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Curcumins-Loaded ZIF-8 Nanoparticles-Embedded
Transdermal Polymeric Patches Increase Apoptosis and
Reduce Necrosis in a Dose-Dependent Manner in MCF-7
Cells
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ABSTRACT

Curcumin(Cur)-loaded zeolitic imidazolate framework-8 (ZIF-8) nanoparticles (Cur@ZIF-8 NPs) were produced to increase the
anticancer activity of Cur. Cur@ZIF-8 NPs were embedded in polycaprolactone (PCL) fibers as transdermal polymeric patches
via a pressured gyration (PG) method to provide controlled release. Cur@ZIF-8 NPs and Cur@ZIF-8 NPs-embedded PCL fibers
were characterized for physical, chemical, mechanical, and thermal properties, also biological activities were examined with in
vitro tests. Cur@ZIF-8 NPs were produced homogeneously with a size of ~200 nm and a zeta potential of ~—19 mV. Cur had
better stability inside Cur@ZIF-8 NPs than its powder form. Cur@ZIF-8 NPs were successfully loaded in PCL fibers with a size of
~7 um, and Cur@ZIF-8 NPs were dispersed amorphously in fibers. Cur was released in a controlled manner, and its efficiency was
increased in the acidic microenvironment that is characteristic of cancer. Cur@ZIF-8 NPs have more bioavailability than powdered
Cur and can penetrate the cells to deliver their anticancer effects on MCF-7 human breast cancer cells. Cur@ZIF-8 NPs-embedded
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transdermal polymeric patches promote apoptosis in MCF-7 cells by reducing necrosis, particularly under acidic conditions. This

work presents a release system with synergistic anticancer effects, offering a novel approach for Cur’s clinical application in breast

cancer through enhanced targeting.

1 | Introduction

Cancer is rated as the leading cause of death and the great-
est obstacle to life expectancy in the 21% century [1]. Considering
adjusted cancer cell metabolism, solid tumors create, and excrete
excessive amounts of lactic acid. Since it is associated with inad-
equate vascular perfusion, an acidic microenvironment develops
in the extracellular space [2]. One type of cancer that manifests
commonly in women is breast cancer (BC), which ranks first
with respect to cancer deaths [3]. Surgery, radiotherapy, and
chemotherapy are frequently used in combination as current BC
treatment options. Even though commonly used techniques such
as surgery, radiotherapy, and chemotherapy slow the progression
of cancer, their cytotoxic side effects cause disproportionate harm
to healthy cells. Less toxic and non-resistant novel anticancer
therapy is of utmost importance to overcome the drawbacks of
existing BC treatment alternatives [4].

Curcumin (Cur) is a polyphenolic natural product isolated from
the rhizomes of Curcuma longa. Owing to Cur’s anticancer, anti-
coagulant, antibacterial, and anti-inflammatory properties; it has
had a significant impact as a promising bioactive compound [5, 6].
Cur is beneficial for numerous diseases along with certain types of
cancers. Cur has the ability to downregulate nuclear factor-kappa
B (NF-xB) induced genes, thereby affecting the proliferation and
invasion of BC cells. NF-xB pathway, a transcription factor that
promotes inflammation, is activated in BC cells. Inhibition of the
NF- kB pathway is one of the possible routes for BC treatment [7,
8]. Cur exhibits poor pharmacokinetic features, including limited
intestinal absorption, low bioavailability, fast rate of metabolism,
and short half-life elimination, while having anticancer potential.
Thus, nanotechnology can faster a novel approach to refine its
insufficient pharmacokinetic features [9].

Nanotechnology presents an exciting prospect in the field of
biomedical research by leveraging nanomaterials and nanoscale
particles for diagnosis, imaging, and treatment in nanomedical
practices [10, 11]. The advancement of novel applications to drug
delivery systems (DDSs) has transformed into a new perspective
instrument in the pharmaceutical industry in tandem with the
emergence of nanotechnology [12, 13]. The most significant
benefits of DDSs comprise controllable pharmacokinetics and
bioavailability of an active ingredient for different purposes.
Advanced DDSs like fibers, particles, microspheres, nanogels,
and micelles tend to increase efficacy and patient compliance and
diminish adverse effects [12, 14].

Metal-organic frameworks (MOFs), which are used in drug
delivery, materials science, biomedical, and chemistry applica-
tions, are new and remarkable structures [15, 16]. Because of
their distinguishing qualities such as tunable pore sizes, wide
surface areas, easy surface modification, high thermal stability,
supplying controlled release, and enhancement of bioavailability

of pharmaceutical active ingredients MOFs are preferred in
DDSs [17, 18]. Recently, nano-sized MOFs have been designed to
respond to chemical or physical stimuli. Therefore MOFs show
promising results for cancer therapy [17].

Zeolitic imidazole frameworks (ZIFs), which have been fre-
quently used in nanotechnology in recent years due to their
adaptability and beneficial properties, are subspecies of MOFs
that demonstrate exceptional morphological properties [17]. ZIFs
have wide surfaces and high porosities which increase their
loading capacity. In addition, their outstanding thermal stability
and distinctive topologies make ZIFs more attractive structures
[18].

ZIF-8 is composed of 2-methylimidazole and Zn** ions. ZIF-
8 has been used in controlled drug release systems in recent
years [15]. ZIF-8, which is often preferred due to its simple
synthesis methods and its reasonable cost can be achieved by
modifying the experimental conditions [19]. Also, under specific
experimental conditions, ZIF-8 has low toxicity [20]. Additionally,
ZIF-8 has excellent adsorption capacity, biocompatibility, and pH-
responsiveness [18]. ZIF-8 shows high stability in physiological
conditions and dissociates under acidic conditions. ZIF-8 is a
very attractive candidate for the new generation of pH-sensitive
DDSs through its capability of separation under acidic conditions.
Cancer cells have an acidic microenvironment because of their
changing metabolism [17]. It has been shown that the acidic
microenvironment can be used in targeted therapy due to the
possibilities of nanotechnology in the last decades [21]. ZIF-8 is
regarded as one of the best candidates for targeted cancer therapy
since it can be better disintegrated at acidic pH and thereby
successfully release drugs [22].

Fibers have unique properties such as high porosity, high
mechanical strength, and a large surface area [23]. In recent
years DDSs have been incorporated in cancer therapy using fibers
[12, 24]. Fibers are produced by using polymers, such as PCL,
which is an FDA-approved polymer with a slow degradation
rate and extremely good solubility [25]. PCL, a hydrophobic
polymer, has excellent biocompatibility and biodegradability and
is often preferred in DDSs due to its high drug permeability
[26-28]. Furthermore, one of the most significant advantages of
PCL is its minimal immunological response [29]. Moreover, PCL
fibers can be used in transdermal applications with their high
mechanical strength and controlled release features [27]. PCL
degrades slowly, and therefore, it is ideal for tissue engineering
and sustained release medication delivery systems for cancer
treatment [30]. For instance, Chen et al. produced PCL fibers
loaded with doxorubicin, Cur, and magnetic nanoparticles (NPs)
for breast cancer treatment. PCL fibers ensured continuous
release of drugs for up to 2 months, eliminating the burden of
repeated applications on patients. The results showed that fiber-
mediated administration of anti-cancer agents was beneficial
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FIGURE 1 | Structures and morphological analyses. (A) (i) TEM images and nanoparticle diameters of pure zeolitic imidazolate framework-8
nanoparticle (pure ZIF-8 NP), (ii) SAED patterns of pure ZIF-8 NPs, (iii) TEM images of pure ZIF-8 NP. (B) (i) TEM images and nanoparticle diameters of
curcumin-loaded zeolitic imidazolate framework-8 nanoparticle (Cur@ZIF-8 NP), (ii) SAED patterns of Cur@ZIF-8 NP, (iii) TEM images of Cur@ZIF-8
NP. (C) (i) SEM images and fiber diameters of virgin PCL fibers. D. (i) SEM images and fiber diameters of Cur@ZIF-8 NP-embedded PCL fiber.

in patients who had undergone breast-conserving surgery or
mastectomy [31]. Additionally, Sridhar et al. produced PCL fibers
containing curcumin, aloe vera, and neem extracts and evaluated
their in vitro anti-cancer activity in MCF-7 and A459 cell lines.
The results showed that curcumin and aloe vera-loaded fibers had
15 times higher cytotoxicity than the control group in both cell
lines [32]. Due to all these properties of PCL and the successful
results obtained with PCL fibers in the literature, fibers were
produced using PCL polymer in our study.

Better and more effective production techniques are necessary
to generate more durable fibers. Pressurized gyration (PG) is a
successful and innovative fiber production technique, through
which rotation speed and gas pressure are used and homogenous
fibers in the desired diameter and core-sheet configuration can
be produced in high yield [33]. By managing several variables,
including the speed of rotation of the device, applied pressure,
and the polymer used, fibers with suitable properties can be
obtained easily [34-36].

In this study, Cur was loaded into ZIF-8 NPs, which are
considered promising carriers for enhancing bioavailability and
therapeutic efficacy while reducing side effects, resulting in the
formulation of Cur@ZIF-8 NPs. Subsequently, the Cur@ZIF-
8 NPs were embedded into PCL fibers via the PG method.
PCL fibers were selected due to their capacity to incorporate
various chemotherapeutic agents and their ease of transdermal

application. The physicochemical characteristics of the pro-
duced Cur@ZIF-8 NPs-embedded PCL fibers were determined
using Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), X-ray powder diffrac-
tion (XRD), zeta potential measurement, in vitro degradation
assays, differential scanning calorimetry (DSC), drug encapsula-
tion efficiency, and in vitro drug release studies. The effects on
cell viability were evaluated by the 3-(4,5-dimethylthiazol-2-y1)-
2,5-diphenyltetrazolium bromide (MTT) assay, while the impact
on apoptosis was assessed using the Annexin V apoptosis assay
(Graphical Abstract).

2 | Results and Discussion
2.1 | Structural and Morphological Features

SEM and TEM images were used to assess the size and shape
of the prepared samples; the findings are displayed in Figure 1.
TEM analyses of the Cur@ZIF-8 and pure ZIF-8 NPs samples
were performed to determine the size, shape, and other morpho-
logical features of the NPs. The TEM and selected area electron
diffraction (SAED) pictures of ZIF-8 NPs demonstrated that the
near-monodisperse, completely hexagonal crystalline diffraction
pattern of the pure ZIF-8 NPs was observed (Figure 1A). The aver-
age is 25 nm when the diagonals of each particle were measured.
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In SAED and TEM images of Cur@ZIF-8 NP (Figure 1B), NPs
did not show a crystalline diffraction pattern but had a larger
particle size than that of the pure ZIF-8 NPs. This was due to
the amorphous state of Cur in ZIF-8 NPs, which disturbed and
expanded the ZIF-8 crystalline structure. TEM images of pure
ZIF-8 and Cur@ZIF-8 NPs at the same magnifications showed
that the diagonal particle size of the Cur@ZIF-8 NPs was over
200 nm, which is almost eight times larger than the ZIF-8 NPs.
This verified that ZIF-8 NPs included Cur.

In the second step of the experimental sequence, fibers were
formed by PG with and without Cur@ZIF-8 NPs. The effects of
PG on the fiber size and shape of pure and Cur@ZIF-8-embedded
PCL fiber were investigated by SEM, and the results are presented
in Figure 1.

The findings from the PG experiment showed that the incor-
poration of Cur@ZIF-8 NPs into a 12% PCL solution did not
compromise the homogeneity of the mixture but did result in
the formation of beaded fibers. When Cur@ZIF-8 NPs were
added to the virgin 12% PCL fibers, the result was an increase in
diameter from 5.3 + 2 pm to 6.9 + 2 um (Figure 1D). The increase
in fiber diameter signifies the loading of Cur@ZIF-8 NPs. The
inclusion of Cur@ZIF-8 NPs in a 12% PCL solution did not affect
the homogeneous distribution of the fibers. Its bigger diameter
may also be due to the Cur@ZIF-8 NPs-embedded PCL fiber
manufacturing solution’s increased surface tension. The results
of this investigation show that, in contrast to virgin PCL solution,
the Cur@ZIF-8 NPs-embedded PCL solution has a higher surface
tension and, hence, a larger fiber diameter (Table S1). From the
morphology results for the fibers, it is clear that Cur@ZIF-8 NPs
are successfully retained inside the fibers. The transformation
of Cur from yellow to orange indicated its encapsulation within
ZIF-8 frameworks (Figure SI).

2.2 | Fourier Transforms Infrared Spectroscopy
(FTIR)

Figure 2A displays the FTIR spectra of pure PCL fiber, Cur,
ZIF-8 NP, Cur@ZIF-8 NP, and embedded fiber with Cur@ZIF-8
NPs. The C—O—C stretching vibrations, aromatic C—O stretching
vibrations, C=0 and C=C vibrations, aromatic C=C stretching,
and phenolic O—H stretching vibration were responsible for the
peaks in the Cur spectrum located at 1025, 1259, 1488, 1625, and
3502 cm™!, respectively [37, 38]. Zn—N symmetric stretching was
identified as the band at 420 cm™ in the ZIF-8 FTIR spectra. The
C—H bending mode was associated with the peak at 757 cm™.
The signal for =C—H bending was detected at 1145 cm™. The full
stretching of the ring was detected between 1311 and 1428 cm™
[39-41]. The peaks of the Cur@ZIF-8 NPs were at 420, 1145, 1180,
1309, and 1423 cm™!, which are related to the data above [42].
The C=0—C stretching vibration was identified as the source of
the distinctive peak at 1162 cm™ in the virgin PCL fiber spectra.
The band seen at 1238 cm™ was associated with an asymmetric
stretching vibration of C—0O—C. Stretching vibrations C—C and
C—O were located at 1294 cm™'. The C=O stretching vibration
corresponds to the band at 1720 cm™. Asymmetric CH, stretching
was attributed to the peak at 2942, while symmetrical CH, stretch-
ing was observed at 2865 cm™! [43, 44]. The FTIR measurements of

Cur@ZIF-8 NPs-embedded fiber were consistent with Cur, ZIF-8,
and virgin PCL fiber. As a result, the outcomes demonstrate that
Cur was loaded into the system effectively.

2.3 | X-Ray Powder Diffraction

The diffraction diagrams of all samples are shown in Figure 2B.
The characteristic peaks of ZIF-8 NPs correspond to the values
20 = 7.4°,10.5°, 12.8°, 17.8°, and 18.1°. The characteristic peaks
of Cur@ZIF-8s were measured at 26 = 7.4°, 10.4°, 12.8°, and
18.1°. The similarity of the characteristic peaks of pureZIF-
8 and Cur@ZIF-8 NPs was found to be consistent with the
literature [45]. The fact that XRD analysis of Cur@ZIF-8 NPs
showed similar results with the characteristic peaks of ZIF-8 NPs
indicates that Cur does not affect the ZIF-8 crystal structure. The
XRD analysis of the pure ZIF-8 and Cur@ZIF-8 NPs was also
performed to evaluate if any morphological change occurred after
Cur loading. When the XRD spectra of the NPs were compared
(Figure 2Biiii), they have the same form and possess the same
crystalline peaks. Itis notable that the presence of Cur in the ZIF-8
NPswas in the amorphous state and thus did not disturb the ZIF-8
crystalline structure. XRD results are consistent with the thermal
analysis results [46]. It has been observed that the characteristic
peaks of PCL polymer form sharp peaks at 26 = 21.4° and 23.8°,
respectively. After the Cur@ZIF-8 NPs were added to polymeric
patches, the PCL crystal’s crystalline peaks remained the same.
This shows that the PCL crystalline structure was not changed.
Also, the disappearance of all Cur and ZIF-8 NPs’ crystal peaks
indicates the Cur@ZIF-8 crystallinity was reduced when the drug
was embedded in the polymeric vehicle. This means that the NPs
were distributed out in an amorphous way [43, 47].

2.4 | Differential Scanning Calorimetry (DSC)

In the DSC thermogram (Figure S2A(a)), Cur had a melting
point of 174°C. However, Cur@ZIF-8 NPs did not show any
melting endotherm (Figure S2), a possible explanation that is an
amorphous form of Cur in NPs. The intermolecular interaction
between Cur and ZIF-8 suppressed the Cur crystallinity resulting
in a homogeneous distribution in NPs. Notably, the homogeneous
release of drugs in amorphous form is one of the most promising
properties in drug delivery strategy. The melting temperature of
both the pure and Cur@ZIF-8 NPs-embedded PCL fibers was
between 65.5 and 66.33°C. There was no T,, peak of Cur in
the thermogram of the Cur@ZIF-8 NPs-embedded PCL fibers,
indicating that the majority of the Cur@ZIF-8 NP was dispersed
amorphously in the PCL fibers and the amount of crystalline Cur
was negligible [48].

2.5 | Thermal Analysis of Cur@ZIF-8 NPs

The thermal behavior and composition of materials are effec-
tively investigated by TGA. The thermogravimetric property and
thermal stability of produced ZIF-8 NPs were investigated with
TGA. As pure Cur and ZIF-8 NPs have significantly different
thermal behavior, the compositional analysis of Cur@ZIF-8 NPs
was performed by applying the TGA technique (Figure S2B). The
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FIGURE 2 | FTIR and XRD results of samples. (A) FTIR spectra of Curcumin (Cur), pure zeolitic imidazolate framework-8 nanoparticle (Pure ZIF-8
NP), Cur-loaded zeolitic imidazolate framework-8 nanoparticle (Cur@ZIF-8 NP), virgin PCL fibers, and Cur@ZIF-8 NP-embedded PCL fibers. (B) XRD
patterns of (i) pure zeolitic imidazolate framework-8 nanoparticle (Pure ZIF-8 NP), (ii) curcumin-loaded zeolitic imidazolate framework-8 nanoparticles
(Cur@ZIF-8 NPs), (iii) virgin polycaprolactone (PCL) fibers, and (iv) Cur@ZIF-8 NPs-embedded PCL fibers.

main weight loss step of Cur, corresponding to a 42.5% weight
loss, was observed between 200°C and 445°C (Figure S2B(A))
[38]. However, the main weight loss of ZIF-8 NPs was observed
at very high decomposition temperatures of between 580°C and
620°C with 6.3% weight loss (Figure S2B(B)). In the TG curve of
Cur@ZIF-8 NPs, the weight-loss temperature of Cur started at
a much higher temperature compared to its pure form (331°C),
corresponding to 5.2% of the sample. The percentage of Cur was
calculated to be approximately 3% of Cur@ZIF-8 NPs.

The characteristic weight loss steps of the components of the
material more clearly appear in their derivative TG curves (DTG)
(Figure S2C). Furthermore, direct quantitative measurements
of the components’ thermal stability can be obtained from the
region under the DTG peaks and their respective temperatures.
Therefore, important data regarding the physical interaction that
exists between Cur and ZIF-8 NPs was obtained by comparing
the DTG peaks and temperatures. The DTG peak temperature
of Cur in Cur@ZIF-8 NPs shifted to a higher temperature from
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TABLE 1 | The Cur EE%, loading amount (ug/mg), the maximum release (%), and maximum release amount (ug/mg) of samples.

Encapsulation Loading amount Maximum Maximum release
Sample efficiency (%) (ng/mg) release (%) amount (ug/mg)
Cur@ZIF-8 NPs 89.4 280.47 100% (ph 7.4) 280.47
100% (ph 5.5) 280.47
Cur@ZIF-8 @PCL fibers 84.6 265.41 99.9% (ph 7.4) 262.76
100% (ph 5.5) 265.41

386°C with a maximum weight loss rate of 5.44%/min to 404°C
with a weight loss rate of 0.77%/min, while the values of ZIF-
8 NPs remained unchanged. These results demonstrate that Cur
exhibited enhanced thermal stability when encapsulated within
the ZIF-8 structure. In this context, thermal stability refers to
the resistance of Cur against thermal degradation, which was
evaluated under controlled heating conditions via TGA and DTG
analysis. The shift in degradation temperature and the reduced
decomposition rate are attributed to intermolecular interactions
and physical confinement within the porous ZIF-8 framework.
This outcome agrees with Tiwary et al.’s findings [38].

2.6 | Nanoparticle Size and Zeta Potential

Both the pure ZIF-8 NPs and the Cur@ZIF-8 NPs had their
zeta potential and particle sizes values evaluated. Small particle
sizes have a profound impact on the diagnosis and treatment
of different diseases due to their exceptional features such as
controlled drug release, biocompatibility and high drug loading
capacity. The Cur@ZIF-8 NPs have a size of 194.2 + 28.5 nm
(Figure 1), which enables them to circulate in the blood for
extended periods, and they tend to accumulate in tumor regions
because of their larger pores in the blood vessels. The mea-
surement of zeta potential for pure ZIF-8 NPs was found to
be —27.3 + 5.2 mV, which suggests that the nanoparticles were
evenly dispersed and stable before loading Cur to target breast
cancer [49]. This information is critical in understanding the
behavior and effectiveness of the nanoparticles in drug delivery
applications. After loading with Cur, the zeta potential of the ZIF-
8 NPs was increased to —18.8 + 3.7 mV (Figure S3). The increment
was associated with the hydrogen bonds amid the carbonyl, ether,
and hydroxyl groups in the chemical structure of Cur [50]. The
high zeta potential of the nanoparticles played a crucial role in
significantly enhancing their stability in an aqueous medium by
generating powerful electrostatic repulsion forces. When com-
paring the properties of nanoparticles, it has been observed that
those with a negative charge tend to display improved stability
in colloidal form [51]. Additionally, negative charge nanoparticles
exhibit longer circulation time in the bloodstream and show
lower toxicity towards healthy cells when compared to positively
charged nanoparticles [52].

2.7 | InVitro Drug Release
In vitro drug release tests were done for Cur@ZIF-8 NPs and

Cur@ZIF-8 NPs-embedded PCL fiber samples at different pHs
(5.5 and 7.4). Initially, linear standard calibration curves were

established for Cur, followed by the determination of encap-
sulation efficiencies (EE) for the samples. The %EE of Cur in
Cur@ZIF-8 NPs was 89.4% and it was slightly decreased to 84.6%
after loading Cur@ZIF-8 NPs in PCL fibers. The release profiles
of the samples were made by imitating physiological conditions at
37°C for 14 days. The Cur EE% and loading amount (ug mg™), as
well as the maximum release (%) and maximum release amount
(ug mg™), are presented in Table 1. Release results at 14 days and
the first 48 h were shown in Figure 3. Cur@ZIF-8 NPs exhibited
burst release, releasing 52.3% on day 1 (Figure 3B). Cur@ZIF-8
NPs-embedded PCL fiber also released the same rate as Cur @ZIF-
8, but the amount of Cur released was lower. Cur@ZIF-8 NPs and
Cur@ZIF-8 NPs-embedded PCL fibers showed similar release
profiles at different pHs. However, the initial release rate was
slightly higher under acidic conditions, consistent with the
expected behavior of ZIF-8-based systems, which can undergo
partial degradation in acidic environments. In the first 48 h,
Cur@ZIF-8 NPs-embedded PCL fiber released 58% at pH 5.5,
while it released 54% at pH 7.4. While the pH sensitivity observed
in the system is relatively limited, the findings suggest that ZIF-
8 remains susceptible to degradation under acidic conditions.
Nevertheless, encapsulation within the PCL matrix effectively
attenuates this pH-induced degradation, thereby promoting a
more controlled and sustained release profile. This strategy may
offer significant advantages for drug delivery applications by
extending the systemic circulation time of curcumin, reducing
off-target effects on healthy tissues, and enhancing its prolonged
therapeutic availability. Furthermore, even a slight enhancement
in release under acidic conditions could contribute to improved
therapeutic efficiency in the acidic tumor microenvironment [15].

After analyzing the regression value of zero and first-order drug
release, it was found that the data fits well with first-order,
second-order, Higuchi, and Hixson-Crowell models for all pH
values (Table 2). This indicates that the release profile of the drug
from the delivery systems, which contain both hydrophobic Cur
dispersed in porous matrices of Cur@ZIF-8 NPs and Cur@ZIF-
8 NPs-embedded PCL fibers, is proportional to the amount of
drug remaining inside the delivery system [53]. Therefore, the
drug will be released at rates proportional to the remaining drug
concentration. The drug release data indicated that the Higuchi
model was applicable to Cur@ZIF-8 NPs and Cur@ZIF-8 NPs-
embedded PCL fibers at a pH of 5.5, with a regression value greater
than 0.9. This suggests that Cur release both from Cur@ZIF-8 NPs
and Cur@ZIF-8 NPs-embedded PCL fibers is largely controlled by
diffusion [54].

However, at pH 7.4, the Higuchi model provides a higher R? than
Korsmeyer-Peppas, indicating that the release is diffusion con-
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FIGURE 3 | (A) Percentage cumulative Curcumin (Cur) release from the samples in PBS solutions at selected time intervals and (B) percentage

cumulative Cur burst release from the samples in PBS solutions at selected time intervals. Data represent the mean + standard error of the mean

(n=23).

TABLE 2 | Drug release kinetics of each formulation.

RZ
Korsmeyer- Hixson-
Formulations Zero-order First-order Second-order Weibull Higuchi Peppas Crowell
Cur@ZIF-8 (pH 5.5) 0.780 0.973 0.988 0.776 0.936 0.767 0.944
Cur@ZIF-8 (pH 7.4) 0.824 0.919 0.977 0.755 0.951 0.706 0.917
Cur@ZIF-8 PCL (pH 5.5) 0.789 0.952 0.983 0.767 0.934 0.725 0.932
Cur@ZIF-8 PCL (pH 7.4) 0.808 0.909 0.978 0.757 0.940 0.704 0.912

trolled for both Cur@ZIF-8 NPs and Cur@ZIF-8 NPs-embedded
PCL [55]. Subsequently, it has been observed that the decrease
in pH from 7.4 to 5.5 leads to an increase in the amount of
Cur release due to the dissolution of ZIF-8 NPs. The first-order,
second-order, and Hixson-Crowell model is best suited for the pH
5.5 data and supports the notion that the increase in Cur release
is due to the dissolution of ZIF-8 embedded in PCL, as it suggests
an erosion-dependent release mechanism. The proposed kinetic
models clearly indicate a direct correlation between decreasing
pH levels and an increase in drug release constants.

2.8 | InVitro Degradation Test

The degradation behavior of NPs and PCL fibers was evaluated
at the determined time intervals (on hours 1, 4, 8, and 12, and
on days 5, 9, 13, 17, 21, 24, 29, 33, 37, and 41) for 41 days, and the
results are given in Figure 4. All samples except Cur@ZIF-8 NPs-
embedded PCL fiber lost significant weight on the first day. While
Pure ZIF-8 NPs completed their degradation on day 24, Cur@ZIF-
8 NPs continued to degrade until day 41 (~97%). Cur@ZIF-8
NPs-embedded PCL fiber showed lower and slower degradation
behavior in comparison to all other samples (~76%). It was

100

Degredation (%)

@ PureZIF8 © Virgin PCL fibers A Cur@ZIF-8

W Pure ZIF-8-loaded PCL fibers 4 Cur@ZIF-8 embedded PCL fibers

0 T T T ] ] T ] ] Ll ]
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Days

FIGURE 4 | Degradation behaviors of all samples in PBS at 37°C (pH
= 7.4). Data represent the mean + standard error of the mean (n = 3).

determined that this situation is related to the strong hydrogen
bond and hydrophobic interaction between ZIF-8 crystals and
PCL fibers [56]. Since the study aims to achieve controlled release
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necrosis (iii) percentages following Annexin V-FITC/PI staining on the MCF-7 cell line. **p < 0.01 and ****p < 0.001 compared to the control group.

Data represent the mean + standard error of the mean (n = 3).

in the blood and rapid release in the cancer microenvironment,
this shows that the expected result was achieved.

2.9 | InVitro Cell Culture Studies
2.9.1 | Cell Viability

In this study, ICy, values were used as the treatment dose
and MTT analysis was performed to determine these doses.
The effects of powdered Cur (Figures 5Ai), pure ZIF-8 NPs
(Figures 5Aii), and Cur@ZIF-8 NPs (Figures 5Aiii) groups on
cell viability were examined in a dose-dependent manner. MCF-
7 cells were exposed to varying dosages of powdered Cur (1-75
uM) and Cur@ZIF-8 NPs (2-6 uM). ICs, values were determined
as 51.05 uM (24 h) and 31.45 uM (48 h) for powdered Cur;
3.36 uM (24 h) and 2.59 uM (48 h) for Cur@ZIF-8 NPs, which
indicate the ICs, of Cur@ZIF-8 NPs was lower than powdered
Cur on MCF-7 cells (Figure S4). The same weight percentage of
Cur@ZIF-8 NPs was utilized in order to investigate the impact

of pure ZIF-8 on cell survival. Cell viability was lowered by pure
ZIF-8 NPs in a dose-dependent way. This is consistent with the
literature [57]. The study reveals that increasing the drug dose is
associated with decreased viability in MCF-7 cells and reveals that
the effectiveness of the drug is dose-dependent. It has also been
observed that longer exposure reduces cell viability. Compared
to the control group, viability at 48 h was notably lower in all
samples compared to 24 h (*p < 0.05). Cur@ZIF-8 NPs have more
bioavailability than powdered Cur and can penetrate the cells
to deliver its effect [58]. Therefore, the nanotechnology-based
approach can be a promising solution to the pharmacokinetic
challenges associated with Cur.

2.9.2 | AnnexinV Apoptosis

Following treatment of MCF 7-cells with powdered Cur, pure
ZIF-8 NPs, and Cur@ZIF-8 NPs for 48 h, the apoptotic cell
ratios were 64.16%, 4.32%, and 34.25%, respectively. The Cur
and Cur@ZIF-8 groups had a statistically significant increase
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in comparison to the control group (****p < 0.0001). Reactive
oxygen species generation is directly correlated with apoptosis.
This causes MCF-7 cells to undergo apoptosis and experience
mitochondrial malfunction [59]. On the other hand, the necrotic
cell ratios were 0.37%, 1.87%, and 0.02%, respectively. All three
treatment groups showed a substantial decrease (**p < 0.01 and
*##4p < 0.001) when compared to the control group. Necrosis and
apoptosis are two distinct processes that lead to cell death. In
apoptosis, surrounding cells are not affected and apoptotic cells
can be digested by macrophages. On the other hand, necrosis
causes the cell to release many molecules that trigger the inflam-
matory response, thereby damaging healthy cells. According to
the result of this research, Cur@ZIF-8 NPs decrease necrosis,
which increases apoptosis—the regulated, planned death of cells
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(Figure 5B). This effect proves that it has a pH-sensitive effect on
the acidic microenvironment of the MCF-7 cancer cell resulting
in a higher rate of apoptosis [60].

3 | Experimental Section/Methods
3.1 | Materials

Zinc (II) nitrate hexahydrate (Zn(NO,),-6H,0, Mw:
297.5 g mol™), 2-methylimidazole (Mw: 82.10 g mol ™), polycapro-
lactone (PCL, Mw: ~80 000), methanol (Mw: 32.042 g mol™"), and
Cur (Mw: 368.4 g mol™!) were supplied by Sigma-Aldrich (UK).
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TABLE 3 | Main parameters of fiber production using pressurized
gyration. Fibers were produced at 33 + 2°C and 33 + 2% temperature and
humidity, respectively.

Rotation speed Gas pressure

Samples (rpm) (MPa)
PCL fibers (8%, w/v) 12 000 0.3
PCL fibers (12%, w/v) 12 000 0.3
PCL fibers (16%, w/v) 12 000 0.3
Cur@ZIF-8 NPs-embedded 12 000 0.3

12% PCL fibers (12%, w/v)

3.2 | ZIF-8 Nanoparticle Synthesis

A total of 50 mL of methanol was used to dissolve 1.05 g
(3.53 mmol) of Zn(NO,),.6H,0 in order to create the first solution.
The second one was obtained with the dissolution of 2.34 g
(28.3 mmol) 2-methylimidazole in 50 mL of methanol, to which
the first solution was added. The last obtained solution was mixed
continuously for 1 h at room temperature (25°C). Centrifugation
and washing with methanol were applied three times to the
synthesized ZIF-8 NPs, and the drying process at 80°C for 24 h
was carried out [61].

3.3 | Cur@ZIF-8 Nanoparticle Synthesis

Cur@ZIF-8 NPs were prepared by dissolving 80 mg of Cur and
2.34 g (28.3 mmol) of 2-methylimidazole with 50 mL of methanol.
Subsequently, 1.05 g of (3.53 mmol) Zn(NO,),.6H, O solution was
dissolved in the same amount of methanol. Cur@ZIF-8 NPs
were formed after centrifugation and three times washing with
methanol [62].

3.4 | Preparation of Solutions

Three different concentrations of PCL solutions (8%, 12%, 16%,
w/v) were made by stirring PCL in chloroform/methanol (3:1, v/v)
solution for almost 1 h at room temperature. The viscosity, surface
tension, and density of each solution were measured using a vis-
cometer (DV-E, Brookfield AMETEK, USA), a force tensiometer
(Sigma 703D, Attension, Germany), and a standard density flask
(10 mL, Boru Cam Inc., Turkey). Before the measurements, all the
equipment was calibrated. At ambient temperature (25°C), each
measurement was performed three times (Table S1) [43, 63].

3.5 | Preparation of Fibers

Different PCL ratios were used to obtain the best results. Fiber
production was performed at PCL ratios of 8%, 12%, and 16%
(w/v), respectively, and 12% was determined as the optimized
ratio. Parameters in the production of pure and Cur@ZIF-8 NPs-
embedded PCL fibers by PG are shown in Table 3. Cur@ZIF-8 NPs
were added to the 12% (w/v) PCL solution and mixed for 60 s to
prevent Cur release from Cur@ZIF-8 NPs, and then, Cur@ZIF-
8 NPs-embedded transdermal polymeric patches were produced.
The PG device, which enables fiber production within seconds,

is a superior method in terms of preventing ZIF-8 NPs from
releasing the drug inside. The PG process was performed at a gas
pressure of 0.3 MPa and a rotational speed of 12 000 rpm [64].

3.6 | Scanning Electron Microscopy (SEM)

The diameter and morphology were determined using SEM (EVO
LS 10, ZEISS). For 60 s, gold was applied to the samples’ surface.
The applied accelerating voltage was 20 kV, and the working
distance was 25 mm. Using Image software (Brocken Symmetry
Software), the average diameter and diameter distribution of the
fibers were determined.

3.7 | Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to investigate
the form and size distribution of pure ZIF-8 and Cur@ZIF-8 NPs.
On the JEOL JEM 2100 HRTEM, TEM images were captured at
an acceleration voltage of 200 kV. Using the Gatan Model 833
Orius SC200D CCD Camera, pictures were captured. The carbon
support film-covered copper TEM grids (Electron Microscopy
Sciences, CF200-Cu, 200 mesh) were used.

3.8 | Fourier Transforms Infrared Spectroscopy
(FTIR)

FTIR measurements were utilized to analyze the confirmation
of the loaded drug presence. Jasco, FT/IR 4700 spectrometer
was performed for the measurement at room temperature using
OPUS Viewer version 6.5 software. The transmission mode had a
resolution of 4 cm™ and covered the 500-4000 cm™ range.

3.9 | X-Ray Powder Diffraction (XRD)

Using a D/Max-BR diffractometer (RigaKu, Tokyo, Japan), the
materials’ structure and crystal shape were evaluated. At a pace
of 2° min!, analyses were displayed at 40 mV and 30 mA across
a range of 26 = 5°-90°. The software OriginPro 7.0 (OriginLab
Corporation, MA, USA) was utilized to create diffractograms from
the acquired data.

3.10 | Differential Scanning Calorimetry (DSC)

The morphological features of Cur@ZIF-8 NPs was investigated
using differential scanning calorimetry (DSC). Measurements
were performed using a Perkin Elmer Jade DSC instrument under
an argon atmosphere (200 mL min~') with a 5-7 mg sample at
a heating range of 10°C min~'. Data were evaluated using Pyris
software.

3.11 | Thermogravimetric Analysis (TGA)
Compositional analysis of NPs was performed using thermo

gravimetric analysis (TGA). Additionally, derivative thermo-
gravimetry was employed since it provides an enhanced under-
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standing of the samples’ weight loss patterns. On a Seiko-
EXSTARTG/DTA7300 type thermal analysis equipment, TGA
and DTG curves were recorded. A total of 5-7 mg of samples
were measured at a heating rate of 10°C min~' in a dynamic
N, environment (200 mL min~). Muse software was applied to
examine the thermal analysis results.

3.12 | Zeta Potential

Using a Malvern Zetasizer Nano ZS, dynamic light scattering
(DLS) was utilized to assess zeta potential and particle size
(Malvern Instruments Ltd., Worcestershire, UK). A suspension
of nanoparticles was appropriately diluted in two different pH
solutions (5.5 and 7.4) (1 mL each), thoroughly mixed, and
then gently transfer the mixture into a 1 mL transparent zeta
potential cuvette or a 4 mL polystyrene cuvette. To guarantee the
repeatability of the results, measurements were made three times
for each samples at the temperature of 25°C [65, 66].

3.13 | Drug Encapsulation Efficiency

Drug encapsulation efficiency was calculated to ascertain the
drug content. The dry sample of Cur@ZIF-8 NPs was dissolved
thoroughly by 50 uL of 2 M HCI. After that, the Cur solution was
diluted with ethanol. A UV-visible spectrophotometer (Shimadzu
UV-3600, Japan) was used to conduct a standard curve analysis
on the resulting clear yellow Cur solution at 425 nm. Drug
encapsulation efficiency was calculated based on the equation
below [62]. The measurements were made three times for the
fibers, and 5 mg of each was weighed, then dissolved in 10 mL of
solvent mixes in separate vials. To ensure the complete release of
the drug from the fibers into the solvent mixtures, the vials were
lightly stirred for 1.5 h. A UV-visible spectrophotometer was used
to measure the outcomes using 1 mL of each solution (Shimadzu
UV-3600, Japan).

Drug encapsulation efficiency (%) = (amount of loaded drug)/

(total amount of feeding drug) x 100%

3.14 | InVitro Drug Release

To investigate the drug release properties, in vitro drug release
kinetics were applied. Cur solutions were prepared indepen-
dently at five different concentrations (0.2, 0.4, 0.6, 0.8, and
1 pg mL™) using phosphate-buffered saline (PBS) in order to
create a linear calibration curve for each one. The samples
prepared to weigh approximately 5 mg were immersed in 1 mL
of PBS (pH 7.4 and 5.5 at 37°C). It was studied at pH 7.4 and
5.5 to obtain a pH-sensitive drug release. Following that, samples
were kept on a rotary shaker at 250 rpm, 37°C throughout the
testing process. At the determined times (0, 0.25, 0.5, 1, 2, 3, 4,
6, 8, 12, 24, 48, 72, 96, 120, 144 h and 7, 9, 11, 13, 14 days), 1 mL
of sample was removed and 1 mL of fresh PBS was added. The
Eppendorf vials were filled with PBS in order to continue the
drug release test. A Shimadzu UV-3600 UV spectrophotometer
(Japan) was used to examine the drug’s release profile. Because
Cur gives its characteristic peak at 425 nm, this wavelength was

taken into account during the release analysis [45]. The Kinet
DS Software (v.3.0, Santa Cruz, California, USA) was used to
calculate with respect to seven kinetic models (Zero-order, First-
order, Second-order, Weibull, Higuchi, Korsmeyer-Peppas, and
Hixson-Crowell) based on release patterns.

3.15 | InVitro Degradation

Each sample, which was dried, had an initial weight of approx-
imately 5 mg. The samples that were prepared were stored in a
shaking incubator with PBS (pH 7.4) at 37°C [67]. The samples
were measured at 1, 4, 8, and 12 h and on days 5, 9, 13, 17, 21,
24,29, 33, 37, and 41. After each measurement, the same amount
of fresh PBS solution was added as before. When the samples
were removed, the water on the samples’ surface was carefully
taken up with filter paper. Following this step, using a vacuum
dryer, the samples for each time point were dried and afterward
weighed until a fixed weight was obtained. The measurements
were repeated three times.

The degradation of mass loss (%) was calculated as follows:
Degradation test (%) = [(W, — W,) / W,] x 100

where W, is the weight of the deteriorated sample at the
incubation period, and W, is the initial weight (¢).

3.16 | InVitro Cell Culture

In a humidified 5% CO, atmosphere at 37°C, human breast cancer
MCF-7 cells were cultured in DMEM supplemented with L-
glutamine (Capricorn Scientific, Germany) media containing 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S)
(Thermo, Gibco). Our study groups in these cells were determined
as Cur@ZIF-8, pure ZIF-8, and powdered Cur groups.

3.16.1 | Cell Viability Assay

The viability of the powdered Cur, pure ZIF-8 NP, and Cur@ZIF-
8, groups were assessed by MTT assay at 24 and 48 h [68]. 96-well
plates were seeded with MCF-7 cells at a density of 1 x 10* cells
per well (n = 4), and the plates were incubated for a full day. After
the whole 24 h, the medium on the cells was taken off, and new
medium was added to the control group and treatment groups. In
the next stage, to determine the viability of the samples, 10 uL of
MTT agent was added to the wells at 24 and 48 h. After incubating
for 3 h, the medium was taken out of the plate and 100 pL of
DMSO was added. Following a 5 min incubation period in the
shaker, the plate’s absorbance at 570 nm was determined. The
inhibitory concentration 50 (ICs,) values of the Cur@ZIF-8 and
powdered Cur were calculated with CompuSyn (Paramus, USA).
Experiments were repeated three times.

3.16.2 | Annexin V Apoptosis Assay

Observing the guidelines provided by the manufacturer, propid-
ium iodide (PI) detection kit (SONY Biotechnology, USA) and
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annexin V-fluorescein isothiocyanate (Annexin V-FITC) were
used to assess necrosis and apoptosis using flow cytometry [68].
Briefly, approximately 5 x 10° cells treated with ICs, doses of
powdered Cur (31.45 uM for 48 h) and Cur@ZIF-8 (2.59 uM
for 48 h) were used to investigate the impact of pure ZIF-8 on
apoptosis and necrosis, an equal weight of pure ZIF-8 was used
as the Cur@ZIF-8. After 48 h, the cells were collected. A volume
of 500 pL of 1 X Annexin binding buffer was added to all groups.
Next, 5 uL of Annexin V-FITC and 3 pL of the PI viability staining
dye were added and mixed. All tubes underwent incubation in
the dark at room temperature for 30 min. The FACS Calibur flow
cytometer was used to process the cells, and Cell Search software
(BD Biosciences, USA) was used to calculate the data. Applying
unstained, Annexin V, and PI controls, an adjustment was first
made. At last, analysis was carried out on the fluorescence that
represented the extracted cells’ apoptosis, necrosis, and vitality.
Experiments were repeated three times.

3.17 | Statistical Analysis

The data obtained from the measures were statistically analyzed
using Graphpad Prism 8 software (Graphpad, San Diego, CA,
USA). With the exception of SEM data, which are shown as mean
+ standard deviation, each outcome was shown as the average +
standard error of the average. An analysis of variance (ANOVA)
with a 95% confidence interval and Tukey’s post hoc test were
utilized to examine the relationships between different groups in
cell culture. Whereas substantial differences were allowed for p <
0.05 values, significant differences were not accepted for p > 0.05
values.

4 | Conclusions

The new strategies for cancer treatment may be a good alter-
native to cancer drugs with high cytotoxic side effects for the
microenvironment. Here, a new pH-responsive method has been
shown for BC. The SEM and TEM images showed that pure ZIF-
8 NPs have a crystal diffraction pattern and perfect hexagonal
form with almost one-dimensional distribution. Cur@ZIF-8 NPs
were homogenously produced in the size of ~200 nm and Cur
had better stability inside Cur@ZIF-8 NPs than that of the powder
form. Cur@ZIF-8 NPs-embedded PCL fibers were homogenously
produced in the size of ~7 ym by PG and usable treatment
patches were generated. Cur was released in a controlled man-
ner for 14 days fitting the first-order, second-order, Higuchi,
and Hixson-Crowell models and its efficiency was increased
in the acidic microenvironment that is characteristic of cancer.
Cur@ZIF-8 NPs have more bioavailability than powdered Cur
and can penetrate the cells to deliver their anticancer effects on
MCF-7 human breast cancer cells. Cur@ZIF-8 NPs-embedded
transdermal polymeric patches have a pH-sensitive effect and
lead MCF-7 cells to apoptosis by reducing necrosis. Based on
the ZIF-8 nano-carrier system, this work presents a release
mechanism that is mildly responsive to acidic conditions and
offers synergistic anticancer functionality, thereby paving the way
for the potential clinical application of curcumin in breast cancer
therapy. However, certain limitations must be acknowledged.
The biocompatibility and cytotoxicity of Cur@ZIF-8 NPs were
assessed only in cancer cells; further investigations are needed

to evaluate their effects on healthy cell lines and normal tissues.
Additionally, in vivo experiments and long-term toxicity studies
will be critical for determining the clinical translation potential
of the developed formulation. Hence, this potential and exciting
application will be a pioneer for the research of new approaches.
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