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ARTICLE INFO ABSTRACT

Keywords: The present work aims to prepare copper-doped MgO nanoparticles via a sol-gel approach and study their

MgO I}aHOPal’tideS antidiabetic alpha-amylase inhibition activity with undoped MgO nanoparticles. The ability of G5 amine-

gendnmers terminated polyamidoamine (PAMAM) dendrimer for the controlled release of copper-doped MgO nano-
opants

particles to exhibit alpha-amylase inhibition activity was also evaluated. The synthesis of MgO nanoparticles via
sol-gel approach and optimization of calcination temperature and time has led to the formation of nanoparticles
with different shapes (spherical, hexagonal, and rod-shaped) and a polydispersity in size ranging from 10 to 100
nm with periclase crystalline phase. The presence of copper ions in the MgO nanoparticles has altered their
crystallite size, eventually modifying their size, morphology, and surface charge. The efficiency of dendrimer to
stabilize spherical copper-doped MgO nanoparticles (ca. 30 %) is higher than in other samples, which was
confirmed by UV-Visible, DLS, FTIR, and TEM analysis. The amylase inhibition assay emphasized that the
dendrimer nanoparticles stabilization has led to the prolonged enzyme inhibition ability of MgO and copper-

Antidiabetic activity
Alpha-amylase enzyme

doped MgO nanoparticles for up to 24 h.

1. Introduction

In the 21st century, diabetes is one of the life-threatening illnesses
among humans, next to cancer [1]. According to International Diabetes
Federation (IDF), in 2021, about 537 million people between the ages of
20 and 79 are living with diabetes worldwide [2]. Further, IDF also
reported that about one in ten people globally were affected by diabetes
and its associated complications. The prediction is that in 2030 about
643 million people will have diabetes, and by the year 2045, around 783
million [3]. Hence, treatment modalities for curing diabetes have gained
significant attention among researchers. Type 1 and 2 are the two
common diabetes forms caused by either the inability of the pancreas to
secrete insulin or the inability of the pancreatic cells to make use of the
secreted insulin due to insulin resistance, respectively [4]. In both types,
the inhibition of enzymes, such as alpha-amylase and alpha-glucosidase,

delays the carbohydrate breakdown in saliva, small intestine and limits
postprandial glucose excursion in the blood [5]. Plant-based compounds
are generally used as enzyme inhibitors to delay and reduce post-
prandial blood glucose excursion [6-8]. Even though these phyto-
compounds are beneficial for diabetes treatment, the lack of stability
and tedious formulation are the major limitations of these enzyme in-
hibitors [9,10]. In addition, uncontrolled inhibition of digestive en-
zymes, especially alpha-amylase, can lead to undigested starch in the
large bowel, eventually leading to colonic fermentation, flatulence,
gastrointestinal upset, and abdomen distension [11]. Thus, there is a
huge demand for a novel drug that can selectively inhibit digestive en-
zymes without leading to any side effects in the diabetic patients.
Nowadays, nanoparticles are gathering researcher's attention to
develop new diagnosis and treatment systems for diabetes [12]. Among
these nanoparticles, metal oxide nanoparticles, such as iron oxide,
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copper oxide, lead oxide, magnesium oxide, zinc oxide, and manganese
dioxide, either as prepared or functionalized, are under massive research
as inhibitors of alpha-amylase and alpha-glucosidase enzyme, respec-
tively [13-19]. It can be noted that compared to other metal oxide
nanoparticles, magnesium oxide (MgO) nanoparticles possess enhanced
enzyme inhibition ability via reactive oxygen species (ROS) release. This
mechanism leads to high thermal and pressure stability, high conduc-
tivity, less toxicity toward normal cells, high bioactivity, biocompati-
bility, and bioavailability [20-22]. Hence, MgO nanoparticles,
synthesized either via a physical, chemical, or biological approach, can
be used as a potential enzyme inhibitor [23-25]. However, physical
synthesis (e.g.: laser ablation) of MgO nanoparticles can lead to stable
nanoparticles yet require a high energy source [26], whereas biological
synthesis via bacterial, fungal, or plant extract can yield nanoparticles
with low toxicity yet low stability [27]. Notably, chemical routes,
especially via the sol-gel approach, can yield relatively less toxic MgO
nanoparticles with high stability [28]. In addition, the sol-gel approach
is simple, cost-effective, requires low reaction temperature, and yields a
highly pure final product with a high surface-to-volume ratio and
compositional control of the metal oxides [29,30]. However, agglom-
eration and polydispersity are the major issues in sol-gel synthesized
nanoparticles. This issue can be overcome by incorporating metal dop-
ants into the crystal structure, thus obtaining stable monodispersed
nanoparticles [31]. Further, adding metal dopants has been proven to
alter the crystal structure, eventually enhancing their physicochemical
and even biological properties [32].

Even though doped nanoparticles possess enhanced biological
properties than the nanoparticle itself, they must be reformulated to be
applied for biological applications due to challenges related to
bioavailability and targeted delivery [33,34]. Several studies indicated
that distinct generations of dendrimers are highly beneficial in the
formulation of various nanoparticles for desired biological applications
[35-38]. Hence, dendrimers have been identified to be a potential
formulation material to contrive metallic nanoparticles or nano-
medicines for specific biomedical applications [39,40]. Thus, the pre-
sent work aims to synthesize metal-doped MgO nanoparticles via a sol-
gel approach and compare their antidiabetic alpha-amylase inhibition
activity with undoped MgO nanoparticles. Copper was selected in this
study as a potential dopant to reduce the defect in the MgO crystal via
partial substitution due to its ionic radius (0.073 nm), which is similar to
magnesium (0.072 nm) [41-45]. In addition, the ability of amine-
terminated polyamidoamine (PAMAM) dendrimer to control the
release of copper-doped MgO nanoparticles was, to our knowledge, also
investigated for the first time.

2. Experimental procedure
2.1. Materials

Magnesium acetate tetrahydrate (molecular mass = 214.46 g/mol;
purity = 99.5 %) as magnesium precursor was procured from Merck®
(Portugal), whereas citric acid (molecular mass = 192.13 g/mol; purity
= 99.5 %) as gelling agent was purchased from Chem-Lab (Belgium).
Further, ethanol (molecular mass = 46.06 g/mol; purity = 96 %) as
solvent, copper acetate monohydrate (molecular mass = 199.65 g/mol;
purity = 100 %) and copper nitrate 2.5-hydrate (molecular mass =
232.59 g/mol; purity = 99 %) as dopant source was obtained from
Riedel-de Haén (Germany). Amine-terminated fifth-generation PAMAM
(G5-NH3-PAMAM) dendrimer suspended in an aqueous medium was
obtained from Dendritech® (USA). All the chemicals required for the
amylase inhibition assay were obtained from Merck® (Portugal) and
Sigma-Aldrich® (Germany).

2.2. Sol-gel synthesis of MgO and Cu-doped MgO nanoparticles

The synthesis procedure of MgO nanoparticles was adopted from our

Biomaterials Advances 153 (2023) 213535

previous work with certain modifications [46]. An equimolar ratio (final
concentration: 1 M) of magnesium precursor [magnesium acetate tet-
rahydrate; Mg(CH3COO),.4H,0] and gelling agent [citric acid; CcHgO7]
were dissolved separately in the solvent [ethanol; CyHsOH]. After
dissolution, the citric acid solution was mixed with magnesium acetate
to alter its pH from ~7 to 5 and initiate gel formation. The mixture was
undisturbed for 3 h for the completion of gel formation, which was later
aged for 16 h at room temperature (25 °C) and dried in a hot air oven
(Memmert UM 100 oven) at 100 °C for 24 h. The resultant sample was
termed as precalcinated magnesium oxide (MgO) powder. Similar pro-
cedures were followed for the synthesis of copper-doped magnesium
oxide (Cu-doped MgO), where 1, 2, and 3 % (w/w) of dopant source
[copper acetate monohydrate; Cu(CH3COO)s/copper nitrate 2.5-hy-
drate; CupH;9N40;17] was mixed in solvent (ethanol) along with mag-
nesium precursor. The resultant doped samples were termed copper-
doped magnesium oxide powders. Later, thermogravimetric-
differential thermal analysis (TG-DTA) was utilized to select calcina-
tion temperature to form MgO/Cu-doped MgO nanoparticles. Hence, the
precalcinated powder samples were calcinated at 550, 650, and 750 °C
for 2, 3, and 4 h to optimize the calcination procedure using Naber-
therm® muffle furnace-L model at a heating rate of 5 °C/min for the
formation of MgO and Cu-doped MgO nanoparticles as shown in Fig. 1.

2.3. Characterization of nanoparticle samples

Initially, Thermogravimetry/Differential Thermal Analysis (TG-
DTA) technique using a NETZSCH STA 409 PC/PG equipment was uti-
lized to identify the temperature and time of the calcination process.
Further, the Dynamic Light Scattering (DLS) and Electrophoretic Light
Scattering (ELS) technique (Malvern® Instruments, Zetasizer Nano ZS
EN3600, Worcestershire, UK, equipped with a standard 633 nm laser)
was used to analyze the samples (100 mg in 10 ml of ultrapure water of
pH 6.5-7) for optimizing calcination temperature and time for the for-
mation of MgO and copper-doped MgO nanoparticles. The samples'
average particle size, polydispersity index (PDI), and zeta potential were
identified for calcination optimization (100 mg of samples in 10 ml of
ultrapure water of pH 6.5-7). The physicochemical characteristics of the
nanoparticles, such as crystallinity, optical property, functional group,
and morphology, were identified via X-Ray Diffractometer (XRD —
Bruker® D8 Advance), Ultraviolet-visible (UV-Vis; PerkinElmer® Lambda
35) spectroscopy, Fourier Transform Infrared (FTIR; PerkinElmer®
Spectrum Two) spectroscopy, Scanning Electron Microscopy, with Elec-
tron Dispersion Spectroscopy (SEM, EDS; Bench SEM Phenom ProX) and
Transmission Electron Microscopy (TEM; JEOL JEM 2100 80-100 kV),
respectively.

2.4. Stabilization of nanoparticles with amine-terminated PAMAM
dendrimers

The stabilization procedure for the controlled release of nano-
particles, followed by Shi et al. (2006) was used in the present work with
certain modifications [47]. In this study, MgO/Cu-doped MgO nano-
particles were dispersed in ultrapure water, where the G5-NH,-PAMAM
dendrimer was added (0.5:0.1 ratio mg/ml; 2.4 x 10~* M) under con-
stant stirring at room temperature (25 °C) for 2 h (optimization of sta-
bilization reaction time and volume of dendrimer was briefly explained
in supplementary information section S.7.). The resultant stabilized
nanoparticles were characterized using UV-Vis spectroscopy, FTIR, and
DLS/ELS analysis. The stabilization efficiency was known by analyzing
the absorbance at 292 nm (UV-Vis spectroscopy) of MgO/Cu-doped
nanoparticles present in the supernatant and the stabilized samples
due to the presence of oxygen [48]. Later, the final product was isolated
via the decantation process, where the supernatant is removed. The
precipitate was sonicated for 5 min and lyophilized using a Labconco
Freeze Zone 4.5-1 freeze drier system for further morphology analysis. SEM
analysis was used to analyze the morphology of the optimized
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Fig. 1. Sol-gel synthesis approach for MgO nanoparticles and Cu-doped MgO nanoparticle formation.

dendrimer stabilized nanoparticle samples.
2.5. Alpha-amylase inhibition assay

The amylase inhibition activity as described by Ammulu et al. [15]
was adopted in the current study with certain modifications. In the
present work, the lyophilized alpha-amylase enzyme from human saliva
(purchased from Sigma Aldrich®) was applied to identify the alpha-
amylase inhibition activity of MgO, Cu-doped MgO, and dendrimer
stabilized nanoparticle samples. Initially, the standard maltose graph
shown in Fig. 2 was obtained using soluble maltose (2 mg/ml in ultra-
pure water). After, 1-5 mg of MgO nanoparticles (spherical) were added
to the mixture of starch, sodium chloride, and enzyme to identify the
required concentration of nanoparticles for enzyme inhibition. The op-
tical density (OD) value at 520 nm was substituted in the standard
maltose graph to determine the concentration of maltose (starch con-
verted into maltose due to enzyme) present in the test samples.

The formula

Control — sample/control x 100

allowed the calculation of the percentage of enzyme inhibition by the

1.8 ®  Standard graph of maltose

Linear fit
1.6 -
Y=0.15+1.56 x
R2=10.9843

1.4 =

Absorbance at 520 nm (a.u.)

-0.2 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Concentration of maltose (mg/ml)

Fig. 2. Standard maltose calibration graph for amylase inhibition activity.

free and dendrimer stabilized nanoparticle samples after 0 and 24 h
[15].

3. Results and discussion

It can be noted that the time for gel formation differs between
samples due to the addition of different copper dopant sources. Rigid gel
formation was observed in undoped samples, whereas the addition of
dopants led to fluffy gel formation. The distinct gel formation is an in-
dicator of dopants altering the physical and crystal structure of the
precalcinated samples, which was evident from the DLS/ELS and yield
analysis as shown in Fig. 3.

While comparing size and PDI (supplementary information, section
S.1.), the results as displayed in Fig. 3 (A) denotes that the copper dopant
via copper acetate increases the size of the particle and leads to poly-
dispersity and agglomeration, which can be avoided during the calci-
nation process. Further, the hydrodynamic particle size of the samples
with copper nitrate as a dopant source is lower compared to copper
acetate samples. Furthermore, it can be noted that the copper dopant has
increased the particle size, compared to non-doped samples. This shows
that the inorganic dopant source (ionic bonds) will lead to lower hy-
drodynamic particle size, compared to organic precursor (covalent
bonds), due to their solubility difference [49]. Although the error bars of
the samples are higher due to polydispersity (rapid agglomeration), the
PDI of precalcinated MgO is 0.4 (monodispersity with certain agglom-
eration). In contrast, the PDI of precalcinated Cu-doped MgO sample
with copper acetate and copper nitrate as dopant sources is above 0.5
(polydisperse) because of the addition of copper. Further, the error
percentage associated with the zeta potential value is also high due to
rapid agglomeration [50]. Notably, the addition of a distinct percentage
of copper has led to the alteration of precalcinated Cu-doped MgO
sample's zeta potential from negative to zero (neutral stability) as
indicated in Fig. 3 (B). This denotes that the negative charges due to
oxygen presence in precalcinated MgO sample are replaced by the
copper ions (positive surface charge) [51,52]. However, the error of the
zeta value is also high due to rapid agglomeration, but only for 3 % Cu-
doped sample. While using copper nitrate as a dopant source, the surface
charge of precalcinated MgO and Cu-doped MgO is below zero (—2.5 to
0 mV range), which indicates that the copper is not doped on the surface.
The copper may have replaced the magnesium ions in the crystal via
partial substitution, which eventually led to the negative charge of
precalcinated MgO sample due to oxygen [45]. This denotes that the
negative charge is due to oxygen presence in precalcinated MgO sample,
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Fig. 3. Characterization of precalcinated Cu-doped MgO samples with copper acetate and copper nitrate as dopant sources (A) Average particle hydrodynamic

diameter by DLS; (B) Average zeta potential by ELS; and (C) mass yield.

where more Mg ions (smaller ionic radii) are replaced with copper ions
(larger ionic radii leading to slightly higher positive surface charge)
during the doping process. This process can be attributed to the increase
in copper content (due to dopant percentage increase), where the copper
ions at the nanoparticle surface may be sub-coordinated to oxide ions
and leads to fluctuations in their zeta potential [51,52]. Fig. 3 (C) shows
the precalcinated samples' yield, indicating that the doping process has
reduced the reaction yield. This reduction can be due to the oxygen
replacement in the precalcinated MgO crystal by copper (copper ace-
tate) or replacing magnesium in the crystal (copper nitrate). In the case
of copper acetate, the replacement of a few oxygen atoms via a different
percentage of copper (denoted by an increase in zeta potential) may
have contributed to the yield reduction. Even though oxygen (atomic
mass = 15.9 u) is replaced by copper (atomic mass = 63.5 u), the
remaining oxygen forms precalcinated MgO like a chain in the gel. In the
case of copper nitrate, the magnesium (atomic mass = 24.3 u) ion is
replaced by copper, which would have led to the release of magnesium
from the crystal core (disrupts crystal form) and are eliminated during
the drying process (100 °C for 24 h) along with ethanol as a byproduct.
There may be a chance for copper to be present in place of magnesium
between gel bonds via partial substitution, which may have reduced the

formation of a few precalcinated MgO crystals during gel formation
[45,53,54]. Thus, copper nitrate was selected as a dopant source for
further analysis as size (size variation gradually increases), PDI (poly-
dispersed), and zeta potential (negative charge) are promising compared
to copper acetate, even though the yield is slightly lower.

3.1. Thermogravimetry analysis

Fig. 4 (A-D) shows the TG-DTA analysis of precalcinated MgO and
Cu-doped MgO samples with three degradation stages. The results
showed that the crystalline water and carbon dioxide are released in the
first thermal degradation stage from ~30-200 °C, whereas the pre-
calcinated MgO sample is transformed to MgO nanoparticles in the
second thermal degradation stage at ~200-480 °C. It can be noted that
between the temperatures ~480-800 °C, there are certain weight losses
in the sample, which shows that the calcination at these temperatures
can lead to shape modification (comparison table included in supple-
mentary information S.2.9.) [28,55,56]. Above 800 °C, the resultant
MgO will be at a stable crystalline state with high thermal stability.
Hence, its crystal structure cannot be modified above this temperature.
Further, DTA shows that the weight loss and thermal degradation is due
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Fig. 4. TG-DTA analysis of precalcinated (A) MgO; (B) 1 % Cu-doped MgO; (C) 2 % Cu-doped MgO and (D) 3 % Cu-doped MgO samples.

to the exothermal reaction, which corresponds to the weight loss. During
the third degradation, DTA decreases, indicating that MgO nanoparticles
are formed due to weight loss via endothermic reaction. In addition, the
difference in weight loss percentage can be attributed to the addition of
distinct copper dopant percentages and copper ions in the crystal
structure of precalcinated samples [57-59]. Thus, the temperature
above 480 °C (2nd degradation) is selected, especially 80-100 °C above
second thermal degradation temperature as calcination temperature to
alter the shape of nanoparticles [60,61]. The formation of MgO nano-
particles above glass transition temperature has been proven by XRD
analysis in Section 3.3. Hence, three distinct temperatures, such as 550,
650, and 750 °C for 2, 3, and 4 h were selected to calcinate the samples
for forming nanoparticles with different morphologies.

3.2. DLS/ELS analysis of calcinated samples

Table 1 shows the DLS analysis results (data in supplementary in-
formation; section S.2.), which shows the average particle size, PDI, and
zeta potential of the calcinated and Cu-doped MgO samples. It is worth
noting from the table that the MgO nanoparticles are formed, where the
temperature and reaction time plays a significant role in their size,
morphology, dispersity, and surface charge [28,62]. Calcinated samples
with smaller size, high stability, and PDI below 0.5 were fixed as the
criteria for sample selection that can be subjected to further character-
ization. Accordingly, the selected samples that yielded spherical, hex-
agonal, and rod-shaped MgO nanoparticles were calcinated at 550 °C for
4h, 650 °C for 2 h, and 750 °C for 3 h, respectively. Similarly, 1, 2, and 3
% Cu-doped samples calcinated at 550 °C for 2 h, 650 °C for 4 h, and
750 °C for 4 h, respectively, were also selected to yield spherical, hex-
agonal, and rod-shaped Cu-doped MgO nanoparticles. The comparison
between the DLS/ELS data of calcinated MgO and Cu-MgO samples
showed that the copper acting as a dopant has reduced the size, and PDI,
which eventually increased the stability of the resultant MgO nano-
particles, compared to precalcinated samples [63]. However, the fluc-
tuations in the particle size due to varying dopant concentration,
calcination temperature, and time was erratic and further detailed
thermodynamic studies must be performed in the future to confirm the
influence of these parameters [64,65].

Table 1

DLS/ELS analysis of calcinated MgO and Cu-doped MgO (Cu-MgO) samples.

Calcinated Calcination Z-average PDI Zeta potential

Sample temperature and time (d. nm) (mV)

MgO 550°C,2h 342 0.73 —6.5
550°C,3h 396.1 0.74 —4.9
550 °C, 4 h 91.28 0.72 -2.9
650 °C, 2 h 78.82 0.43 -7
650 °C, 3 h 91.28 0.35 11.2
650 °C, 4 h 825 0.32 19.2
750°C,2h 91.28 0.75  -10.7
750°C, 3 h 68.06 0.39 20.5
750°C, 4 h 955.4 0.66 -1.4

1 % Cu-MgO 550 °C,2h 78.82 0.43 3.8
550 °C,3h 58.77 0.46 18.7
550 °C,4h 122.4 0.51 10
650 °C, 2 h 531.2 0.51 -8.2
650 °C, 3 h 122.4 0.72 21.1
650 °C, 4 h 50.75 0.47 23.6
750 °C, 2 h 68.06 0.48 -21.8
750°C, 3 h 78.82 0.49 17
750°C, 4 h 164.2 0.32 16

2 % Cu-MgO 550°C,2h 342 1 —-22.9
550 °C, 3 h 122.4 0.76 18.4
550°C, 4 h 1106 0.57 -13.1
650°C,2h 825 0.90 —18.6
650 °C, 3 h 58.77 0.65 21
650 °C, 4 h 68.06 0.37 23.8
750°C,2h 91.28 0.72 16.3
750 °C,3h 122.4 0.60 20.7
750°C, 4 h 91.28 0.37 23.8

3 % Cu-MgO 550°C,2h 78.82 0.46 20.8
550°C,3h 78.82 0.55 20.3
550°C, 4 h 458.7 0.82 -21.4
650 °C, 2 h 712.4 0.84 13.1
650 °C,3h 68.06 0.31 18.8
650 °C, 4 h 78.82 0.31 19.8
750°C,2h 91.28 0.53 22.9
750°C, 3 h 105.7 0.27 24.4
750°C, 4 h 78.82 0.23 19.6
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3.3. Crystallinity analysis

The XRD analysis was utilized to identify the crystallinity of the
precalcinated and calcinated MgO samples, as shown in Fig. 5. The XRD
data of all the precalcinated samples (Fig. 5 (A) and (B)) showed that the
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peaks are not present, which indicated that they are amorphous. How-
ever, it can be noted that the calcination process has led to the formation
of pure crystalline MgO particles. The XRD analysis of the selected cal-
cinated MgO nanoparticle at 550 °C for 4 h (Fig. 5 (C)) possesses char-
acteristic peaks which are exactly matching with the periclase
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Fig. 5. XRD spectra of (A) precalcinated MgO, (B) precalcinated 1, 2, 3 % of Cu-doped MgO, and (C) calcinated MgO and Cu-doped MgO samples at different
temperature leading to distinct (expected) morphology, (D) and (F) Full width of characteristic MgO crystal peak at 20 = 42.9°.
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crystalline phase of MgO [COD - crystal open database 00-900-6790;
Supplementary information section S.3] [66,67]. The full width half
maximum (FWHM) of the samples has been identified (using the non-
linear fit of peaks) as 0.9138 at 42.9° of 20. Scherrer's formula has
been used to identify the crystallite size of the sample.

Scherrer’s formula D = 0.9A/Bcos®

where, 0.9 = Scherrer constant; A = wavelength of x-rays. In the present
study, Bruker X8 XRD equipment was utilized, which uses Cu Ka with a
wavelength of 1.56 A; p = FWHM and 0 is the corresponding angle of
FWHM. An increase in the calcination temperature has led to an incre-
ment in the peaks of FWHM. This observation indicates that the calci-
nation has improved the crystallinity and contributed to the shape
alteration [68], as Fig. 5 (D) pointed out.

In Cu-doped calcinated samples, there is a minor peak after 80°,
which is formed due to the addition of copper ions [69]. Further, it is
noteworthy that the XRD peak of Cu-MgO samples (Fig. 5 (E) and (F))
are also similar to MgO (same crystal phase structure) with similar peaks
of CuyO (cuprous oxide) but with distinct peak intensity [JCPDS
05-0667] [70]. It is evident from the XRD results that there is a minute
deflection in the peak position and intensity compared to MgO and COD
file data of the reference MgO XRD peak. This confirms that the dopants
are present in the sample after calcination and leads to the formation of
pure MgO crystals with slight phase modifications [71,72].

The crystallite size calculation using Scherrer's formula showed that
the crystals gradually grow concerning the calcination temperature, as
listed in Table 2. The MgO sample calcinated at 550 °C possesses 9 +
0.08 nm of crystallite size, whereas the addition of 1 % copper as a
dopant has led to a similar crystallite size (9 &+ 0.16 nm). In samples
calcinated at 650 °C, the MgO sample possesses 12 + 0.28 nm of crys-
tallite size, whereas the 2 % copper doping increased their crystallite
size (13 £ 0.08 nm). Further, the MgO sample possesses 17 + 0.05 nm of
crystallite size, whereas the 3 % copper doping increased their crystallite
size (17 £ 0.23 nm) in samples calcinated at 750 °C. The similar or
increased crystallite size in doped samples is due to the morphology
transformation, which must have been initiated by the crystal structure
change compared to undoped MgO samples [58,73]. The crystallite size
of the MgO sample is 9 + 0.08 nm, whereas the average particle size
predicted via DLS analysis is 91.28 nm. As expected, the study empha-
sized that the crystallite size of all the samples is lower than the DLS
values, which refers to the hydrodynamic size. The crystallites together
form nanoparticles [74,75], and thus, the result shows that the size of
the nanoparticles will be lesser or closer to DLS results due to the
interaction of aqueous medium and spherical approximation in DLS
analysis [76].

3.4. Functional group analysis

Fig. 6 shows the FTIR spectra of precalcinated and calcinated MgO as
well as Cu-doped MgO samples. Table S.4 (A) and (B) in supplementary

Table 2
Crystallite size of calcinated MgO and Cu-doped MgO samples with standard
deviation (SD).

Sample Calcination Calcination Doping Expected Crystallite
name temperature time (h) (%) morphology  size (nm)
+ SD

MgO 550 °C 4 - Spherical 9 + 0.08

MgO 650 °C 2 - Hexagonal 12 +£0.28

MgO 750 °C 3 - Rod 17 + 0.05

Cu- 550 °C 2 1 Spherical 9+ 0.16
MgO

Cu- 650 °C 4 2 Hexagonal 13 + 0.08
MgO

Cu- 750 °C 4 3 Rod 17 +£0.23
MgO
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material summarize FTIR spectral peaks for comparing the vibrational
groups and their respective functional groups present in precalcinated
and calcinated samples. The attenuated total reflectance (ATR) method
was used to analyze precalcinated MgO samples, whereas the potassium
bromide (KBr) method was used to analyze calcinated MgO samples. It is
evident that the reflectance property of precalcinated samples is reduced
due to the formation of nanosized MgO, where size reduction hasled to a
difference in their property [77,78]. In precalcinated MgO sample, the
presence of O—H group is due to hydroxide [(OH);] in the magnesium
complex before calcination and C—O group is due to the atmospheric
CO4 absorption by the sample. When compared to calcinated MgO
samples, the peak difference at 618 cm™! indicates the presence of hy-
droxide complex in the material [79,80]. Meanwhile, the presence of
O—H and C—O group in MgO sample is due to the absorbance of water
and CO, from the atmosphere. The characteristic peak at 563 cm ™! in-
dicates the presence of Mg—O in the sample [81,82]. Further, the O—H
group in precalcinated Cu-doped MgO samples is due to the existence of
hydroxide [(OH)2], while the presence of C—O group is due to the ab-
sorption of CO,, from the atmosphere. The peak difference at ~616 cm ™
indicates the influence of copper ions on the hydroxide complex in the
precalcinated Cu-doped samples compared to calcinated doped samples
[83]. The peak at ca. 850 cm ™' represents the presence of magnesium,
and the peak at ca. 620 cm ™! is due to the presence of hydroxide (pre-
calcinated sample), whereas the peaks at 570 and 420 cm ! represents
the oxide in the calcinated sample [46,66]. It is evident that several
carboxylic acid peaks which are present in the precalcinated samples are
missing in calcinated samples due to the transformation of magnesium
complex to MgO. The same trend is also identified in the doped samples.
Similarly, a few additional minor peaks are present in doped samples,
which is not present in pure MgO samples due to the addition of dopants
[84,85]. In addition, the minor peaks can also be due to the oxidation
process in the sample, which replaces certain functional groups and shift
their position. It can also be noted that certain peaks are missing in
undoped and doped samples, indicating the structural difference
induced by the doping process in the sample as functional groups
[63,86,87]. Thus, it is apparent that the synergistic effect of calcination
temperature, time, and dopants can effectively alter the functional
groups in the MgO samples, which is evident in the DLS/ELS analysis as
variation in the zeta potential, PDI, and average size.

3.5. Morphology analysis of MgO samples

The morphology of the precalcinated samples was analyzed using
SEM (without gold sputtering), and elemental analysis was performed
using Electron Dispersion Spectroscopy (EDS), as displayed in Fig. 7. The
SEM results showed that the precalcinated samples are above 1000 nm
in size, which is matching with the DLS results [88]. The EDS results
(Fig. 7) revealed the presence of elements such as carbon (probably due
to adhesive carbon tape in the sample holder or in the sample), mag-
nesium, and oxygen, in the undoped precalcinated sample. The presence
of a reduced atomic percentage of magnesium and more oxygen in-
dicates that the magnesium ion will be in the core of the crystal, where
hydrogen and oxygen from the precursor (acetate) are in the edges or
interstitial position of the crystal [89,90]. However, the EDS results in
Fig. S.5 (A-C) showed that copper was not detected in the metal-doped
samples, suggesting that precalcinated samples do not contain copper.
The observed morphology changes in the doped samples indicate that
the copper ions may have been doped inside the crystal of the pre-
calcinated sample [91]. Further, the fluctuation in the percentage of
magnesium and oxygen is due to the polydispersity nature of the pre-
calcinated samples [92,93]. The SEM analysis of the calcinated MgO
samples was presented in Supplementary information S.5. It is not
possible to view the particles via SEM images as the size of the particles
is reduced to nano-regime and also because the MgO, resulting from the
conversion of precalcinated magnesium, is an insulator and cannot
conduct electrons [94,95]. Thus, TEM analysis was used to identify the
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Fig. 6. FTIR spectra of precalcinated (A) MgO, (B) 1 % Cu-doped MgO, (C) 2 % Cu-doped MgO, (D) 3 % Cu-MgO, Calcinated (E) MgO at 550 °C, (F) MgO at 650 °C,
(G) MgO at 750 °C, (H) 1 % Cu-doped MgO at 550 °C, (I) 2 % Cu-doped MgO at 650 °C and (J) 3 % Cu-doped MgO at 750 °C.
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Fig. 7. Scanning electron micrograph and elemental analysis of precalcinated MgO sample (scale = 30 pm).

morphology of the calcinated samples.

Fig. 8 (A-F) shows the TEM images of calcinated MgO and Cu-doped
MgO nanoparticles. The size of the resultant nanoparticles was in the
range of ca. 60-100 nm. The shape predicted via DLS and XRD analysis,
such as spherical, hexagonal, and rod (elongated hexagon) calcinated at
550, 650, and 750 °C is almost similar in most of the samples as indi-
cated by TEM images. Also, the agglomeration indicated by the DLS/ELS
analysis also matches the images. The smaller-sized nanoparticles with
predicted shapes (transformation from spherical to hexagon to elon-
gated hexagon/rod) has been formed via the influence of calcination
temperature, time, and dopant incorporation. However, the shape
transformation in copper-doped samples were not evident, especially
the rod shape, which may be due to insufficient calcination temperature
or time [96]. Further, the solvent used to suspend the samples (ethanol)
has led to agglomeration, similar to water. Thus, an alternative solvent
or addition of surfactant is required to suspend MgO samples for TEM
characterization to provide images without/less agglomeration [46].

3.6. Influence of calcination and dopants on MgO structure

Fig. 9 shows the possible mechanism of the sol-gel process in the
formation of MgO and Cu-doped MgO nanoparticles and the influence of
dopants and calcination on their morphology. The hydrolysis and
condensation process has led to the formation of sol due to pH alteration
from 7 (neutral) to 5 (acidic) when the gelling agent citric acid dissolved
in ethanol was mixed with the magnesium and dopant precursors dis-
solved in ethanol [97]. Later, the sol is transformed into wet gel via the
aging process, where the elements of precursors, gelling agent, and
solvent arrange themselves as a matrix in the gel [98]. Further, the wet
gel is allowed to evaporate via the drying process, where the excess
ethanol is removed to form xerogel [99]. The xerogel was converted into
nanoparticles of spherical, hexagonal, and rod (elongated hexagon)
shape via the calcination process, which was confirmed by XRD and
TEM analysis. It can be noted that the ionic radius of copper (0.073 nm)
is similar to magnesium (0.072 nm), which allows the copper ions to
replace magnesium ions of the magnesium complex via partial substi-
tution during the hydrolysis and condensation process to reduce the
defects in their amorphous structure [45,100]. The shape difference
observed via SEM analysis, elemental analysis using EDS analysis, and
crystallite sizes calculated via XRD analysis confirm these attributes,
which is due to the replacement of magnesium ions with copper ions of
amorphous precalcinated samples [45,101]. Later, the calcination led to
the transformation of shapes from spherical to hexagon and hexagon to
elongated hexagon and rod [102,103]. The use of FTIR, SEM, and TEM

analysis confirmed that doping with copper and calcination has led to
modifications in the morphology of the copper-doped MgO nano-
particles compared to undoped MgO nanoparticles.

3.7. Stabilization efficiency of MgO nanoparticles using PAMAM
dendrimers

The MgO nanoparticles synthesized via sol-gel approach are larger
~10-100 nm, compared to fifth-generation dendrimers, and thus,
amine-terminated fifth-generation PAMAM dendrimer was used as a
stabilizing agent for the controlled release of MgO nanoparticles. The
standard calibration graph of MgO nanoparticles was obtained via
UV-Visible spectroscopy by suspending 10 mg/ml of sample in ultrapure
water as shown in supplementary information S.6. Figs. 10 (A) and (B)
shows the absorbance of the dendrimer stabilized spherical MgO
nanoparticle sample as well as supernatant (free dendrimer/MgO). The
characteristic peak at 292 nm indicates the presence of a high concen-
tration of MgO, which was eventually reduced in the supernatant (refer
to supplementary information section S.7). In addition, the peak around
280 nm is present only in dendrimer stabilized spherical MgO sample,
which may be due to the existence of free dendrimer along with nano-
particles stabilized with dendrimer refer to supplementary information
section S.8.1). It is evident from Figs. 10 (C) and (D) that the dendrimer
effectively stabilized the spherical and rod/elongated hexagon-shaped
copper-doped MgO nanoparticles compared to undoped samples.
However, the stabilization efficiency of hexagonal copper doped nano-
particles is less than undoped hexagonal nanoparticles. This observation
can be attributed to the doped sample's edge atoms and the presence of
copper ions in the MgO crystal's interstitial position, which may have
restricted the crucial electrostatic attraction between the dendrimer and
the nanoparticle [104-107], as schematically represented in Fig. 10 (E).

3.8. DLS/ELS analysis of PAMAM stabilized MgO nanoparticles samples

The average particle size predicted from DLS analysis showed that
the stabilized samples are in the size range of ~700-900 nm, as indi-
cated in Table 3. The wide range of particle size with PDI as 1 in su-
pernatant samples indicates the presence of both dendrimer and
nanoparticles that are not involved in the stabilization process. The
increment in the size is due to the stabilization process. The zeta po-
tential seems to decrease in the dendrimer stabilized samples. The
alteration of zeta potential from negative to positive in spherical and
hexagonal MgO nanoparticles samples is attributed to the terminal
amine functionalization, whereas in rod-shaped MgO sample, the
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Fig. 8. TEM images in 1 pm/500 nm/100 nm scale of calcinated MgO nano-
particles at (A) 550 °C, (B) 650 °C, (C) 750 °C; (D) 1 % Cu-doped MgO nano-
particles calcinated at 550 °C, (E) 2 % Cu-doped MgO nanoparticles calcinated
at 650 °C and (F) 3 % Cu-doped MgO nanoparticles calcinated at 750 °C.
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Fig. 9. Possible mechanism of MgO/Cu-doped MgO nanoparticle formation via
sol-gel, doping, and calcination process.

positive charge decreases as the negatively charged oxygen group in the
MgO nanoparticle is exposed to the surface during stabilization process
[108,109]. A similar process (as in rod-shaped MgO) has also been
observed in Cu-doped MgO nanoparticle samples. While comparing the
data from UV-Visible spectra and DLS analysis, it is evident that the
MgO nanoparticles were effectively stabilized by amine-terminated
dendrimers (Additional data on optimization of stabilization is pre-
sented in supplementary information section S.8.).
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Table 3
Average size, PDI, and zeta potential of MgO, stabilized MgO, Cu-doped MgO, and

stabilized Cu-doped MgO nanoparticles.

Sample Size (d. nm) Size (d. nm) supernatant PDI PDI supernatant Zeta potential (mV) Zeta potential (mV) supernatant
MgO-S 91.28 0.725 -2.91

MgO-S-dendrimer 712.4 and 122.4 1400 0.395 1 12.2 5.69
MgO-H 78.82 0.430 -7

MgO-H-dendrimer 458.7 1480 0.314 1 13 5.67
MgO-R 68.06 0.399 20.5

MgO-R-dendrimer 955.4 1100 0.452 1 13.7 6.20
Cu-MgO-S 78.82 0.432 3.83

Cu-MgO-S-dendrimer 615.1 1154 0.722 0.323 10.6 4.76
Cu-MgO-H 68.06 0.376 23.8

Cu-MgO-H-dendrimer 966 1066 1 1 15.2 5.45
Cu-MgO-R 78.82 0.239 19.6

Cu-MgO-R-dendrimer 881.4 6815 0.583 0.849 15.5 6.54

3.9. Functional group analysis of dendrimer stabilized MgO/Cu-doped
MgO nanoparticles

The FTIR analysis (Fig. 11 and Table 4) using a KBr method, showed

the presence of the primary amine group (NHs) (3295 cm™!) from the
dendrimer and the = O vibrations (2127 cm’l), amides (-CO-NH-)
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(1632 cm™ 1) and 664 cm ™! (CH out of plane aromatic band) [110,111].
The variations in these peaks (MgO and Cu-doped MgO) show that
certain portions of the MgO are exposed to dendrimer surface even after
the stabilization, as indicated by maximum ~30 % stabilization effi-
ciency. Thus, the comparative results of UV-Visible spectra, stabiliza-
tion efficacy, DLS, and FTIR analysis has led to the selection of spherical
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dendrimer stabilized Cu-doped MgO nanoparticles. S — Spherical, H — Hexagonal, R — Rod.

Table 4

FTIR spectral peaks of dendrimer stabilized MgO/Cu-doped MgO nanoparticle
samples.

Sample PAMAM  MgO-S- MgO-H- MgO-R-
PAMAM PAMAM PAMAM

Peak (cm™!) 3295.00 3307.13 3307.03 3307.29
2127.00  2126.65 2111.07 2114.94

1632.08  1634.20 1634.35 1634.31

664.61 631.44 611.49 619.96

Sample PAMAM  Cu-MgO-S- Cu-MgO-H- Cu-MgO-R-

PAMAM PAMAM PAMAM

Peak 3295.00  3306.71 3307.48 3307.31
(em™Y) 2127.00 2112.01 2122.99 2130.91
1632.08  1634.29 1634.52 1634.50

664.61 584.08 571.13 559.55

MgO nanoparticle samples stabilized using amine-functionalized G5-
PAMAM dendrimer for further analysis.

3.10. Morphology analysis of dendrimer stabilized MgO/Cu-doped MgO
nanoparticles

The SEM analysis, as in Figs. 12 (A) and (B) shows that the
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nanoparticles were stabilized by dendrimers. The hollow spaces within
the dendrimers (indicated by red arrow mark) represent the presence of
MgO nanoparticles, stabilized by dendrimers. Since MgO nanoparticles
are insulators or wide bandgap semiconductors and are smaller, it is
impossible to view them via a 20-pm SEM scale. However, the stabili-
zation of nanoparticles via dendrimers was clearly visible with larger
size and agglomeration, which matches the DLS analysis.

3.11. Amylase inhibition activity of selected dendrimer stabilized MgO
nanoparticle samples

Fig. 13(A) shows the alpha-amylase enzyme inhibition activity of
free and PAMAM dendrimer stabilized MgO nanoparticles after 0 and
24 h. It can be noted that the 1 and 2 mg of nanoparticles yielded more
maltose than the control samples (without MgO), which may be due to
the catalytic effect of the enzyme under MgO influence. On the other
hand, 3-4 mg of MgO nanoparticles promoted the inhibition of the
alpha-amylase enzyme. In comparison, due to the agglomeration of
nanoparticles, a 5 mg sample showed a higher enzymatic catalytic ac-
tivity [112] (data in supplementary information section S.9). Hence, 3
mg of nanoparticles was selected for further enzyme inhibition analysis.

The results showed that non-stabilized MgO and metal-doped MgO
possess a low alpha-amylase inhibition activity compared to the den-
drimer stabilized samples at 0 h. Among the non-stabilized samples,
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Fig. 12. Scanning electron micrograph of selected (A) G5 amine-terminated PAMAM dendrimer stabilized spherical MgO nanoparticles and (B) G5 amine-terminated

PAMAM dendrimer stabilized spherical Cu-doped MgO nanoparticles.

MgO nanoparticles showed high enzyme inhibition activity due to
reactive oxygen species (ROS) release. In contrast, Cu-doped MgO
samples reduced the inhibition activity, where the copper ions acted as a
catalyst to improve the amylase activity and convert starch to maltose
[113,114]. It can be noted that the dendrimer stabilized samples showed
enhanced enzyme inhibition activity compared to non-stabilized sam-
ples. This can be attributed to the amine group of the dendrimer (posi-
tive surface charge from DLS/ELS analysis), which may have been
attached to the negatively charged site of the enzyme to release nano-
particles, eventually releasing ROS on the target site, inhibiting enzyme
activity as proposed in Fig. 13 (B) [115-117]. The alpha-amylase inhi-
bition activity of the non-stabilized and stabilized samples after 24 h
shows that the inhibition activity of non-stabilized samples depends on
the controlled release of ROS through stabilized NPs. The enzyme in-
hibition activity of the non-stabilized samples was improved after 24 h,
whereas the dendrimer stabilized samples reduced the inhibition after
24 h. This shows that the release of ROS by the nanoparticles is
controlled by the dendrimer-mediated stabilization and can be useful in
prolonged inhibition of amylase enzyme [118,119].

Several previous studies have confirmed the amylase inhibition
property of MgO nanoparticles [120,121]. These studies showed the
immediate inhibition response of the nanoparticles by comparing them
with commercial enzyme inhibitors named acarbose or metformin. It is
worthy to note that the results of enzyme inhibition activity of the
dendrimer stabilized MgO nanoparticles demonstrated in the present
study is almost on par with the acarbose results and better than the MgO
nanoparticle results from previous studies [121,122]. Further, D'Souza
et al. [123] prepared zinc-doped MgO nanoparticles using the fruit
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extract of Vateria indica. The study emphasized that the metal-doped
nanoparticles possess enhanced enzyme inhibition efficacy compared
to undoped MgO samples. The results in the present study are proximate
to the previously reported for free MgO and Cu-doped nanoparticles at O
h. The stabilization of nanoparticles with G5-amine-terminated PAMAM
dendrimer is a major significance of this study, which eventually delays
enzyme inhibition activity of nanoparticles at 0 h. Hence, it is evident
from the results that the dendrimer enhances the amylase enzyme in-
hibition of MgO nanoparticles via controlled release and prolonged ROS
effect for up to 24 h, when compared to free MgO nanoparticles. This
could be beneficial in the long-term for controlled inhibition of amylase
without rapidly increasing undigested starch in the intestine of diabetic
patients. Although the effect of shape on the biological properties was
not evaluated in this study, the presented results show that this aspect
deserves to be considered in future studies.

4. Conclusion

In this study, MgO and Cu-doped MgO nanoparticles were synthe-
sized via sol-gel by optimization of calcination temperature and time
approach. The nanoparticles' morphology and physicochemical prop-
erties were evaluated via a systematic characterization approach (e.g.
SEM and TEM). Pure MgO and Cu-doped MgO nanoparticles were pre-
pared in spherical, hexagonal, and rod/elongated rod shapes after the
calcination process. Later, the fifth generation, amine-terminated
PAMAM dendrimer suspended in an aqueous medium was selected for
the stabilization of both MgO and Cu-doped MgO nanoparticles of
distinct morphology. The efficiency of the dendrimer to stabilize
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Fig. 13. (A) Alpha-amylase enzyme inhibition activity of free and PAMAM
dendrimer stabilized MgO nanoparticles after 0 and 24 h; and (B) Proposed
mechanism of alpha-amylase enzyme inhibition.

spherical copper-doped MgO nanoparticles (~30 %) is higher than in
the other samples, which was confirmed by UV-Visible spectra, DLS,
FTIR, and TEM analysis. The alpha-amylase inhibition assay emphasized
that the dendrimer stabilization has prolonged the enzyme inhibition
ability of MgO nanoparticles for up to 24 h.

This study will be a benchmark attempt to utilize dendrimer stabi-
lized MgO nanoparticles for antidiabetic studies, especially for digestive
enzyme inhibition. Further, this study can be extended to identify the
potential of dendrimer formulation for inhibiting other enzymes with
antidiabetic efficacy, compared with commercial enzyme inhibitors,
other dendrimer generations with distinct functionalization units, and
MgO nanoparticles doped with different metal ions.
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