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Abstract: Metal-organic frameworks (MOFs) are structures made up of inorganic nodes, which
can be either single ions or clusters of ions and organic linkers. This study reports on a novel pro-
cessing route for producing B-estradiol encapsulated in Zn-MOF nanocomposites by microwave-
assisted coprecipitation as a facile and fast method. Zn-MOF nanocomposites were synthesized
with the aid of Zn(OAc),-2H,0 and 2,6-pyridine dicarboxylic acid ammonium as an organic ligand.
Furthermore, we studied encapsulated [3-estradiol which is one of the most important classes of
estrogenic compounds that are used in the treatment of prostate cancer and breast cancer. The effects
of B-estradiol concentration and microwave irradiation on the morphology, particle size, distribu-
tion, and in vitro photoluminescence spectroscopy experiments of B-estradiol entrapped in Zn-MOF
nanocomposites were characterized by X-ray diffraction, scanning electron microscopy, transmission
electron microscopy, ultraviolet—visible spectroscopy, Fourier transform infrared spectroscopy, and
Brunauer-Emmett-Teller spectroscopy. These nanostructures can be a good option for thawing
hydrophilic and hydrophobic drugs over time. Zn-MOF nanocomposites with high porosity, total
pore volume (0.04665 cm*g ™), and nanostructures have provided the platform to load B-estradiol
such as low soluble drugs. Maximum of drug release was about 82% at pH 8.9 after 8 h.
Keywords: nano structures, drug delivery, encapsulation, drug design, B-estradiol

Introduction

Nano controlled release drug systems and solid-phase sorbents as target material are
attracting a lot of attention currently and have created a new perspective through their
ability to target delivery to a large surface area; this strategy could provide an impor-
tant contribution for human health."? Solid-phase sorbents as molecularly imprinted
polymers have individual physical/chemical adsorption and high specific surface area
for the specific applications.?

In the past two decades, metal-organic frameworks (MOFs), as nanoporous par-
ticulate materials, have shown well-known properties such as desirable pore size, pore
shape, large surface areas, and the ability to encapsulate compound and drugs.* Magnetic
MOFs, a special type of MOFs, have a wide range of applications such as adsorbents
and separation.” Many metals such as zirconium-based magnetic MOFs® and Fe,O,@
SiO,@Ui0O-66 core—shell magnetic microspheres can be used as sorbents in solid-phase
extraction.” Another study shows that magnetic MOFs have been used as magnetic
solid-phase extraction adsorbents in preconcentration of pyrazole/pyrrole pesticides
in environmental water samples® and also in chemical sensing® and drug delivery.'°
MOFs are a new class of hybrid crystalline material networks that have regular cavities
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in solid phase with many applications.'' Furthermore, MOFs
are constructed via covalent linkages between metal ions/
metal clusters and organic ligands generally called a linker
with high porosity and thermal stability materials.'*'* MOF
structures that are the novel formulations of drug delivery sys-
tems can provide important properties for low soluble drugs.'?
MOF composites can be prepared by using various synthetic
methods such as microwave,'¢ hydrothermal (solvothermal),'’
electrochemical,'® mechanochemical,’ assisted heating,
and ultrasound.”® Microwave technique has increased the
reaction rates and functions as a rapid volumetric heating,
providing an improved engineering control over the separa-
tion of nucleation and growth stages of nanomaterials.?'*
Steroid hormones are a fat-loving group with a low molecular
weight and are biological compounds that act as hormones
as well.>* The steroids are altered by the functional groups
attached to the ring structure, which alter the oxidation state
of the rings.?® One of the identified problems is that the
hormones are released in the target organs.”” This research
attempted to study whether the MOF structures can be used
more efficiently in medications and dietary supplements
at low doses when B-estradiol hormone is encapsulated in
the MOF structures. In this study, we report the synthesis
and preparation of ZnO-MOF from organic ligand (2,6-
pyridine dicarboxylic acid ammonium) and encapsulated
B-estradiol by using the coprecipitation method in aqueous
solution. MOFs are one of the most important medications
that are used to deliver lipophilic drugs by improving drug
absorption. In the last decade, different strategies have been
used in improving the encapsulation efficiency and release
time of drugs. In this study, MOFs were considered because
of their ability to encapsulate and absorb. On the other hand,
MOFs are able to control the release of low soluble drugs.

Methods

Materials and characterization

All the chemical reagents and raw materials used in our exper-
iments were of analytical grade and were used as received
without further purification. Zn(OAc),-2H,0, glucose
(CH,,0,), dimethylformamide (DMF), ammonia, and ethanol
were purchased from EMD Millipore (Billerica, MA, USA).
B-Estradiol was obtained from Alfa Aesar chemical company
(Haverhill, MA, USA). We used many technical instruments
for the characterization of products such as X-ray diffraction
(XRD) patterns that were recorded by a Philips-X’Pert Pro
(PANalytical, Westborough, MA, USA), X-ray diffractometer
using Ni-filtered Cu K ¢rradiation at scan range of 10<<26<<80

in Tehran University, Iran. Scanning electron microscopy
(SEM) images were obtained using LEO-1455VP equipped
with an energy dispersive X-ray spectroscopy. Transmission
electron microscope (TEM) images were obtained using
Philips EM208S with an accelerating voltage of 100 kV. The
Brunauer—Emmett-Teller (BET) analysis for the surface area
and pore size analysis were carried out using a BET Sorp-
tometer (Porous Materials, Inc., Ithaca, NY, USA). Fourier
transform infrared (FTIR) spectra were recorded on Shimadzu
Varian 4300 spectrophotometer (KK company, Kyoto, Japan)
in KBr pellets. UV—visible (UV—Vis) diffuse reflectance spec-
troscopy analysis was carried out using Shimadzu UV-2600
UV-Vis spectrophotometer (KK Company) with an integrat-
ing sphere attachment and BaSO, was used as a reference.

Synthesis of Zn nanostructures

In this work, the stoichiometric amount of Zn(OAc),-2H,0
powder which is the starting reagent was dissolved in 15 mL of
mixed solvent (DMF: ethanol: demineralization water=1:1:2),
and the solution was stirred vigorously and heated up to 50°C
for 120 min. The synthesized precipitate was obtained, cen-
trifuged, and washed several times with DMF and finally
dried at room temperature for 3 days.

Preparation of mixed-linker frameworks

For the synthesis of mixed-linker MOFs (MIXMOFs), at first
2,6-pyridinedicarboxylic acid and C.H ,O, as linkage precur-
sors in the molar ratio 1:2 were dissolved in the molar ratio
2:1:1 (DMF: ethanol: demineralization water) under vigorous
stirring at room temperature. 2,6-Pyridinedicarboxylic acid
was synthesized according to a previous study.? In the next
step, in another beaker, the two solutions were mixed together
in a reflux system at 50°C for 2 h under weak stirring, while
5mL of | M NaOH solution was added dropwise to the reflux
system. The proposed structure of the Zn-MOF nanocompos-
ites by mixed-linker frameworks is shown in Equations 1-3:

Preparation of B-estradiol encapsulated

in MOF nanostructures

After performing the reaction in the reflux system, 0.01 g
(0.036 mmol) B-estradiol was added to the mixture. The final
solution was loaded into a microwave teflon and exposed to
microwave irradiation in a microwave box for 15 minutes
at 600 W. In order to prevent the deposits of nanostructures
at periodic and regular intervals, the microwave irradiation
was ON for 30 s and OFF for 60 s. In the final step, after
the heating process, the system was allowed to cool to room
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temperature naturally, and the obtained precipitate was
collected and dried in vacuum at 50°C for 48 h. The as-syn-
thesized powders were characterized by XRD, SEM, TEM,
BET, and FTIR. Scheme 1 shows the summary of the synthe-
sis of Zn-MOFs nanocomposites containing B-estradiol.

Results and discussion

Drug handling and delivery are the most important uses of
nanotechnology in pharmaceutical science.?® B-Estradiol,
a main naturally occurring estrogenic compound, can be
used in the treatment of cancer and primary ovarian failure.

0f 272.38 g/mol. In this study, Zn(OAc),-2H,0 was applied
as a metal component in the formation of Zn-MOF structures.
X-ray powder diffraction (XRD), an accurate analytical
technique, was primarily used to investigate the phase of
the crystalline materials and structures produced. The XRD
pattern of Zn-MOF nanocomposites and Zn-MOF nanocom-
posites containing B-estradiol is shown in Figure 2A and B,
respectively. Based on the XRD data, the crystallite diameter
(D) of Zn-MOF nanocomposites was calculated to be
90120 nm from the full width of the half maximum (FWHM)
by using the Debay—Scherer equation (Equations 4-6).%

Molecular formula of B-estradiol is C ;H,,O,, which is shown
in Figure 1, is an estrane steroid,” and has a molecular weight D_, =0.9A(57.3)/W,, cosO €))
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Scheme | Summary of the synthesis of Zn-MOF nanocomposites containing B-estradiol.

Abbreviation: MOF, metal-organic framework.

where
Wsize = (Wb2 - \X',s2 )1/2 (5)
W, =FWHM (6)
where W __is the breadth of the observed diffraction line at

its half-maximum intensity and K is the shape factor. The
XRD patterns show that the structures have lost their crystal-
line state when P-estradiol was trapped in the MOF, which
is probably due to the filling of the pores of the network
with B-estradiol.

The high-resolution shape and size of the nanosized mate-
rials or nanostructures were investigated by using SEM and
TEM images (Figure 3A and B, respectively). Observations
show that MOFs have been prepared with a lot of porosity
and that there are relatively strong bonds between B-estradiol
with double ligands. The particle size obtained with the elec-
tron microscopy is in accordance with the data of the X-ray

OH

Tl

HO

Figure | Structure of B-estradiol (C ;H,,O,).

diffraction pattern. The dynamic light scattering measurements
of the Zn-MOF nanocomposites and the Zn-MOF nanocom-
posites containing 3-estradiol composite are shown in Figure
4A and B, respectively. As the results show particle size dis-
tribution of Zn-MOF nanocomposites containing B-estradiol
compared with Zn-MOFs nanocomposites is greater which
could be because of loading B-estradiol in structures and an
increase in the size of cavities in Zn-MOF nanocomposites.
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Figure 2 XRD patterns of Zn-MOF nanocomposites (A) and Zn-MOF nano-

composites containing -estradiol (B).
Abbreviations: XRD, X-ray diffraction; MOF, metal-organic framework.
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Figure 3 SEM (A) and TEM (B) images of the Zn-MOFs nanocomposites containing 3-estradiol.
Abbreviations: SEM, scanning electron microscopy; TEM, transmission electron microscopy; MOF, metal-organic framework.

To evaluate the thermal stability of nanostructures, we used
thermogravimetric analysis (TGA). In Figure 5, the TGA graph
of Zn-MOF nanocomposites containing 3-estradiol between
100°C and 400°C show that the thermal behavior of the nano-
composites can be classified into two separated regions. By
increasing the temperature, thermal decomposition occurs in
temperature range between 110-130°C, which is related to the
loss of water, the most significant weight loss happens in this
step (mass change: 11.89%). In the second region due to the
final thermal degradation of the nanocomposites (mass change:
2.58%), the temperature ranges from 310°C to 350°C. N,
adsorption—desorption behavior of Zn-MOF nanocomposites
shows the surface area, pore size, and pore volume of struc-
tures. The results indicate that the organize regular structures
of mixed-linker frameworks (2,6-pyridinedicarboxylic acid

and C,H,,0,) in products causes, the volume, and the diameter
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20 40 60 80 100 110
Size (nm)

120

Figure 4 The DLS measurements for the Zn-MOFs nanocomposites (A) and
Zn-MOFs nanocomposites containing [3-estradiol (B).
Abbreviations: MOF, metal-organic framework; DLS, dynamic light scattering.

of the cavities are regular and uniform. Therefore, B-estradiol
was encapsulated uniformly in MOFs. The adsorption/
desorption isotherm diagram of Zn-MOF nanocomposites is
shown in Figure 6. Average pore diameter and total pore vol-
ume (p/p,=0.990) were 37.1 nm and 0.046656 cm® g', respec-
tively. In the study of stability of the particle size, the specified
product was kept in a refrigerator at an average temperature
of 4°C for a week. The results show that the stability of nano-
structures had been maintained over the previous 1 week,
which indicates that the nanostructures are well distributed
and dispersed in the final products. The graph remains as
a normal bell shape and the desired formulation is stable.
Figure 7 shows the stability graph of B-estradiol encapsulated
in Zn-MOF nanostructures exactly after 1 day and 1 week.
FTIR spectroscopy is an analytical technique used to
characterize and form different links in the composition
of organic (and in some cases inorganic) materials. The
FTIR spectrum of Zn-MOF nanocomposites and Zn-MOF
nanocomposites containing B-estradiol and reference peak
related to B-estradiol*'? are shown in Figure 8. As shown
in Figure 8A, the vibration peaks corresponding to the
spinel structure are identified at about 593 and 875 cm™,
which confirms the presence of links Zn-O and Zn-N* and
stretching bands in 1,042 and 1,645 cm™ range in Figure 8B,
associated with C—C, C—N, and C=0 bands in the B-estradiol
encapsulated Zn-MOF nanocomposites. Weak and broad
peaks centered at about 2,931 and 3,423 cm™ wavenumbers
are related to C—H and O—H bands, respectively. UV—Vis
spectroscopy is used to determine the concentration of the
analyte by measuring light absorption across the UV and
visible light wavelengths. The MOF structures are highly

Drug Design, Development and Therapy 2018:12
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Figure 5 TGA (A) and DTA (B) graph of the Zn-MOFs nanocomposites containing B-estradiol at a temperature between 100°C and 400°C.
Abbreviations: TGA, thermogravimetric analysis; MOF, metal-organic framework; TG, thermal gravimetric; DTA, differential thermal analysis; DTG, differential thermal

gravimetric.
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Figure 6 Adsorption/desorption isotherm, BET-Plot, BJH-Plot diagram of Zn-MOFs nanocomposites.
Abbreviations: MOF, metal-organic framework; BET, Brunauer—-Emmett-Teller; BJH, Barrett-Joyner-Halenda; ADS, adsorption; DES, desorption; p/p,, porosity/porosity

preliminary.

2640  submityourmanuscript [ wdovepress com Drug Design, Development and Therapy 2018:12

Dovepress


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Efficient drug delivery of B-estradiol

~o— 1 day
—e— 1 week
s
&
>
=
7]
c
(]
-
£
10 50 100 200 1,000

Size (nm)

Figure 7 Stability graph of the Zn-MOF nanocomposites containing [-estradiol
after | day and | week.

Abbreviation: MOF, metal-organic framework.

sensitive to pH environment and show different behaviors in
various pH. The increased pH of the reaction environment in
MOF structures leads to packing and shrinkage, and hence,
B-estradiol gets released faster.

In vitro drug release of B-estradiol encapsulated in Zn-
MOF nanostructures was performed by dialysis approach
atpH 3.2, 5.8, 7.4, 8.1, and 8.9 after 8 h and the results are
shown in Figure 9. The results indicate that the drug release
was ~64%, 68%, 75%, 78%, and 82% at pH 3.2, 5.8, 7.4,
8.1, and 8.9 after 8§ h, respectively. The results obtained from
the interpretation of the patterns in lower levels of acidity
show that the release was slower due to the sustainability
of B-estradiol at acidic pH. In other words, under acidic
conditions, drug release rates are lower due to the erosion
of nanostructures. By increasing the pH to 7.4 gradually, the
structural destruction occurs in MOF nanostructures at pH

& |ren ¥
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c | / .
®© \ r
= M l ‘ r\
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Figure 8 FT-IR spectrum of Zn-MOF nanocomposites (A), Zn-MOF nanocomposites containing B-estradiol (B) and reference (Ref) peak related to B-estradiol.

Abbreviations: FT-IR, Fourier transform infrared; MOF, metal-organic framework.
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Figure 9 In vitro drug release of B-estradiol encapsulated in the Zn-metal-organic
framework nanostructures at pH 3.2, 5.8, 7.4, 8.1, and 8.9 after 8 h.

8.9 after 8 h. The nanostructures destroyed completely after
8 h, and drug release was about 82% compared to other pH.
The encapsulation efficiency (EE) of B-estradiol encapsulated
in Zn-MOF nanostructures is shown in Figure 10. The %EE
of B-estradiol was determined by measuring the residual in
the aqueous bulk phase after encapsulation of B-estradiol in
Zn-MOF nanostructures. The calculation was based on the
theoretical drug loading (Equation 7):

Drug added — Free unentrapped drug 100 (7)
Drug added

%EE =

The most promising formulation with high encapsulation
efficiency (92%) of the B-estradiol encapsulated in Zn-MOF

100.00
90.00
80.00
70.00

W 60.00 -
W 5000 -
S 40,00
30.00 -
20.00
10.00 -

000 n T T T T
3.2 5.8 7.4 8.1 8.9

pH

Figure 10 Encapsulation efficiency (%EE) of B-estradiol encapsulated in Zn-metal—
organic framework nanostructures.

nanostructures introduces these structures as very suitable
drug carriers.

Conclusion

MOFs with significant porosity and regular network struc-
tures have high potential for drug delivery of low soluble
drugs such as B-estradiol. In this study, for first time, MOFs
were synthesized by the microwave-assisted coprecipita-
tion with MIXMOFs (2,6-pyridinedicarboxylic acid and
CH 0, as linkage precursors, and we determined that
the encapsulated B-estradiol is one of the most important
classes of estrogenic compounds that are used in the treat-
ment of prostate cancer and breast cancer. The Zn-MOF
nanocomposites containing B-estradiol were characterized
by XRD, SEM, TEM, UV-Vis, IR, and BET. Total pore
volume (p/p, =0.990) of Zn-MOF nanocomposites was
estimated 0.046656 [cm® g™'] that these structures can be
used to trap B-estradiol.
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