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Abstract In this study, novel CuFe12O19@hydroxyapatite magnetic nanocomposites (CuFe12-

O19@HAp MNCs) as controlled target drug delivery were synthesized by ultrasound-assisted pre-

cipitation method for the first time. Then, the magnetic substrate was functionalized with APTES

(CuFe12O19@HAp-APTES MNCs) to increase the efficiency of the drug delivery system. The crys-

tallinity, size, morphology, and composition of the products were determined by FESEM, DLS,

BET, TEM, XRD, EDS, and VSM. In order to investigate the drug loading ability of prepared

nanocomposites, we chose antihypertensive drug (atenolol) as the model drug. After that, the

release behavior of magnetic nanocomposites modified atenolol was investigated under stomach

(pH value of 1.5–2) and intestine (pH value of 5.8–6.7) conditions. The results revealed that the

highest entrapment efficiency was achieved by CuFe12O19@HAp-APTES MNCs (63.1%). Further-

more, the controlled-release potential for CuFe12O19@HAp-APTES MNCs was the highest com-

pared with the pure CuFe12O19@HAp MNCs. Increased efficiency can be due to the binding of

the amine group in APTES with the atenolol drug. The cytotoxicity of the ATL-loaded magnetic

nanocomposites (ATL-CuFe12O19@HAp-APTES MNCs) was investigated on the HEK-293 cell
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Fig. 1
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line using MTT assay. Based on the results, we concluded that the synthesized magnetic nanocom-

posites could be effective vehicles for the sustained delivery of atenolol as an antihypertensive drug.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the recent decade, nanomaterials are playing a critical role in scien-

tific research, including environmental (Hıs�ır et al., 2022; Khormali

et al., 2021; Shirzadi-Ahodashti et al., 2020), biological (Saejung

et al., 2022; Ebrahimzadeh et al., 2021; Hashemi et al., 2022), phar-

macy (Khushbu, 2021), and medicine (Mohammadzadeh et al.,

2019). In recent years, a lot of research has been done in the field of

preparation and identification of nanomaterials and their use in thera-

peutic applications. One of the most interesting uses of nanoscience in

biomedical is the use of nanomaterials as drug delivery systems, that

target the drug to an area of interest. Different compounds have been

utilized in drug-delivery applications such as SiO2/ZnO (Zhang et al.,

2022), SiO2/c-Fe2O3 (Wei et al., 2017), PLA/TiO2 (Salahuddin et al.,

2020), Fe3O4@APTES/Cs/TG (Shafiee et al., 2019), ZnO/SBA-16

(Fekri et al., 2022). Atenolol as one of the famous drugs can be a good

option for combination with nanocarriers.

Atenolol drug (ATL; C14H22N2O3; Fig. 1) is a p-adrenoceptor

antagonist currently applied for the treatment of hypertension, angina,

heart failure, and myocardial infarction (Thadikonda et al., 1995;

Adhikari et al., 2010). About fifty percent of this drug is absorbed from

the gastrointestinal tract (oral dose). Therefore, it is essential to design

an appropriate drug delivery system with few side effects (such as

atenolol).
XRD patterns of (a) CuFe12O1
In recent years, hexaferrite compounds (MFe12O19) have attracted

the attention of researchers owing to their unique properties. The hex-

aferrite are very useful and applied in various fields, including perma-

nent magnets, plastic magnets, catalysts and high-density magnetic

recording media (Ansari et al., 2016; Kaur et al., 2022; Khan et al.,

2022). The hexaferrite compounds were discovered in the 1950 s

(Ansari et al., 2016). However, it is still interesting for researchers to

study the properties of these compounds. As mentioned above, the for-

mula of these compounds is MFe12O19; M can be a divalent element.

Up to now, various nanomaterials of these magnetic compounds have

been synthesized such as PbFe12O19 (Ansari et al., 2015), ZnFe12O19

(Khoobi et al., 2021), BaFe12O19 (Thirupathy et al., 2020), and SrFe12-

O19 (Herrault et al., 2021). Therefore, due to the unique properties of

these compounds, we decided to introduce a new drug delivery system

based on these compounds. Table. 1 presents the magnetic nanocom-

posites used in drug delivery. Hydroxyapatite compound (Ca10(PO4)6(-

OH)2; HAp) is highly biocompatible, including bio-material that has

the same element ratio as natural teeth and bones (Ca:P = 1.67)

(Mushtaq et al., 2021). Mechanical, non-inflammatory and bioactive

properties are also other characteristics of hydroxyapatite (Abbasi

Aval et al., 2016). Thus, because of the close similarity of this com-

pound with the inorganic component of natural bone and pH-

sensitive characteristics, the use of this combination in drug delivery

systems looks very attractive.
9 and (b) CuFe12O19@HAp MNCs.
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Table 1 Magnetic nanomaterials used in drug delivery system.

Sample

No

Carrier Size

(nm)

Morphology Drug Ref

1 SiO2@Fe3O4 <100 Spherical Curcumin (Asgari et al., 2021)

2 Fe3O4@starch-itaconic

acid

40 Spherical Guaifenesin (Nezami et al., 2020)

3 CoFe2O4-HAp 85–65 Spherical Ibuprofen (Hassanzadeh-Tabrizi et al.,

2021)

4 magnetite/silica 21.3–30 Spherical and slightly

agglomerate

Doxorubicin (Taufiq et al., 2020)

5 CMC/PAA/St-Fe3O4 25–100 Spherical with core–shell

structure

Doxorubicin & 5-

fluorouracil

(Mohammadi et al., 2021)

6 Ce4-xCs2(1+x)Fe5-

xZnxO14+d

10 Spherical and honeycomb-like Ciprofloxacin (Thangaraj et al., 2022)

7 hydroxyapatite-

MgFe2O4

40–100 Spherical and oval Ibuprofen (Foroughi et al., 2016)

8 CoFe2O4 13.2 Spherical Chlorpheniramine

maleate

(Amiri et al., 2017)

9 Fe3O4-zeolite 30 Cubic 5-fluorouracil (Sağir et al., 2016)

10 Fe3O4@SiO2-

hydroxyapatite

90–100 Spherical Sulfasalazine (Orooji et al., 2020)
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In this research, novel CuFe12O19@hydroxiapatite nanocompos-

ites were prepared using ultrasound-assisted precipitation method

for the first time. Then, the obtained nanocomposites are function-

alized with APTES (CuFe12O19@HAp-APTES MNCs). The pur-

pose of this research is to investigate the ability of

CuFe12O19@HAp-APTES MNCs as a novel nanocarrier for ateno-

lol delivery in the stomach and intestine pH (1.5–2 and 5.8–6.7)

buffered solutions.

2. Experimental

2.1. Chemical used and characterization

The materials applied in this work include calcium nitrate

tetrahydrate (Ca(NO3)2�4H2O), ammonium hydroxide (NH4-
OH), diammonium hydrogen phosphate (NH4)2HPO4, copper
(II) nitrate trihydrate Cu(NO3)2�3H2O; iron (III) nitrate, (3-
aminopropyl)triethoxysilane (APTES), methanol, ethanol,

and ammonium were purchased from Merck and Sigma-
Aldrich Companies and used without any further purification.
In reacting materials, all solutions were prepared using dis-

tilled water. The concentration of the atenolol loaded into
the magnetic nanocomposites was determined using UV–Vis
spectrophotometer (BioTek instrument, model Epoch; USA).

The XRD was applied to characterize the structure and phase
of synthesized products. The crystalline structure of CuFe12-
O19 and CuFe12O19@hydroxyapatite with X-ray diffraction
were examined by Philips PW 1800 with Cu Ka radiation

(2h = 10�-80�; k = 1.54 Å). Fourier transform infrared
(FTIR) spectroscopic analyses of CuFe12O19, CuFe12O19@-
HAp MNCs, and CuFe12O19@HAp-APTES MNCs were per-

formed by PerkinElmer Spectrum TwoTM IR spectrometer;
Model L160000U (400–4000 cm�1). Field emission scanning
electron microscopy (FE-SEM) and transmission electron

microscopy (TEM) images of products were captured using
TESCAN BRNO-Mira3 LMU and Zeiss-EM10C-100 KV,
respectively.
2.2. Fabrication of CuFe12O19 magnetic nanoparticles

Magnetic CuFe12O19 nanoparticles were prepared using the
previous report with a slight modification (Ansari et al.,
2016). Magnetic CuFe12O19 nanoparticles were fabrication

by reaction between iron nitrate salt and copper nitrate salt
in the presence of ammonium hydroxide. For this purpose,
0.5 g of copper nitrate salt was dissolved in distilled water

(30 mL). In another container, 3.56 g of iron (III) nitrate
was dissolved in 30 mL of distilled water and added to the
above solution (the molar ratio of Fe3+:Cu2+ was 6: 1). Then,

aqueous ammonia hydroxide was added to the above mixture
to maintain the pH = 12. After 2 h, the precipitate was col-
lected, washed (three times with distilled water and ethanol),
and dried at 70 �C. Finally, the resulting powder was trans-

ferred to a furnace and calcined at 900 �C for 2 h.

2.3. Synthesis of CuFe12O19@hydroxyapatite nanocomposites
(CuFe12O19@HAp MNCs)

For the synthesis of hydroxyapatite, diammonium hydrogen
phosphate and calcium nitrate salt were taken as precursors

of PO4
3- and Ca2+ ions, respectively. The CuFe12O19@HAp

MNCs were synthesized via ultrasound-assisted precipitation
route. Initially, 0.3 gr of CuFe12O19 was dispersed in 15 mL

of ethanol and 15 mL of distilled water under ultrasonic con-
ditions. After that, 0.64 M of calcium nitrate solution and
0.4 M of diammonium hydrogen phosphate solution were pre-
pared in various beakers (the molar ratio of P:Ca was 1:1.6).

Next, the mixture solution (phosphate + calcium solutions)
was added dropwise to the CuFe12O19 solution and adjusted
the pH to 12 by adding the ammonium hydroxide (NH4OH)

with intense stirring for 3 h. The final product was washed
thoroughly with distilled water and dried overnight at room
temperature. CuFe12O19@HAp MNCs was obtained by cal-

cining of the precipitate at 500 �C for 2 h.



Fig. 2 FT-IR spectra of (a) CuFe12O19, (b) CuFe12O19@HAp MNCs, (c) CuFe12O19@HAp-APTES MNCs, (d) atenolol, and (e) ATL-

CuFe12O19@HAp-APTES MNCs.
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2.4. Modification of magnetic CuFe12O19@HAp NCs using

APTES (CuFe12O19@HAp-APTES MNCs)

The functionalization of CuFe12O19@HAp MNCs was carried

out based on a previous report with some modifications
(Cueto-Dı́az et al., 2021). For the functionalization of CuFe12-

O19@HAp MNCs by APTES, 0.5 g of CuFe12O19@HAp
MNCs was dispersed in 25 mL of toluene by sonicating for
30 min. Next, 1 mL of APTES was added to the solution.

The resultant solution was heated at 50 �C and kept under stir-



Fig. 3 VSM magnetization curves of CuFe12O19, and CuFe12O19@HAp MNCs.
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ring for 24 h. Finally, APTES functionalized CuFe12O19@-
HAp MNCs were thoroughly washed and centrifuged three
times to remove the excess ions on the surface of product.

2.5. Cytotoxicity of CuFe12O19@HAp-APTES MNCs

MTT is a colorimetric assay that determines the viable cells by

converting the yellow soluble tetrazolium salt [3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) to dark
insoluble formazan dye. This assay was performed according

to the previous instructions (Orooji et al., 2020). Typically,
104 HEK-293 cells seeded in a 96-well plate and incubated at
37 �C. Then, 10 ml of the media (RPMI) was removed, and

10 ml of two separate groups ATL-CuFe12O19@HAp-APTES
MNCs, and free drug at different concentrations (1, 5, 10,
20, 50, and 100 mg/mL) were added to each well. After incuba-
tion times at 37 �C for 24 and 48 h at 5 % CO2 atmosphere,

20 ml of the medium was withdrawn and 20 ml of prepared
solution (5 mg of MTT powder in 1 mL of PBS) was added
to each well. Untreated cells were chosen as control (blank)

group. After 4 h of incubation, medium of each well was
removed and 100 ml of dimethyl sulfoxide (DMSO) was added.
Absorption was read at 570 nm by ELISA reader.

2.6. Atenolol loading and release

Atenolol as a beta-blocker drug was loaded into the magnetic
CuFe12O19@HAp MNCs and CuFe12O19@HAp-APTES

MNCs by immersing (Mortazavi-Derazkola et al., 2016). In
the atenolol loading test, some nanocomposites (100 mg) were
added to a 5 mL methanolic solution containing methanol and
drug (100 mg of drug dissolved in 5 mL of methanol solution)
at room temperature under magnetic stirring for 24 h. The

atenolol-loaded nanocomposites (ATL-CuFe12O19@HAp
MNCs and ATL-CuFe12O19@HAp-APTES MNCs) were cen-
trifuged at 10000 rpm for 15 min. UV–vis spectroscopy was

applied to study the atenolol loading capacity of the prepared
nanocomposites at 220 nm. Simulated body fluid (SBF) solu-
tion simulated the body-tissue liquid. The ionic composition

in the fabricated SBF was as follows: SO4
2-, Mg2+, Cl-, K+,

Na+, HCO3–, Ca+, and HPO4
2- of 0.5, 1.5, 147.8, 5, 142, 4.2,

2.5, and 1 mM, respectively. The in-vitro release of atenolol
from ATL-CuFe12O19@HAp MNCs and ATL-

CuFe12O19@HAp-APTES MNCs was investigated at
pH = 6.8 (intestinal conditions) and for different time inter-
vals. For this purpose, some magnetic nanocomposites

(50 mg) were dispersed into 100 mL of SBF under magnetic
stirring. Next, the upper liquid was separated (3 mL) using a
pipette and its absorbance intensity was determined at

420 nm. In addition, 3 mL of fresh FBS solution was added.

3. Results and discussion

3.1. Structural analysis

Fig. 1 shows X-ray diffraction analysis (XRD) patterns of as-
synthesized ferrites with 1:12 ratios of Cu:Fe (CuFe12O19) and
CuFe12O19@HAp MNCs. Due to the CuFe12O19 is one of the

newest compounds, the XRD pattern of hexaferrite (Fig. 1a)
failed to be identified from among the JCPDS cards. This



Fig. 4 FESEM images of (a and b) CuFe12O19, and (c and d) CuFe12O19@HAp MNCs.
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result is consistent with previous reports (Mahdiani et al.,
2018). The XRD pattern of CuFe12O19@HAp MNCs was

illustrated in Fig. 1b. In the XRD pattern of CuFe12O19@HAp
MNCs, the prominent diffraction peaks at 2h of 25.7�, 31.6�,
39.4�, 46.5�, and 49.8� are related to the (002), (211), (310),

(222) and (213) crystalline planes of hydroxyapatite, respec-
tively. All diffraction lines are according to what is known as
the reference pattern of hydroxyapatite (JCPDS card no. 09–
0432) (Saire-Saire et al., 2020; Salimi, 2021). Furthermore,

the mean crystallite sizes of 42 nm were calculated about
73 nm using the Scherrer equation (Shirzadi-Ahodashti
et al., 2020).
3.2. Fourier-transform infrared spectroscopy (FT-IR)

Fig. 2 shows the FT-IR spectrum of the as-fabricated CuFe12-
O19, CuFe12O19@HAp MNCs, CuFe12O19@HAp-APTES
MNCs, atenolol, and CuFe12O19@HAp-APTES-atenolol.

The peaks appearing at about 3400 and 1600 cm�1 in all spec-
trums are attributed to the hydroxyl groups (–OH) of water on
the surface of products (Shirzadi-Ahodashti et al., 2020;

Naghizadeh et al., 2021; Shirzadi-Ahodashti et al., 2021).
The absorption bands at 514.7 and 614.3 cm�1 were related
to Cu–O and Fe-O bonds from the CuFe12O19 sample, respec-

tively (Fig. 2a) (Mahdiani et al., 2018). By applying FT-IR, the
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purity of the functionalized CuFe12O19@HAp MNCs was
checked and confirmed. The FT-IR spectrum of CuFe12O19@-
HAp MNCs is shown in Fig. 2b. The peaks at around 1083.5

and 617.9 cm�1 corresponded to the phosphate group and
PO4

3-, respectively. The FT-IR spectra showed two weak
absorption bands at 1436.2 and 881.6 cm�1 related to carbon-

ate and hydrogen phosphate, respectively (Tian et al., 2014;
Yang et al., 2010). Fig. 2c shows the weak peaks at about
2918.3 and 1533.2 cm�1, which are related to the CAH stretch-

ing of propyl and amine groups, respectively (Orooji et al.,
2020). Furthermore, FT-IR sternum of atenolol and CuFe12-
O19@HAp-APTES-atenolol was showed in Fig. 2d and e. As
observed, atenolol drugs were correctly loaded in CuFe12-

O19@HAp-APTES (see Fig. 3).

3.3. Magnetic measurement

The vibrating sample magnetometer (VSM) analysis was uti-
lized to investigate the magnetic properties of products. The
Magnetization property of synthesized magnetic CuFe12O19

and CuFe12O19@HAp-APTES MNCs was measured at room
temperature and revealed in Fig. 2. The saturation magnetiza-
tion of CuFe12O19 and CuFe12O19@HAp-APTES MNCs were

measured to be 13.9 and 9.2 emu/g, respectively. In 2016,
Ansari et al., synthesized CuFe12O19 nanostructures. VSM
analysis was carried out to check the magnetic performance.
The results showed that the synthesized nanostructures had

moderate magnetic properties (6 emu/g) (Ansari et al., 2016).
As can be seen, the saturation of CuFe12O19@HAp-APTES
MNCs (13.9 emu/g) was decreased to 9.2 emu/g due to the

placement of HAp-APTES on the surface of CuFe12O19. Com-
pared to previous results, the synthesized nanoparticles have
good magnetic properties. The VSM results showed that the

synthesized CuFe12O19@HAp-APTES MNCs had promising
magnetic properties that could be used as a reusable drug
carrier.

3.4. Morphological and elemental analysis

Field-emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) analysis were utilized

to study the size and morphology of products. The shape and
Fig. 5 TEM images of (a) CuFe12O19
size of the CuFe12O19 and CuFe12O19@HAp-APTES MNCs
were examined by FESEM and TEM, presented in Fig. 4
and Fig. 5, respectively. Based on the FESEM micrographs,

the CuFe12O19 exhibits a spherical-like and oval-like structure
with an average size of 35–50 nm (Fig. 4a and b). The shape
and size of the products was confirmed using TEM analysis.

As Fig. 5a shows, the morphology of CuFe12O19 nanoparticles
is spherical, homogenous, and irregular. FESEM observations
proved that size and morphology changes occur after deposi-

tion of HAp-APTES on the surface of CuFe12O19 (CuFe12-
O19@HAp-APTES MNCs; Fig. 4c and d). The particle size
of the product was increased (65–80 nm). Furthermore, when
hydroxyapatite was used, the surface morphology changed to

a combination of rod and spherical. The rod structure of
CuFe12O19@HAp-APTES MNCs is due to the hydroxyapatite
part of the nanocomposite. Because the product has magnetic

properties, TEM observation may induce some aggregation of
the magnetic particles (Fig. 5b). Chemical compositions of the
products were analyzed using EDS analysis. Elemental analy-

sis of CuFe12O19 and CuFe12O19@HAp MNCs is shown in
Fig. 6. The elemental analysis results of the CuFe12O19 showed
the presence of copper, iron, and oxygen, confirming the for-

mation of the CuFe12O19 (Fig. 6a). The presence of oxygen,
copper, iron, calcium, and phosphorus in the CuFe12O19@-
HAp MNCs spectrum showed that the compound had a high
percentage of purity (Fig. 6b).

3.5. DLS and BET analysis

The hydrodynamic diameters and surface charge of the as-

prepared products were determined by dynamic light scatter-
ing (DLS) and zeta-potential techniques, respectively. The par-
ticle size distribution of the CuFe12O19 and CuFe12O19@HAp-

APTES MNCs is presented in Fig. 7a and b. The average
diameter of the CuFe12O19 and CuFe12O19@HAp-APTES
MNCs was measured as 30–90 and 60–130 nm. The increase

in size confirms the hydroxyapatite deposited on the surface
of the CuFe12O19 magnetic nanoparticles. Knowing the zeta
potential is essential for the characterization of surface proper-
ties. Higher zeta potential represents stable dispersion

(Darwish et al., 2019). The zeta potential values were �17.6
and �6.1 mV for CuFe12O19 and CuFe12O19@HAp-APTES
, and (b) CuFe12O19@HAp MNCs.



Fig. 6 EDS spectrum of (a) CuFe12O19, and (b) CuFe12O19@HAp MNCs.
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MNCs, respectively. The zeta-potential results showed that the
prepared CuFe12O19@HAp-APTES NCs dispersed in water

because of the large electrostatic repulsive forces between the
particles. After deposition of hydroxyapatite on the surface
of CuFe12O19, the values of zeta potential decreased. This
exhibited less stability because of the low electrostatic repulsive
forces between synthesized particles (Salunkhe et al., 2016).

Fig. 7b shows the specific surface area and pore size distribu-
tion measured by nitrogen adsorption–desorption isotherm.
The CuFe12O19@HAp-APTES MNCs showed a similar type



Fig. 7 DLS plots of (a) CuFe12O19, (b) CuFe12O19@HAp-APTES MNCs, and (c) N2 adsorption–desorption isotherms for CuFe12-

O19@HAp-APTES MNCs.
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Fig. 8 MTT assay: HEK-293 cell was exposed to the ATL-

CuFe12O19@HAp-APTES MNCs for 24 and 48 h.
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of IV isotherm according to the International Union of Pure
and Applied Chemistry (IUPAC) classification which exhibits

their mesoporous nature (Thommes et al., 2015).

3.6. Cytotoxicity

Fig. 8 reveals the evaluation of cell viability of ATL-
CuFe12O19@HAp-APTES MNCs on HEK-293 normal cell
lines at various concentrations after 24 and 48 h. Statistical
analysis exhibited no cytotoxicity for ATL-

CuFe12O19@HAp-APTES MNCs at 24 h compared to the
untreated control. In our previous study (Mortazavi-
Derazkola et al., 2017), we published that pure atenolol

showed significant toxicity on the HEK-293 cell line at
100 mg/mL concentration after 24 h. Furthermore, cytotoxic-
ity study showed (after 48 h) that ATL-CuFe12O19@HAp-

APTES MNCs present significant toxicity at 100 mg/mL, in
Scheme 1 Schematic illustration of the preparation of CuFe12O19@H
comparison to the toxicity of atenolol at 50 and 100 mg/mL.
In-vitro toxicity results showed that loading drug into CuFe12-
O19@HAp-APTES MNCs reduces the toxicity of the pure

drug.

3.7. Drug loading and release

The percentage of atenolol loading on sample carriers
(CuFe12O19@HAp-APTES MNCs) was analyzed using UV–
vis over 200–800 nm. Entrapment efficiency (EE) is a crucial

parameter for the determination of nanocarriers. The percent-
age entrapment efficiency (Eq. (1)) was calculated from the fol-
lowing equations:

Entrapment efficiency ð%Þ
¼ Weight of initial atenolol�Weight of free atenolol

Weight of initial atenolol
� 100

ð1Þ
According to the entrapment efficiency equation, the per-

centage of entrapment efficiency for CuFe12O19@HAp MNCs
and CuFe12O19@HAp-APTES MNCs was measured as

21.7 % and 63.1 %, respectively. The entrapment efficiency
of CuFe12O19@HAP-APTES MNCs was more than pure
CuFe12O19@HAp MNCs. This increase can be related to the
NAH (amino) groups (from APTES) linked to the hydroxyl

walls of the hydroxyapatite structure. The mechanism of func-
tionalization of CuFe12O19@HAp MNCs with APTES and
the interaction of these compounds with atenolol were shown

in Scheme.1. The in-vitro release of atenolol from the synthe-
sized CuFe12O19@HAp MNCs and CuFe12O19@HAp-
APTES MNCs was carried out in simulated body fluid

(FBS) with different pH values (intestinal pH value of 5.8–
6.7 and stomach pH value of 1.5–2). Fig. 9 depicts the cumu-
lative release of atenolol from CuFe12O19@HAp MNCs and
CuFe12O19@HAp-APTES MNCs at various times. A rapid

drug release was observed initially (53.4 % for CuFe12O19@-
HAp MNCs and 24.8 % for CuFe12O19@HAp-APTES
MNCs). This initial burst can be interpreted as follows: in

the beginning, the immediate dissolution of atenolol molecules
located close to the surface of nanocarrier occurs, while the
drug molecules captured in the pores need more time to escape
Ap-APTES MNCs and atenolol loaded magnetic nanocomposites.



Fig. 9 In-vitro drug release profiles from magnetic nanocomposites in stomach and intestine environment.
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from the pores. In other words, this difference was due to the
stronger interaction of the drug molecule to the amine (in

CuFe12O19@HAp-APTES MNCs) compared to the hydroxyl
group (in CuFe12O19@HAp MNCs). Examination of gastric
pH showed that no significant release occurred within 48 h.

In-vitro atenolol release behavior of nanocomposites was per-
formed in intestinal pH value. According to Fig. 9, the effi-
ciency of the atenolol release in the intestine pH-similar
milieu after 48 h was 98.3 % for CuFe12O19@HAp-APTES

MNCs. Thus, CuFe12O19@HAp-APTES MNCs revealed a
pH-responsive behavior and slow atenolol in-vitro release over
a period of about 48 h. In contrast, the whole drug was

released from pure CuFe12O19@HAp MNCs after 10 h. In
general, it can be concluded that the functional group plays
a critical role in the drug delivery system. Kermanian and

co-authors synthesized magnetite nanoparticles dispersed on
the hydroxyapatite with a hydrothermal method. Then, IO-
HA nanocomposites were used as a nanocarrier for the deliv-

ery of curcumin. Their results showed that the synthesized
magnetic nanocomposites were non-cytotoxic and hemocom-
patible, as well as an excellent pH-sensitive drug carrier
(Kermanian et al., 2020). Foroughi et al., synthesized
hydroxyapatite-MgFe2O4 nanocomposite by a one-step

reverse microemulsion route and applied as a magnetic drug
delivery system. They investigated the effect of calcination
temperature on the efficiency of drug release. The results dis-

played that the calcination temperature was effective in the
drug delivery rate of hydroxyapatite-MgFe2O4 nanocomposite
(Foroughi et al., 2016).

4. Conclusion

In summary, CuFe12O19@HAp-APTES MNCs were synthesized

through ultrasound-assisted precipitation method, which innovatively

used as a nanocarrier to loading and release atenolol as a suitable drug

for hypertensive patients. The structure, elemental composition and

size of products were determined by FESEM, TEM, DLS, VSM,

BET, EDS, FT-IR, XRD, and UV–vis spectra. The VSM and TEM

results show that CuFe12O19@HAp-APTES MNCs have a superpara-

magnetic properties with spherical and rod morphologies. The NH2

group was incorporated into the hydroxyapatite and applied as ateno-

lol delivery carriers. The atenolol drug was successfully entrapped with

the efficiency of 63.1 %. In vitro atenolol release was determined (in
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simulated body fluid) and the maximum percentage drug release was

98.3 % after 48 h. Overall, the burst release and sustained release

can be related to the atenolol present on the surface of the nanocom-

posites and the captured atenolol within the pores, respectively.
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