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antoprazole loading and release
from a magnetic-coated chitosan-modified
zirconium-based metal–organic framework (MOF)
as a nanocarrier in targeted drug delivery systems

Ali Yaghoubian, Moslem Setoodehkhah * and Fatemeh Parsa

This study reports a novel magnetic and porous nanocomposite, Fe3O4@CS@UIO-66-NH2(Zr), developed

by growing a zirconium-based metal–organic framework on magnetite–chitosan. It is designed for

targeted and delayed pantoprazole delivery, the nanocomposite exhibits pH-sensitive behavior and

functions as an efficient nanocarrier. The synthesis process involved coating magnetite nanoparticles

with chitosan, followed by the growth of UIO-66-NH2(Zr) on the coated nanoparticles. The

nanocomposite demonstrated high drug loading efficiency (DLE) in acetate buffer (pH 5.0) and deionized

water, with loading percentages of 79% and 75%, respectively, within 48 hours. The corresponding drug

loading content (DLC) was approximately 14% and 10%. The Freundlich and Langmuir models accurately

described the multilayer adsorption behavior of pantoprazole on the nanocomposite's active sites. BET

and EDX-map analyses confirmed that the drug was loaded into the nanocomposite's pores and

uniformly adsorbed on its surface. The drug release kinetics were best described by the pseudo-second-

order model. Due to its porosity, magnetic properties, and favorable drug loading characteristics, the

Fe3O4@CS@UIO-66-NH2(Zr) nanocomposite shows potential as an efficient targeted drug delivery

system for in vivo applications.
1 Introduction

Proton pump inhibitors (PPIs) potently inhibit the H+/K+-
ATPase enzyme in the secretory canaliculi of stimulated parietal
cells, blocking the nal common pathway for hydrochloric acid
(HCl) secretion by irreversibly binding to free –SH groups on the
ATPase enzyme. Like other PPIs, pantoprazole, 5-
(diuoromethoxy)-2-[[(3,4-dimethoxy-2-pyridinyl) methyl]
sulnyl]-benzimidazole sodium (Scheme 1), is an acid-activated
prodrug that accumulates in the secretory canaliculi when
parietal cells are secreting acid.1,2 Pantoprazole is rapidly
absorbed, with peak plasma concentrations occurring approxi-
mately 2.5 hours aer oral administration of 40 mg, experi-
encing minimum rst-pass metabolism, and highly
bioavailable, with a mean absolute bioavailability of 77%.3 PPIs
have exhibited a range of other properties that may have ther-
apeutic benets, such as antioxidant activity, dual protection
against gastric ulcers, that can reduce oxidative stress in
gastrointestinal ulcers, providing both anti-acid and anti-
inammatory effects.4 Sevki Taskiran et al.'s study revealed
that pantoprazole possesses antiepileptic properties by attenu-
ating PTZ-induced seizures in rats, protecting neuroblastoma
lty of Chemistry, University of Kashan,

nu.ac.ir

the Royal Society of Chemistry
cells against PTZ-induced toxicity, and ameliorating memory
impairment caused by epileptic seizures. These effects appear
to be mediated by its antioxidant action and induction of BDNF
release.5 Zhang et al.'s ndings showed that pantoprazole
through accumulation of polyubiquitinated proteins impaired
proteasome function and subsequently activated the autophagy
pathway as a compensatory mechanism to degrade protein
aggregates is involved in antitumor activity.6 Furthermore, it
has been suggested that pantoprazole and other PPIs reduce
interferon-induced neurotoxicity by inhibiting the signal
transducer and activator of the transcription protein 3 (STAT3)
pathway.7 Despite all the above mentioned uses and benets, it
has been found that PPIs negatively affect bone metabolism,
leading to changes in bone density and an increased risk of
fractures. The exact mechanism of these adverse effects in vivo
remains unknown. An osteopetrosis-like effect, suggested by
Hyun et al., could explain the increased fracture risk but
requires further conrmation.8–10 In this regard a bilayer tablet
was introduced with the aim of formulating a novel gastro-
retentive tablet to deliver a combination of a xed dose of two
drugs, Clarithromycin and Pantoprazole, reducing side effects
and antibiotic resistance to eliminate Helicobacter pylori (H.
pylori) in the gastrointestinal tract.11 Additionally, targeted drug
delivery systems can help reduce the side effects of drugs by
lowering the dosage to only the amount needed for the target
RSC Adv., 2024, 14, 26091–26102 | 26091
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Scheme 1 Pantoprazole structure.
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tissue. Comoglu et al. prepared pantoprazole loaded micro-
spheres by emulsion-solvent evaporation using two different
types of enteric-coating polymers: Eudragit S 100 and hydrox-
ypropyl methylcellulose phthalate for the purpose of delayed
release formulation.12 Kishore Babu et al. developed gastro-
resistant double-walled microspheres. The primary wall
consists of mucoadhesive polymer HPMC and release-
controlling polymer sodium alginate. The secondary wall,
made of Eudragit RS 100, ensures sustained pantoprazole
release for up to 14 hours at pH 7.4.13

Biocompatible metal–organic frameworks (MOFs) synthe-
sized from transition metal ions (e.g., Zr, Zn, Fe, Cu) exhibit
high drug loading capacity, stable chemical structure, and ease
of modication. These properties make them promising
candidates for drug delivery systems (DDSs). Their potential is
further enhanced by tunable pore shapes and sizes, which can
be tailored by selecting various organic binders and metals.14–19

University of Oslo (UIO) series of metal organic frameworks
consist of an interconnected network of zirconium ions and
ligands, such as terephthalic acid. UIOs exhibit both water
stability and biocompatibility, making them excellent candi-
dates for drug delivery applications.20 Functionalized tereph-
thalic acid linkers enable the creation of various MOF
derivatives based on the UiO-66 structure, such as UiO-66-NO2,
UiO-66-Br, UiO-66-NH2, and UiO-66-SO3H.21 Among these, UiO-
Scheme 2 Synthetic pathway of Fe3O4@CS/UIO-66-NH2(Zr).

26092 | RSC Adv., 2024, 14, 26091–26102
66-NH2 stands out due to its large specic surface area and
numerous active amino groups, making it suitable for drug
delivery via dermal, oral, and intravenous routes.22 Core–shell
compounds consist of diverse organic or inorganic materials
that can encapsulate organic cores with mineral shells, or vice
versa. The physical and chemical properties of these
compounds are primarily inuenced by the materials and
structure of both the core and shell.23 Magnetite nanoparticles
(Fe3O4) have been extensively studied for their potential in tar-
geted drug delivery systems due to their magnetic responsive-
ness.24 However, their tendency to aggregate and high surface
energy have hindered their clinical application.25,26 To address
these issues, a hybrid system combining Fe3O4 nanoparticles
with metal–organic frameworks (MOFs), specically UiO-NH2,
has been proposed. This approach facilitates the easy separa-
tion of magnetic nanoparticles using external magnetic
elds,27–30 enabling targeted drug delivery.31 Given the hydro-
philic nature of UiO-NH2, introducing an interlayer of
biocompatible polymers like chitosan can bridge the compati-
bility gap between MOFs and magnetite. Chitosan, a natural
biopolymer with hydroxyl groups, not only enhances the inter-
action between MOFs and magnetite32,33 but also imparts pH-
sensitive and mucoadhesive properties, improving gastro-
retentive functionality and overall drug delivery efficiency.11

This innovative combination of MOFs, magnetic nanoparticles,
and biopolymers holds great promise for revolutionizing tar-
geted drug delivery systems. Nasrabadi et al. synthesized the
nanoporous metal–organic framework UiO-66 using a thermal
solvent method to study drug delivery and release of pan-
toprazole. Evaluations in phosphate-buffered (pH 7.4) and
acetate-buffered (pH 5.0) solutions showed 80% and 87% drug
release, respectively, within 3 days.34 Shahin et al. synthesized
a Fe3O4@UiO-66-NH2@PEI magnetic nanocomposite using
a Schiff base reaction with glutaraldehyde. They studied the
drug delivery and release of imatinib in buffer solutions at pH 3,
5.5, 7.2, and 9 at 37 °C over 48 hours, nding maximum release
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04365k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 1

1:
55

:3
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
at pH 3 and 5.5.35 To our knowledge, there has been no research
on using UiO-66-NH2(Zr) supported on magnetite–chitosan for
targeted drug delivery. So far, various porous materials like
super porous hydrogels, nanobers, and polymeric nano-
particles have been used for loading and releasing
pantoprazole.36–38

In targeted drug delivery, biocompatible nanocomposites
that can direct the drug to the target tissue and reduce the drug
dosage to minimize side effects can be very benecial. Accord-
ing to this, in this study, a magnetic and porous nanocarrier
(Fe3O4@CS/UiO-66-NH2(Zr)) was prepared by synthesizing UiO-
66-NH2(Zr) onto magnetite–chitosan nanoparticles
(Fe3O4@CS). To ensure proper MOF growth on the magnetic
core, surface functionalization with –COOH groups is neces-
sary. Some previous studies have functionalized magnetite
structures using SiO2 followed by APTES, a two-step process
involving SiO2 coating and subsequent APTES functionalization
to introduce –NH2 groups, which are then modied with –

COOH groups.35 However, in this study, chitosan was used to
coat magnetite, eliminating the need for two synthesis steps
and functionalizing the magnetite surface with –NH2 and –OH
groups. This approach is advantageous for drug delivery appli-
cations, as SiO2 coating is not biocompatible, whereas chitosan
provides a fully biocompatible layer. The synthesized nano-
composite was successfully employed for delivering pan-
toprazole (PNT). The magnetic nanocomposite was synthesized
using a three-step procedure outlined in Scheme 2. The loading
and release behavior of pantoprazole (PNT) were studied in PBS
(phosphate buffer saline, pH 7.4) and AB (acetate buffer, pH 5.0)
solutions.

2 Experimental
2.1 Chemicals and instrumentations

All chemicals included ferric chloride hexahydrate, ferrous
chloride tetrahydrate, ammonia, succinic anhydride, glacial
acetic acid, ethanol, DMF, 2-aminoterephthalic acid, sodium
hydroxide, pantoprazole and zirconium chloride were
purchased from Merck Co. (Germany) and Sigma-Aldrich (USA)
and used without further purication. pH meter (Starious,
Germany) used for pH adjustment. X-ray powder diffraction
(XRD) patterns of samples were obtained with a Philips Xpert X-
ray powder diffractometer (Cu Ka radiation, l = 0.154056 nm).
Fourier transform infrared spectra (FT-IR) were recorded as KBr
pellets using a PerkinElmer 781 spectrophotometer. UV-visible
spectra were recorded in the range 200–800 nm on Photonix
Ar 2015 UV-visible spectrophotometer. Magnetization curves
were recorded by Meghnatis Daghigh Kavir Co Vibrating sample
magnetometer (VSM) at room temperature. The structure and
surface morphology of the prepared samples were investigated
by eld emission scanning electron microscope (FE-SEM ZEISS-
Sigma-300). TGA-DTA curves were recorded by a Rheometric
Scientic Inc. 1998 thermal analysis apparatus under a N2

atmosphere. Nitrogen adsorption–desorption isotherms were
measured at 196 °C using a Belsorp mini II (Microtrac Bel Crop
Japan) automatic adsorption instrument aer degassing the
samples at 150 °C for 5 h.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2 Synthesis of Fe3O4 nano-particles (MNPs)

Magnetic nanoparticles (MNPs) were synthesized using a co-
precipitation method.39,40 Initially, FeCl2$4H2O (0.5 g, 2.56
mmol) and FeCl3$6H2O (1 g, 3.7 mmol) were separately added to
12.5 mL and 10 mL of ionized water, respectively. The mixture
was allowed to blend for 10 minutes at 50 °C. Subsequently, the
temperature was gradually raised to 80 °C. Next, a 25%
ammonia solution was meticulously added drop by drop to the
vigorously stirred mixture, resulting in the formation of a black
solid product. This product consists of magnetite nanoparticles
(MNPs), which were subsequently separated using an external
magnet. The MNPs were then washed three times with deion-
ized water and ethanol before being dried under vacuum
conditions at 60 °C for 12 hours.
2.3 Synthesis of Fe3O4@CS core–shell

Fe3O4@CS nano-spheres were synthesized by modifying the
previous method.41 Initially, magnetite particles (0.5 g) and
chitosan (0.5 g) were sonicated in a mixture containing 5 mL of
deionized water and 50 mL of ethanol for 25 minutes. The
resulting mixture was stirred for 45 minutes at 35 °C. The
product was subsequently separated using an external magnet,
washed three times with deionized water and ethanol, and then
dried at room temperature for 24 hours.
2.4 Synthesis of Fe3O4@CS@UIO-66-NH2(Zr)

First, Fe3O4@CS (0.04 g) and succinic anhydride (0.5 g) were
sonicated separately in 15 mL of deionized water for 25
minutes. The mixture was then reuxed at 80 °C for 4 hours
under continuous stirring. The resulting product was washed
multiple times with ethanol and deionized water and nally
dried under vacuum conditions at 60 °C for 4 hours. Finally,
0.02 g of the obtained product was mixed with ZrCl4 (0.09 g) and
2-aminoterephthalic acid (0.07 g) in a solution containing 60 mL
of acetic acid and 30 mL of DMF. The mixture was sonicated for
25 minutes and then reuxed at 110 °C for 8 hours to complete
the reaction. The resulting sediment was washed several times
with DMF and deionized water before being dried under
vacuum conditions at 70 °C for 4 hours.35
2.5 PNT encapsulation in Fe3O4@CS@UIO-66-NH2(Zr)

To prepare a drug delivery system, 50 mg of Fe3O4@CS@UIO-
66-NH2(Zr) was dispersed in 5 mL of acetate buffer at pH 5.0.
Subsequently, 10 mg of pantoprazole was added to the
suspension. The sealedmixture was stirred for 24 hours at room
temperature. The resulting solid was washed with deionized
water to remove any adsorbed PNT on the external surfaces and
then dried at 60 °C. The drug loading efficiency (DLE), drug
loading content (DLC), drug loading capacity (qe), and encap-
sulation efficiency (EE%) were calculated using the following
formulas:42

drug loading efficiencyðDLEÞ ¼ weight of drug loaded in carrier

weight of drug used for loading
RSC Adv., 2024, 14, 26091–26102 | 26093
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Fig. 1 Calibration curve of pantoprazole in deionized water (DIW).

Fig. 2 FTIR spectra of (a) Fe3O4, (b) chitosan, (c) Fe3O4@CS, (d)
Fe3O4@CS/UIO-66-NH2(Zr), (e) pantoprazole, (f) PNT-Fe3O4@CS/
UIO-66-NH2(Zr).
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drug loading contentðDLCÞ ¼ weight of drug loaded in carrier

weight of drug� loaded carriers

qe ¼ ðC0 � CeÞ � V

m

EE% ¼ ðC0 � CeÞ
C0

� 100

where; Co (mg L−1) is the initial drug (PNT) concentration, Ce

(mg L−1) is the PNT concentration in supernatant, V(L) is the
volume of the drug solution, and m(g) is the mass of the
Fe3O4@CS/UIO-66-NH2(Zr). The calibration curve was used to
obtain the adsorption concentration data (Fig. 1).
2.6 Drug release from loaded-Fe3O4@CS@UIO-66-NH2(Zr)

The release of pantoprazole was conducted in buffer solutions
at pH 7.4 and 5.0. The loaded Fe3O4@CS@UIO-66-NH2(Zr) (0.03
g) was suspended in a buffer medium (200 mL) under slow
stirring. At specic intervals, 5 mL of the supernatant was
collected, and an equal amount of fresh buffer solution was
added to the suspension. All collected samples were separated
by centrifugation at 5000 rpm for 5 minutes. The amount of
released drug from the drug-loaded nanocarrier was measured
by UV-visible spectrophotometry using the calibration curve
(Fig. 1). The percentage of drug released (PR%) at consecutive
time points (tn, hours) was calculated using the following eqn:

PR% ¼ amount of drug mass released in consecutive timesðmgÞ
initial drug mass in nanocarrierðmgÞ

� 100

3 Results and discussion
3.1 Materials characterization

The FT-IR spectra of MNPs (Fe3O4), chitosan, core–shell
magnetite–chitosan (Fe3O4@CS), Fe3O4@CS@UIO-66-NH2(Zr),
pantoprazole and Fe3O4@CS@UIO-66-NH2(Zr)-pantoprazole
26094 | RSC Adv., 2024, 14, 26091–26102
are shown in Fig. 2a–f. In Fig. 1a, the absorption band around
584 cm−1 is assigned to the Fe–O stretching vibration43–45

denoted by the (*) symbol. This absorption band remains
present in the magnetic-core nanocomposites (Fig. 2a, c, d and
f) with a minor shi and decreased intensity. Fig. 2b displays
the spectrum of chitosan. The absorption band around
2900 cm−1 corresponds to the C–H stretching of the backbone
polymer, while the bands at 1400, 1033 and 1080 cm−1 are
respectively assigned to the C–O stretching of the primary
alcoholic group and amide I. Additionally, the absorption bands
at 1700 and 3400 cm−1 correspond to N–H and amide II of the
primary amine.41,46 The formation of Fe3O4@CS core–shell is
conrmed by the absorption bands at approximately 1080,
1033, 1400, 1700, 2900, 3400, and 467 cm−1. Fig. 2d presents the
spectrum of Fe3O4@CS@UIO-66-NH2(Zr). In this spectrum, the
Fe–O stretching band is observed around 584 cm−1. Peaks
located at approximately 656 and 770 cm−1 are assigned to the
Zr–O bonds within the structure of the UIO-66-NH2 framework,
indicating the successful growth of the MOF on the Fe3O4@CS
magnetic core.47 Bands in the range of 1400−1700 cm−1 are
related to asymmetric and symmetric stretching vibrations of
carboxyl functional groups (–COO–).48–50 The C]C aromatic
ring vibrational bands are detectable at 1570 cm−1, and the
absorption band at 3400 cm−1 corresponds to the –NH2

stretching vibration of primary amines in the 2-amino-
terephthalic acid. The band appearing around 2850−3050 cm−1

is attributed to the C–H stretching vibration of saturated and
unsaturated carbons (Fig. 2d).50–52 Fig. 2e shows the spectrum of
PNT and Fig. 2f shows the FT-IR spectrum of Fe3O4@CS@UIO-
66-NH2(Zr)-PNT. (Fig. 2f) demonstrates the drug connement
inside the pores.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of (a) Fe3O4@Cs, (b) Fe3O4@CS/UIO-66-NH2(Zr),
(c) pantoprazole, (d) PNT-Fe3O4@CS/UIO-66-NH2(Zr).

Fig. 4 FESEM images of (a and b) Fe3O4@CS/UIO-66-NH2(Zr) and (c an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The XRD patterns of Fe3O4@CS, free-PNT, Fe3O4@CS/UIO-
66-NH2(Zr), and PNT-Fe3O4@CS/UIO-66-NH2(Zr) are shown in
Fig. 3. As displayed in Fig. 3a, the peaks at 2q = 30.45°, 36.10°,
43.67°, 50.14°, 57.68°, and 64.32° correspond, respectively, to
the (220), (311), (400), (422), (511), and (440) reections of the
crystalline structure of the Fe3O4 sample and chitosan broad
peak centered around 20.29°.45,53,54 Additionally, a broad peak at
2q = 5.16–28.68° is attributed to the UIO-66-NH2 (Fig. 3b).55

These results are consistent with previous ndings.35,47 The
crystalline nature of Fe3O4@CS/UIO-66-NH2(Zr) is preserved
aer the encapsulation of pantoprazole in the magnetically
modied MOF. However, a slight shi and change in the
intensity of Fe3O4@CS/UIO-66-NH2(Zr) and magnetite peaks are
observed (Fig. 3d). Interestingly, the sharp shied peaks of
pantoprazole (Fig. 3c) around 20 indicate the lling of the pores
with the drug.

Field emission scanning electron microscopy (FE-SEM)
images of Fe3O4@CS/UIO-66-NH2(Zr) (Fig. 4a and b) and PNT-
Fe3O4@CS/UIO-66-NH2(Zr) (Fig. 4c and d) were obtained to
d d) PNT-Fe3O4@CS/UIO-66-NH2(Zr).

RSC Adv., 2024, 14, 26091–26102 | 26095
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Fig. 5 EDX analysis and EDX elemental mapping of (a) Fe3O4@CS/UIO-66-NH2(Zr) and (b) PNT-Fe3O4@CS/UIO-66-NH2(Zr).
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determine the morphology and particle size. The nanoparticles
exhibit non-uniformity, and to some extent, they are inter-
connected. In Fig. 5a, EDX (energy-dispersive X-ray spectros-
copy) and EDX-mapping of Fe3O4@CS/UIO-66-NH2(Zr) reveal
the expected elements in the sample: Fe (0–1, 6–7 keV), C (0–1
keV), O (0–1 keV), N (0–1 keV), Si (1–2 keV), and Zr (2–3 keV). The
EDX-mapping demonstrates uniform distribution of these
elements throughout the sample. Fig. 5b displays EDX and EDX-
mapping of PNT-Fe3O4@CS/UIO-66-NH2(Zr). The presence of F
and S elements in the EDX spectrum indicates the successful
loading of the drug on Fe3O4@CS/UIO-66-NH2(Zr). Further-
more, the nearly uniform distribution of these elements,
evident in the EDX-map, conrms that the drug is uniformly
distributed on the nanocarrier.
Fig. 6 TG curves (a) Fe3O4@CS/UIO-66-NH2(Zr) and (b) PNT-
Fe3O4@CS/UIO-66-NH2(Zr).

26096 | RSC Adv., 2024, 14, 26091–26102
The thermogravimetric (TG) curves of Fe3O4@CS/UIO-66-
NH2(Zr) and PNT-Fe3O4@CS/UIO-66-NH2(Zr) are shown in
Fig. 6. As the temperature increases from room temperature to
approximately 700 °C, the mass of magnetite remains relatively
constant, while the MOF structure grown on it decomposes. In
Fig. 6a, weight loss between 25 and 800 °C is observed in the
TGA curve of Fe3O4@CS/UIO-66-NH2(Zr). The initial weight loss
(up to 200 °C) is likely due to the removal of water from the
sample pores. Between 250–500 °C, the weight loss may be
attributed to the dehydroxylation of metal oxo-clusters and
decomposition of the bridging carboxylates of the framework
linker.35,56 Fig. 6b shows that the drug experiences weight loss
beyond 200 to 300 °C aer its melting point.57 The total
percentage of weight loss is approximately 35%. Interestingly,
PNT-Fe3O4@CS/UIO-66-NH2(Zr) exhibits approximately 25%
more weight loss.

The Brunauer–Emmett–Teller (BET) analysis is commonly
used to investigate specic surface area, pore volume, and study
the porous structure of nanomaterials. In Fig. 7, the adsorp-
tion–desorption isotherms for Fe3O4@CS/UIO-66-NH2(Zr) and
PNT-Fe3O4@CS/UIO-66-NH2(Zr) are shown. As depicted in this
gure, the isotherms for Fe3O4@CS/UIO-66-NH2(Zr) and PNT-
Fe3O4@CS/UIO-66-NH2(Zr) exhibit type IV behavior, indicating
mesoporous structures. The size of the pores falls between 2
and 50 nm, as illustrated in the size of the pores falls between 2
and 50 nm, as illustrated in Fig. 8. From the comparison of the
curves, it becomes clear that the pores are occupied by the drug.
Table 1 presents the surface area, pore volume, and average
pore diameter obtained from the results of the BJH analysis
before and aer loading pantoprazole. The BET specic surface
area and pore volume of Fe3O4@CS/UIO-66-NH2(Zr) are 91.182
m2 g−1 and 0.4817 cm3 g−1 respectively. For PNT-Fe3O4@CS/
UIO-66-NH2(Zr) these values are 27.018 m2 g−1 and 0.1646 cm3

g−1 respectively. The BJH results reveal that pantoprazole was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 N2 adsorption–desorption Fe3O4@CS/UIO-66-NH2(Zr) and drug-load Fe3O4@CS/UIO-66-NH2(Zr).

Fig. 8 BJH of a: Fe3O4@CS/UIO-66-NH2(Zr) and b: drug-load Fe3O4@CS/UIO-66-NH2(Zr).

Table 1 The parameters of BET for Fe3O4@CS/UIO-66-NH2(Zr) and
PNT-Fe3O4@CS/UIO-66-NH2(Zr)

Parameters
FE3O4@CS/
UIO-66-NH2(ZR)

PNT-FE3O4@CS/
UIO-66-NH2(ZR)

Vm [cm3 (STP) g−1] 20.59 6.2076
SBET (m2 g−1) 91.182 27.018
Mean pore
diameter (nm)

21.117 24.365

Total pore
volume (Vp) (cm

3 g−1)
0.4814 0.1646

© 2024 The Author(s). Published by the Royal Society of Chemistry
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loaded into a large portion of the pores within the metal–
organic framework.

The magnetic properties of the samples were investigated
using Vibrating Sample Magnetometry (VSM) at room temper-
ature. The VSM curves for Fe3O4@CS and Fe3O4@CS/UIO-66-
NH2(Zr) are shown in Fig. 9. As depicted in this gure, the
saturation magnetization (Ms) values for the Fe3O4@CS and
Fe3O4@CS/UIO-66-NH2(Zr) particles are approximately 13.7 and
3.8 emu g−1, respectively. The VSM test was also performed on
the drug-loaded sample, but no signicant difference was found
in the saturation magnetization between the drug-loaded and
unloaded nanocomposites. The samples exhibit zero coercivity
RSC Adv., 2024, 14, 26091–26102 | 26097
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Fig. 9 VSM magnetization of Fe3O4@CS and Fe3O4@CS/UIO-66-
NH2(Zr).

Fig. 10 The loading curve for pantoprazole and the corresponding
Freundlich model.
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(HC) at room temperature, and no hysteresis loop is clearly
observed, indicating that both are superparamagnetic.58 Inter-
estingly, aer the growth of the 3D UIO-66-NH2(Zr) structure on
Fe3O4@CS, the Ms value decreases signicantly. This phenom-
enon is attributed to the decrease in the Fe3O4@CS mass ratio
following the growth of the dielectric UIO-66-NH2(Zr) onto
Fe3O4@CS. The Ms value obtained in this work for Fe3O4@CS/
UIO-66-NH2(Zr) is lower than in similar studies.35
3.2 Adsorption of pantoprazole

The pH value plays a crucial role in drug loading onto nano-
carriers. To investigate the optimal loading capacity of
Fe3O4@CS/UIO-66-NH2(Zr), we utilized deionized water (pH 7)
and an acetate buffer (pH 5) as impregnation media. The drug
loading percentages were 75% for deionized water (pH 7) and
79% for the acetate buffer at pH 5. Consequently, the highest
drug loading occurred at pH 5. It appears that drug loading is
higher in an acidic environment compared to a neutral one.
However, the difference is not substantial, and the acidic envi-
ronment does not signicantly enhance drug loading.

3.2.1 Modeling of adsorption isotherms. The adsorption
isotherm represents a mathematical relationship between the
Table 2 Parameters and regression coefficients for isotherm adsorbsion

Isotherm Eqn

Langmuir Ce

qe
¼ Ce

qmax
þ 1

kLqmax

Freundlich qe = KF(Ce)
1/n

Temkin qe = B ln(KT) + B ln(Ce)

Dubinin–Radushkevich ln(qe) = ln(Xm) − b32

Redlich–Peterson
ln
�
Ce
qe

�
¼ b ln Ce � ln A

26098 | RSC Adv., 2024, 14, 26091–26102
amount of adsorbate at the initial time and the equilibrium
time during the adsorption process at a constant temperature
and pH. In our study, we conducted adsorption isotherms by
adding 0.01 g of MOF to 50 mL of deionized water (pH 7) con-
taining initial PNT concentrations of 20, 50, 40, 100, and
200 ppm. Aer stirring for 24 hours and centrifuging the
supernatant, we calculated the amount of adsorbed drug. We
evaluated several models—Langmuir, Freundlich, Dubinin–
Radushkevich (D–R), Temkin, and Redlich–Peterson—to
describe the adsorption isotherm. The resulting equations and
parameters are summarized in Table 2. Specically. qe (mg g−1)
and qmax (mg g−1) represent the capacity of PNT adsorbed per
gram onto MOF at equilibrium and the maximum PNT sorption
capacity. Ce (mg L−1) corresponds to the equilibrium drug
concentration in the buffer solution. KL (L mg−1), KF (mg g−1) (L
mg−1)1/n, KDR (mol2 kJ−2), and KT (L g−1) are equilibrium
constants for Langmuir, Freundlich, D–R, and Temkin models.
n denotes the surface heterogeneity factor. B = RT/b is
a constant associated with the heat of adsorption. 3 represents
the Polanyi potential (J2 (mol2)−1), which is calculated as 3= RT
ln(1 + 1/Ce). Our analysis reveals that the Freundlich and Red-
lich–Peterson models exhibit the best t for the adsorption of
the drug onto the adsorbent, with an R2 value of 0.99. Notably,
models

Parameters

qmax = 1.8497, KL = 1.023, R2 = 0.99

n = 1.3315, KF = 1.7936, R2 = 0.99

B = 3.0869, KT = 1.4406, R2 = 0.98

Xm = 14.4833, E = 0.6198 (kJ mol−1), R2 = 0.95

b = 0.2227, A = 1.7278, R2 = 0.96

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption kinetic equations of Fe3O4@CS/UIO-66-NH2(Zr)

Kinetic model Eqn Parameters

Zero-order qt = q0 + k0t q0 = 10.37, k0 = 1.56, R2 = 0.92
Pseudo-rst-order qt = qe (1 − exp(−k1t)) qe = 86.65, k1 = 0.04, R2 = 0.99
Pseudo-second-order

qt ¼ qe
2k2t

1þ qek2t

qe = 33.33, k2 = 0.0012, R2 = 0.91

Elovich
qt ¼ 1

b
lnðabÞ þ 1

b
lnðtÞ a = 51.39, b = 0.043, R2 = 0.98
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the Freundlich adsorption isotherm model characterizes both
multilayer sorption and sorption on heterogeneous surfaces.
Furthermore, the numerical value of 1/n < 1 indicates physical
adsorption, suggesting that the adsorption capacity is only
slightly suppressed at lower equilibrium concentrations and
becomes favorable at higher concentrations. The adsorption
isotherm represents a mathematical relationship between the
initial amount of adsorbate and the equilibrium time during an
adsorption process at constant temperature and pH. In our
study, we conducted adsorption isotherms by adding 0.01 g of
MOF to 50 mL of deionized water (with a pH of 7) containing
initial PNT concentrations of 20, 50, 40, 100, and 200 ppm. Aer
stirring for 24 hours and centrifuging the supernatant, we
calculated the amount of adsorbed drug. In this study, Lang-
muir, Freundlich, Dubinin–Radushkevich (D–R), Temkin and
Redlich–Peterson models were evaluated to describe the
adsorption isotherm. The equations and parameters obtained
are summarized in Table 2. Here Ce (mg L−1) was the equilib-
rium drug concentration in the buffer solution. qe (mg g−1) and
qmax (mg g−1) were the capacity of PNT adsorbed per gram onto
MOF at equilibrium and the maximum PNT sorption capacity.
KF (mg g− 1) (L mg− 1)1/n, KL (Lmg− 1), and KDR (mol2 kJ− 2), KT (L
g−1) are equilibrium constants for Freundlich, Langmuir, D–R
and Temkin. 3 is Polanyi potential (J2 (mol2)−1) which is equal to
3 = RT ln(1 + 1/Ce). n is the surface heterogeneity factor, B = RT/
b is a constant associated with the heat of adsorption. In the
Fig. 11 Adsorption kinetics curve fit Pseudo 1st order model for
Fe3O4@CS/UIO-66-NH2(Zr).

© 2024 The Author(s). Published by the Royal Society of Chemistry
table presented (Table 2), both the Freundlich and Langmuir
models exhibit the best tting for the adsorption of a drug onto
an adsorbent, with an R2 value of 0.99. The Freundlich
adsorption isotherm model is applied for characterizing both
multilayer sorption and sorption on heterogeneous surfaces.
The numerical value of 1/n < 1 indicates physical adsorption
and shows that adsorption capacity is only slightly suppressed
at lower equilibrium concentrations and adsorption is favorable
only in high concentrations.59 The Freundlich adsorption
isotherm of pantoprazole is given in Fig. 10. In the Dubinin–
Kaganer–Radushkevich (DKR) isotherm b (mol2 J−2) is the
activity coefficient related to mean sorption energy ð1= ffiffiffiffiffiffiffiffiffi�2bp Þ,
this value is below 8 kJ mol−1 and the adsorption type can be
explained by physical adsorption.60

3.2.2 Adsorption kinetics. The adsorption kinetics play
a crucial role in determining the time required to reach equi-
librium between a drug and a nanocarrier. In our study, we
investigated the rate of drug uptake using deionized water (pH
7), and the results are summarized in Table 3. We explored
several kinetic models to express the adsorption processes,
including zero-order, pseudo-rst order, pseudo-second order,
and Elovich. In these equations: K represents the adsorption
rate constant for each eqn. a (mg g−1 min−1) and b (g mg−1)
denote the initial rate constants for adsorption and desorption.
As shown in Fig. 11, the pseudo-rst-order model provided
a better t for the kinetic adsorption of pantoprazole on the
nanocarrier compared to the other models.
Fig. 12 The release of pantoprazole at acidic and neutral pH.

RSC Adv., 2024, 14, 26091–26102 | 26099
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Table 4 Comparison of the release of the pantoprazole with other reported nanocarriers

Carrier Drug Drug loading Drug release(%) Time Ref.

Hydroxypropyl
methylcellulose phthalate,
Eudragit S 100

Pantoprazole
(microsphere)

Encapsulation efficiency: from 60–78% From 55–98% 120 min 12

PAA-g-Chi, PAA-g-Chi-cly Pantoprazole — pH 2.0 : 100% 250 min 62

pH 7.4 : 35%
LRS microballoons Pantoprazole Encapsulation efficiency: LRS-1(10%),

LRS-2(71%), LRS-3(26%), LRS-4(77%)
pH 6.8: LRS-1(75%),
LRS-2(99%), LRS-3(95%),
LRS-4(71%)

12 hours 63

HPMC phthalate HP55,
Eudragit S100

Pantoprazole Encapsulation efficiency: from 25–80% From 84–100% 12 hours 1

Fe3O4@UIO-66-NH2@PEI Imatinib Encapsulation efficiency: (94%) pH 9 : 38% 48 hours 35

pH 3.0 : 98%
Fe3O4@CS@UIO-66-NH2(Zr) Pantoprazole Drug-loading efficiency:

pH 5(79%), pH 7.4(75%)
pH 7.4 : 78% 32 hours This work
pH 5.0 : 48%
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3.3 Pantoprazole release

The release behavior of pantoprazole was assessed in both neutral
and acidic environments. According to Fig. 12, at pH 7.4 and pH
5, PNT-Fe3O4@CS/UIO-66-NH2(Zr) exhibited approximately 54%
and 35% release, respectively, within the rst 2 hours. Conse-
quently, under physiological conditions, the “burst effect” was
observed, while controlled release occurred in an acidic medium.
Furthermore, the release pattern in phosphate buffer can be
divided into three segments: the primary burst release of the drug
within the initial 2 hours (approximately 54%) is attributed to the
diffusion of pantoprazole from the nanocarrier interfaces. A
secondary slow release (around 3% over the next 8 hours) is
related to the diffusion of drug molecules from the voids into the
surrounding environment. The remaining 20% release is gov-
erned by drug molecules close to the cavity walls, exhibiting
strong host–guest interactions such as cation–anion electrostatic
interactions, hydrogen bonding, and interactions between the
aromatic rings of the ligand and pantoprazole. Finally, the
complete drug release from the PNT-Fe3O4@CS/UIO-66-NH2(Zr)
composite was achieved aer 36 hours, reaching a maximum
value of approximately 77%. In contrast, at acidic pH, the evalu-
ated release amount was approximately 48% during the same 36
hours period. The interaction between the drug and the surface of
the MOF is stronger at acidic pH, leading to the observed
controlled release at this pH.59,61

Table 4 provides an overview of the release of pantoprazole in
other systems and the same system with another drug for
comparison with the present work.

Table 4 presents a comparison between the nanocarrier
prepared in this study and other carriers for pantoprazole
delivery. Additionally, the table reveals that the amount of drug
loading is comparable to that of other carriers. However, in terms
of drug delivery, the carrier developed in this work demonstrates
enhanced control over drug release compared to other carriers.
4 Conclusion

In this study, a novel magnetic nanocomposite (Fe3O4@-
CS@UIO-66 NH2(Zr)) was synthesized by growing
26100 | RSC Adv., 2024, 14, 26091–26102
a biocompatible and stable MOF in water on the Fe3O4@Cs
structure. The SiO2-APTES coating on the magnetite core
requires two synthesis steps. Additionally, SiO2 is not
a biocompatible coating, whereas chitosan is a fully biocom-
patible coating and requires only one synthesis step. The
nanocomposite was characterized using various techniques (FT-
IR, FE-SEM, EDX, EDX-map, XRD, BET, TGA, and VSM) for its
potential as a nanocarrier for pantoprazole adsorption and
release. EDX-map results conrmed the uniform adsorption of
pantoprazole on the nanocomposite surface, while BET and BJH
analyses demonstrated substantial drug loading within the
metal–organic framework's pores, with smaller pores prefer-
entially occupied. Isotherm and kinetic models were employed
to examine the drug adsorption and release behavior, with drug
loading efficiency reaching 79% at pH 5 and 75% at pH 7.4. In
contrast, drug release was observed at 48% at pH 5 and 77% at
pH 7.4 aer 36 hours. The differences in drug release were
attributed to stronger hydrogen interactions between the drug
and nanocarrier under acidic conditions. The release prole in
pH 5 during the rst hours, lowest of amount, and the burst
release in physiological conditions demonstrated the potential
of this system as a gastro-retentive and enteric transfer mech-
anism for oral administration, as well as a targeted system with
controlled release for intravenous administration.
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