures considered in
Section 3.5.2. After that, the inhibition assay tests of the prepared materials in the presence
of crude murine intestinal α-Glucosidase were conducted according to the previously
mentioned procedures in Section 3.5.3, but in the presence of substrate of p-nitrophenyl-α-
D-glucopyranoside.

3.5.5. Amyloglucosidase Inhibition Assay

The inhibition tests of amyloglucosidase using the prepared materials were based
on the experimental procedures presented by Lawande et al. [73]. The assessed materials
(100 µL; 100 µg/mL) were mixed homogeneously with the amyloglucosidase enzyme
(100 µL; 0.1 unit/mL) and then the mixture was incubated for 10 min at 37 ◦C in the
presence of starch as a substrate (1%). After that, the absorbance of amyloglucosidase was
detected using a microplate reader at 540 nm, and the differences between the reported
values of the control samples and in the existence of the structures were used to determine
the scavenging percentage according to Equation (5).

3.6. Statistical Analysis

All the results were incorporated as their mean values ± the obtained standard errors
of the mean values (S.E.M.) and with n equal to 3. The significance properties of the
statistical assessment of the results were obtained according to the analysis of variance
(ANOVA) results and the paired tests, considering the values of * p < 0.05.

4. Conclusions

Green zinc metal-pillared bentonite mediated curcumin extract (Zn@CN/BE) was
prepared successfully and characterized as an enhanced low-cost antioxidant and an
antidiabetic agent with multifunctional properties (curcumin-based phytochemicals, zinc-
capped curcumin, Zn-pillared bentonite, and zinc/curcumin complexes). Zn@CN/BE
validates strong antioxidant and antidiabetic activities against common oxidative radicals
(nitric oxide (94.7 ± 1.83%), DPPH (96.4 ± 1.63%), ABTS (92.8 ± 1.33%), superoxides
(62.3 ± 1.63%)), essential oxidizing enzymes (porcine α-amylase (89.3 ± 1.13%), murine
α-amylase (70.8 ± 1.54%), pancreatic α-Glucosidase (99.3 ± 1.23%), intestinal α-Glucosidase
(97.7 ± 1.24%), and amyloglucosidase (98.4 ± 1.64%)). These results are significantly higher
than the results of the drugs tested as controls (miglitol and acarbose), as well as those of the
individual components of the composites (curcumin and ZnO). The obtained results portray
the significant enhancement effect of the bentonite carrier on the physiochemical and
biological activities of pillared Zn metal and intercalated curcumin-based phytochemicals.
Therefore, the synthetic green Zn@CN/BE composite can be recommended as an enhanced,
low-cost, biocompatible, safe, and simply produced antioxidant and antidiabetic agent, as
compared to commercially used drugs, which will be covered by future in vivo studies.
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