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Combined and Single Doxorubicin/Naproxen Drug
Loading and Dual-Responsive pH/Ultrasound Release
from Flexible Metal-Organic Framework Nanocarriers

Abdollah Karami, Ahmed Ahmed, Rana Sabouni*, Ghaleb A. Husseini, 227 Vinod Paul
Department of Chemical Engineering, American University of Sharjah, Sharjah, 26666, UAE

In this study, the flexible aluminum-based MIL-53(Al) metal-organic framework was loaded with doxorubicin (DOX) and
naproxen (NAP) and was examined as a promising pH/ultrasound dual-responsive drug delivery system. The two drugs
were encapsulated in MIL-53(Al) individually to produce the DOX@MIL-53(Al) and NAP @MIL-53(Al) nanocarriers. They
were also encapsulated as a dual-drug formulation to produce the DOX* + NAP*@MIL-53(Al) nanocarrier. The MOF
nanoparticles were characterized using the Scanning Electron Microscopy (SEM), X-ray diffraction (XRD), Fourier Trans-
form Infrared spectroscopy (FTIR), and Dynamic Light Scattering (DLS) techniques. In the case of the DOX@MIL, the
nanocarriers’ drug Encapsulation Efficiency (EE) and Encapsulation Capacity (EC) were 92% and 16 wt.%, respectively,
whereas, in the case of NAP@MIL-53(Al), the average NAP EE and EC were around 97.7% and 8.5 wt.%, respectively.
On the other hand, in the DOX* + NAP*@MIL-53(Al) nanoparticles, the average DOX* EE and EC were 38.9% and
6.22 wt.%, respectively, while for NAP*, the average EE and EC were 70.2% and 4.49 wt.%, respectively. In vitro release
experiments demonstrated the good pH and Ultrasound (US) dual-responsiveness of these nanocarriers, with a maximum
US-triggered DOX and NAP release, at a pH level of 7.4, of approximately 53% and 95%, respectively. In comparison,
the measured release was around 90% and 36% at pH 5.3 for DOX and NAP, respectively. In the case of the dual-
drug formulation, the nanocarrier displayed similar pH/US dual-responsive behavior. Finally, the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) results confirmed the biocompatibility and low cytotoxicity of MIL-53(Al) at
concentrations up to 1000 pg/ml.

KEYWORDS: Metal-Organic Frameworks (MOFs), Drug Delivery,
Stimuli-Responsive Nanocarriers, Doxorubicin, Naproxen, MIL-53(Al).

Drug Codelivery, Ultrasound, Triggered Release,

INTRODUCTION

Cancer has impacted the majority of the world’s popu-
lation, and it remains one of the major causes of death
worldwide [1]. One of the major treatment methods
employed against malignancies is chemotherapy; however,
this mode of therapy is plagued with severe side effects,
such as nausea, fatigue, infections, hair loss, irritation at
the site of injection, in addition to cardiac and gastroin-
testinal problems [2] that severely compromise the qual-
ity of life of cancer patients. Consequently, nanoparticles
such as liposomes, polymeric micelles, and mesoporous
silica have been examined as potential anticancer drug
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nanocarriers. Such nanocarriers can encapsulate the anti-
cancer drug, allowing for the targeted drug delivery at the
tumor site, hence reducing the side effects of chemother-
apy and increasing the bioavailability of the drug and the
overall treatment efficacy [3-5].

Due to their favorable characteristics, metal-organic
frameworks (MOFs) gained massive interest in various
biomedical applications, one of which is drug delivery
[6-11]. Metal-organic frameworks have outstanding phys-
ical and chemical properties, including high porosity, pore
size tunability, high surface area, and excellent biocom-
patibility [12—15]. These characteristics allow MOFs to be
utilized as efficient drug delivery carriers by encapsulating
therapeutic agents utilizing absorption or adsorption mech-
anisms. In addition, MOFs enhance the bioavailabil-
ity and efficiency of the treatment by providing slow
drug release, controlled by various mechanisms, including
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matrix degradation, and providing active and passive tar-
geting functionalities [16].

The first generation of MOF drug nanocarriers was
developed by encapsulating drug molecules into the
nanovehicles pores through adsorption. These nanocarri-
ers provided drug release with minimal to no stimulus
by particles disintegrating into the tumor microenviron-
ment (TME) [11]. In recent years, the field of MOF-
based nanocarriers exhibited appealing progress with the
development of stimuli-responsive MOF-based nanopar-
ticles as drug delivery systems (DDSs). The versatility
of MOFs in terms of chemical modification and/or size
control has allowed the possibility of designing stimuli-
responsive MOF-based DDSs with enhanced drug loading
and controlled drug release kinetics, while maintaining
chemical/colloidal stability under physiological conditions
[17]. These MOF-based DDSs utilize single or multi stim-
uli that can be classified as endogenous or exogenous
[10, 11, 18, 19]. Endogenous stimuli are usually dependent
on chemical and/or biological triggers such as pH changes,
ions, redox agents, ATP, enzymes, DNAzymes, miRNAs,
or aptamer—ligand complexes. On the hand, exogeneous
stimuli, including light, heat, magnetic field, microwave
irradiation and ultrasound, are typically independent of the
physiological conditions inside the body. The main advan-
tage of exogenous stimuli over their endogenous coun-
terparts is that they allow a better spatiotemporal/dosage
control of drug release [20]. In other words, the drug
release can be triggered or stopped by activating and deac-
tivating the stimulus. However, it can be challenging for
external stimuli to penetrate the body to reach the tumor
site, thus limiting the efficacy of this type of drug delivery.

Recently, multi stimuli-responsive MOF nanocarriers
that combine two or more internal/external triggers have
been developed. For instance, dual-responsive MOF-based
nanocarrier is an example of DDSs that utilize combined
pH and ultrasound (US) stimuli [21-23]. The application
of noninvasive low-frequency US improves drug delivery
by enhancing the nanocarrier’s diffusion into the cancer-
ous cells and increasing the targeted payload release due
to the thermal effects and mechanical stresses generated
by the acoustic waves [24-27].

In this work, an aluminum-based metal-organic frame-
work, MIL-53(Al), is investigated as a promising stimuli-
responsive (pH and US) MOF-based DDS for the delivery
and codelivery of doxorubicin hydrochloride (DOX) and
naproxen sodium (NAP). The MOF consists of aluminum
(Al) metal nodes coordinated to benzene-1,4-dicarboxylate
(BDC) organic linkers. MIL-53(Al) is a well-known MOF
that has demonstrated remarkable results in various envi-
ronmental applications [28-35] due to its flexibility and
water stability [36]. Many studies have reported using
MOF-based nanocarriers with excellent drug loading and
release efficiencies [20]. However, most of these studies
have focused on encapsulating one drug into the MOF
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nanoparticles, which has drawbacks in cancer chemother-
apy due to multidrug resistance (MDR) [37]. As a result, it
is desired to design a nanocarrier that offers high loading
and release efficiencies for the codelivery of multiple drugs
to overcome the MDR effect. Another benefit of a code-
livery DDS is the possibility of encapsulating a therapeu-
tic drug that mitigates the severe complications associated
with conventional chemotherapy. In this study, DOX and
NAP were selected as model drugs. DOX is a chemother-
apeutic drug commonly used to treat various cancers such
as breast, lung, ovarian, non-Hodgkin’s, and Hodgkin’s
lymphoma [38]. At the same time, NAP (commercial name
Aleve) is a non-steroidal anti-inflammatory drug (NSAID)
that is commonly prescribed for pain, fever, and inflam-
mation [39]. Furthermore, NSAIDs have been reported to
have cancer inhibitory effects. In vivo and in vitro studies
have found that combining chemotherapy with NSAIDs
enhances treatment efficacy and may circumvent the MDR
effect [40-45]. Therefore, a combined-drug nanocarrier
can be a promising DDS to realize efficient cancer
treatment.

Herein, we report the encapsulation of DOX and NAP
in the pores of MIL-53(Al) as single and dual-drug for-
mulations. To the best of our knowledge, this manuscript
is the first study to report the combined pH/US-triggered
codelivery of DOX and NAP using MOF-based noncarri-
ers. The produced nanoparticles were characterized using
scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier-transform infrared (FTIR) spectroscopy,
and dynamic light scattering (DLS). In addition, to demon-
strate the pH/US dual-responsive capability of this novel
DDS, the in vitro drug release profiles of DOX and NAP
from MIL-53(Al) were measured in phosphate-buffered
saline (PBS) at two pH levels (7.4 and 5.3) and 37 °C, with
and without low-frequency ultrasound (LFUS, 35 kHz).
Finally, the cytotoxicity of MIL-53(Al) was tested on
MCEF-7 breast cancer cells via the MTT assay.

EXPERIMENTAL DETAILS

Materials

The MOF nanocarriers, MIL-53(Al), were obtained as
Basolite® A100 from Sigma-Aldrich (supplied through
LABCO LLC. Dubai, United Arab Emirates). Phosphate-
buffered saline (PBS) tablets were also obtained from
Sigma-Aldrich to prepare 0.1 M PBS. Aqueous HCI or
NaOH solutions (1 M) were used for the pH adjustment
of the PBS solution. The chemotherapeutic drug dox-
orubicin hydrochloride (DOX) was obtained from Euroa-
sia Trans Continental (Mumbai, India), while Naproxen
sodium (NAP) was purchased from Sigma—Aldrich
(supplied through LABCO LLC. Dubai, United Arab
Emirates).

J. Biomed. Nanotechnol. 18, 1-12, 2022
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Characterization

The MIL-53(Al) morphology was examined using field
emission scanning electron microscopy (FE-SEM). The
X-ray diffraction (XRD) patterns of the nanocarriers were
collected using a Bruker D8 Advance X-ray diffractometer
(Billerica, Massachusetts, USA) at room temperature using
a Cu K, radiation source (A = 1.54 A) on a silicon wafer
from 5.0 to 60° (26) with a step size of 0.03° and 1 s (per
step) in a continuous mode. The FTIR spectra were mea-
sured using an FTIR instrument (PerkinElmer, Waltham,
Massachusetts, USA), operating in the range of 4000 to
450 cm™!, with a step of 1.0 cm™!. The average particle
diameter and polydispersity index (PDI) of the MIL-53(Al)
nanoparticles were determined using a dynamic light scat-
tering instrument (DynaPro NanoStar, Wyatt Technology,
Santa Barbara, CA, USA). The UV-Vis spectra of the
MOF samples were collected using a UV-Visible Spec-
trophotometer (UV-2600, Shimadzu, Japan) equipped with
Diffuse Reflectance Spectroscopy (DRS). The thermal sta-
bility of the MIL-53(Al) was investigated using the Mettler
Toledo Thermal gravimetric Analysis 851e model (Missis-
sauga, ON, Canada). The samples were heated from 25 °C
to 800 °C at a heating rate of 10 °C/min under nitrogen
purge (50 mL/min).

Single and Combined DOX/NAP Calibration
Curve

In order to quantify the amount of DOX and NAP released
from the MIL-53(Al) nanocarriers, standard single/dual
DOX and NAP solutions in PBS at two pH levels (4.7 and
5.3) were prepared. In the single drug solutions, the DOX
concentration range was 0.0156-0.25 mM, while the NAP
concentration range was 0.004-0.032 mM. on the other
hand, the DOX and NAP concentration range in the com-
bined drug solutions was 0.01-0.05 and 0.004—0.032 mM,
respectively. Then, the absorbance of the prepared solu-
tions was measured using an Evolution™ 60S UV-Vis spec-
trophotometer (Thermo Scientific, Waltham, MA, USA)
between 190-600 nm, and the calibration curve was gen-
erated by determining the DOX and NAP absorbance
at their respective characteristic peak (480 and 320 nm,
respectively).

Single and Combined DOX/NAP Encapsulation
and In Vitro Release

DOX and NAP were encapsulated in MIL-53(Al) nanopar-
ticles as single and combined drugs. Figure 1 presents a
schematic illustration of the single and dual-drug encapsu-
lation into MIL-53(Al). DOX and NAP were dissolved in
deionized water (DI) to obtain 1 mM DOX and NAP solu-
tions for the single drug formulation. Both DOX and NAP
were dissolved in DI in equimolar ratios for the dual drug
encapsulation experiments. The encapsulation procedure
was performed by adding 15 mg of MIL-53(Al) nanopar-
ticles to a 5 ml drug solution and stirring in the dark,
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Figure 1. A schematic illustration of (a) MIL-54 synthesis and,

(b) DOX and NAP encapsulation into MIL-53(Al) nanoparticles.

to avoid DOX degradation as Dox is light sensitive, at
room temperature for 24 hours. The mixture was then cen-
trifuged at 4500 rpm for 30 minutes (Heracus Megafuge
8R, Thermo Scientific, Waltham, MA, USA). Next, the
supernatant was removed and analyzed using UV-Vis spec-
troscopy at the respective characteristic peak of DOX
and NAP. The DOX@MIL-53(Al), NAP@MIL-53(Al),
and DOX* + NAP*@MIL-53(Al) nanoparticles were then
washed twice and centrifuged.

The drug encapsulation efficiency (EE) was calculated
using Eq. (1).

=S s 100 (1)
C X

i

EE (%) =

where C; and C, are the initial and final drug concentra-
tions in the supernatant solution, respectively.
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Additionally, the encapsulation capacity (EC) of the
drug is calculated using the following equation:

EC (wt.%) = ——9 100 )

M gryg T MytoF

where mg,,, is the mass of encapsulated drug (mg) and
My 18 the mass of the MIL-53(Al) before loading (mg).
The in vitro release experiments were conducted for
the DOX@MIL-53(Al), NAP@MIL-53(Al), and DOX* +
NAP*@MIL-53(Al) nanoparticles at two pH levels, 7.4
and 5.3, where the neutral pH represents the physiologi-
cal conditions of the body and the 5.3 pH simulates the
acidity of the endosome in tumor cells [46, 47]. Also,
the release experiments were conducted with and with-
out the application of low-frequency ultrasound (LFUS,
35 kHz). In each case, 15 mg of the nanoparticles was
added to a 5 ml PBS solution at 7.4 and 5.3 pH levels and
a temperature of 37 °C. The US-triggered release was also
investigated at the two pH levels. In each case, in vitro
release experiments were conducted in a sonication bath
(SHE-UT8031-EUK, Shesto, Watford, UK) at a frequency
of 35 kHz. The US was applied in a 15 min cycle. After
each sonication cycle, the samples were centrifuged, and
an aliquot (~3 ml) was taken from the supernatant for UV-
Vis spectroscopic analysis. The exact amount of the aliquot
was replaced with fresh PBS for the next release cycle.
Control in vitro release experiments were also conducted
in the absence of ultrasound. All experiments were per-
formed in triplicates, and the average release profiles were
reported & the standard deviation. The cumulative release
percentage (CR%) was calculated using Eq. (3):

N,
Cumulative release percentage (CR%) =) (N—’> 3)

i m
where N; is the amount of the drug (mmol) in the aliquot
at each time point and N,, is the maximum drug release
possible (mmol), determined via the spectroscopic analysis
of the supernatant collected after the loading step.

In Vitro Cytotoxicity Analysis by MTT Assay

The MCF-7 breast cancer cell line was purchased from
The European Collection of Authenticated Cell Cultures
(ECACC). RPMI-1640, Trypsin EDTA, and Fetal Bovine
Serum (FBS) were purchased from PAN-Biotech (Aiden-
bach, Germany). MCF-7 cells were cultured in RMPI-
1640 supplemented with 10% FBS at 37 °C and 5% CO,.
Cells growing in culture flasks, in the exponential phase
of growth, were trypsinized, collected, and seeded into
24-well plates at a concentration of 50000 cells per well.
After 24 hours of incubation at 37 °C and 5% CO,, the
culture media was changed with fresh media containing
the MIL-53(Al) at different concentrations (31.25 to 1000
pg/ml), non-treated wells were kept as control. The well
plates were then incubated for another 48 hours to study
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the cytotoxic effect of the MIL-53(Al) particles. After 48
hours of treatment, MTT was added to each well at a
concentration of 0.5 mg/ml, followed by another 4-hours
incubation to allow the formation of purple color formazan
crystals. Once the incubation was completed, the media in
the wells were discarded, and 250 ul of DMSO was added
to dissolve the formazan crystals. The intensity of the pur-
ple color (which is proportional to the cell viability) was
measured using a plate reader (Metertech M965, Taipei,
Taiwan) at 600 nm. The cell viability was calculated as
follows:

% Cell Viability
_ The average absorbance value of the treatment group

The average absorbance value of the control
x 100 )

MTT assays run with Dox were performed as shown
above. However, after overnight incubation at 37 °C and
5% CO,, the cells were treated with DOX-loaded MOF
at concentrations of 50 and 100 wg/ml. After the cells
were treated, one well plate was kept as a control in the
incubator. The other plate was kept in a water bath and
subjected to ultrasound at 20 kHz using a sonicating probe
placed adjacent to the well-plate for 4 minutes.

RESULTS AND DISCUSSION

Characterization

The shape and surface morphology of MIL-53(Al)
nanoparticles were characterized by SEM and are shown
in Figure 2. The results show the well-crystallized needle-
like nanosized particles, which are similar to previously
reported ones [48, 49]. Further SEM imaging proved that
the morphology of MIL-53(Al) after being loaded with
combined DOX and NAP is not altered (Fig. 2(b)), indicat-
ing the structural stability of the MIL-53(Al) particles after
encapsulation. The presence of larger particles is attributed
to the uneven distribution and agglomeration of particles
while preparing the particles for the SEM grid.

Figure 3 presents the XRD patterns of the MIL-53(Al),
DOX@MIL-53(Al), and NAP@MIL-53(Al) nanoparticles.
The main characteristics of diffraction peaks at 8.9°, 15.2°,
17.86° correspond to the peak position reported in the
literature [50, 51]. Furthermore, these peaks confirm the
crystallinity of the nanoparticles, which is similar to previ-
ously reported patterns [48-50, 52]. Furthermore, the XRD
results of the drug-loaded MOFs, DOX@MIL-53(Al) and
NAP@MIL-53(Al) confirm the successful encapsulation
of drug molecules within the framework of the nanocarrier,
as demonstrated by the broadening and weakening of the
detected peaks [53]. Although MIL-53(Al) after encapsu-
lation possessed a broader peak, yet it sustained its crys-
talline structure indicating the stability of the MIL-53(Al)
nanoparticles. This phenomenon has been reported previ-
ously (referred to as the breathing effect). It is attributed to

J. Biomed. Nanotechnol. 18, 1-12, 2022
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Figure 2. SEM images of (a) MIL-53 and, (b) drug-loaded MIL-53(Al) nanoparticles.

the MIL-53(Al) framework’s flexibility as its pores expand
when the adsorbed drug molecules diffuse into the MOF’s
pores [54].

The FTIR analysis presented in Figure 4 shows the
changes in the MIL-53(Al) absorption peaks due to DOX
and NAP encapsulation into the nanoparticles. The mea-
sured IR spectrum of MIL-53(Al) is similar to previously
reported results in the literature [50, 55]. The absorption
peaks at 1690 and 1596 cm™' correspond to the COO-
asymmetric bond stretching vibration, while the peaks
at 1510 and 1416 cm~' may be attributed to the corre-
sponding symmetric stretching vibration [48]. The absorp-
tion peak at around 3424 cm™! corresponds to the
—OH stretching vibration [55]. The FTIR spectra of the
DOX/NAP-loaded MIL-53(Al) showed a slight increase in
the intensities and widening of the absorption peaks, which
may signal the interaction between the encapsulated drug
molecules and the nanocarrier.

The average particle size was determined via the
dynamic light scattering technique (DLS). The particle size
distribution is shown in Figure 5. The results showed that
the average hydrodynamic particle diameter of MIL-53(Al)
was around 477 nm, with around 83% of the particles

0 5 10 15 20 25 30 35 40 45 50 55 60

MM_ ——NAP@MIL53(A)]
' ' — iZ)OX@MIL-SB(AI)I
_ L‘—A ) l l A
3 I i 1 L n 1 L I r N I
= 8.9° 15.2° 17.8° —_— M||.-53[N)I
g ,Mwh
3 4
-]
l —— MIL-53(Al) - simulatedl
ln A l A
0 5 0 15 20 25 30 35 40 45 S50 55 €0
26 (°)

Figure 3. XRD patterns of MIL-53(Al), DOX@ MIL-53(Al), and
NAP@ MIL-53(Al) nanoparticles. The simulated pattern was
obtained from the Cambridge Crystallographic database.
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having around 382.2 nm particle diameter. Furthermore,
the polydispersity index (PDI) was determined to be
0.312. DOX and NAP@MIL-53(Al) DLS results were in
good comparability with MIL-53(Al) before encapsulation,
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—_—
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4000 300 3000 2500 2000 1800 1000 00
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Figure 4. FTIR spectra of MIL-53(Al), DOX@ MIL-53(Al),
and NAP@ MIL-53(Al) nanoparticles. The insets represent
the pictures of the MIL-53(Al) and drug-loaded MIL-53(Al)
nanoparticles.
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Figure 5. Particle size distribution of MIL-53(Al), DOX@ MIL-
53(Al), and NAP@ MIL-53(Al) nanoparticles.
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Figure 6. UV-Vis spectra of MIL-53(Al).

indicating good polydispersity [56]. The DLS results show
that the average particle size of the nanocarrier is suit-
able for drug delivery applications as the vascular pore
cutoff size can reach up to um sizes [57-61]; depending
on the targeted organ, the size of the fenestrations of the
vasculature in that organ, type and location of the tumor,
and the route of nanocarrier’s administration (intravenous
injection, tumor injection, oral, etc.) [57, 60-62].

The UV-Vis spectra of MIL-53(Al) shown in Figure 6,
exhibits a maximum characteristic peak at 256 and almost
no absorbance in the visible region, which is in good
agreement with the literature [63].

The TGA analysis shown in Figure 7 reveals the thermal
stability of the MIL-53(Al) up to 400 °C. Beyond that, the
MOF starts to decompose. Two distinguished weight losses
can be observed. The initial weight loss below 100 °C
could be attributed to the dehydration process due to the
evaporation of water molecules trapped within the pores
of MIL-53. While the second major weight reduction was
observed at ~400 °C, corresponding to the decomposition

110
100 } —
\\%HH
90
\H\

€ 80| \
E
5 \
R \

60 \\

0 100 200 300 400 500 600 700
Temperature (°C)
Figure 7. Thermal gravimetric analysis (TGA) of MIL-53(Al).
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of the terephthalic acid ligand in the organic framework
[64, 65].

Single and Combined DOX/NAP Encapsulation
and in Vitro Release

In this work, DOX and NAP are loaded into MIL-53(Al)
as an individual (single) and combined formulations.
Then, the encapsulation efficiency (EE) and capacity
(EC), and the in vitro release for each formulation are
assessed. First, the single drug EE and EC of MIL-53(Al)
nanoparticles were determined by measuring the UV-Vis
absorbance spectra of the DOX/NAP initial solutions and
the final supernatant after separation by centrifugation.
Then Egs. (1) and (2) were used to calculate the EE and
EC. Figure 8 shows the UV-Vis absorbance spectra of
the DOX and NAP standard solutions and the calibration
curves used to calculate the drug concentration in PBS.
The experimental results (triplicates) showed that the aver-
age DOX EE and EC in MIL-53(Al) were around 92 +
2.2% and 16 £0.05 wt.%, respectively, whereas the aver-
age NAP EE and EC were around 97.7£0.05% and 8.5+
0.04 wt.%, respectively. In general, the high encapsula-
tion efficiency for DOX and NAP can be related to the
strong drug/MIL-53(Al) interaction which contributes to
the effective adsorption of the drug’s molecules inside the
pores of the nanocarrier. In the case of DOX @MIL-53(Al),
these interactions are usually attributed to hydrogen bond-
ing, m— stacking, and coordination with the free uncoor-
dinated metal sites in the framework [66—68]. Similarly, in
the case of NAP@MIL-53(Al), the drug/nanocarrier inter-
actions are usually due to the formation of hydrogen bond-
ing as well as 7m—r stacking [34, 69].

The UV-Vis absorbance spectra of the combined DOX*
and NAP* standard solutions are presented in Figure 9.
The asterisk symbol (*) indicates that the drugs are loaded
in combination into the nanocarrier’s matrix. Similar to
the single drug solutions, the calibration curves were used
to calculate the concentration of DOX and NAP in the
drug solutions. Experimental results showed that for both
DOX* and NAP*, the EE and EC were lower than in
the case of single DOX and NAP; For DOX*, the aver-
age EE and EC were 38.9+£0.80% and 6.224+0.13 wt.%,
respectively, while for NAP*, the average EE and EC were
70.2+8.22% and 4.49£0.54 wt.%, respectively. The drop
in the encapsulation efficiency and capacity for both drugs
is expected due to the competition between DOX* and
NAP* molecules diffusing into the matrix of MIL-53(Al).
The higher NAP* EE relative to DOX* can be attributed
to the relatively smaller molecular weight of NAP com-
pared to DOX, which may contribute to NAP* molecules
diffusing relatively better than the DOX* molecules into
the nanocarrier’s framework.

The pH/US-triggered release profiles of DOX and NAP
from MIL-53(Al) are presented in Figure 10. The exper-
iments were conducted in vitro at two pH conditions

J. Biomed. Nanotechnol. 18, 1-12, 2022
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(7.4 and 5.3), including a control group to study the
significance of US as a triggering stimulus. The release
profiles were produced using the average of three exper-
imental replicas, with error bars representing the stan-
dard deviation. The results demonstrate the nanocarrier’s
dual-responsive capability (pH and US). In the case of
DOX@MIL-53(Al), the application of US as a stimu-
lus increased the cumulative release percentage (CR%) of
DOX from around 11+1.06% to 53 +1.66% and from

J. Biomed. Nanotechnol. 18, 1-12, 2022

28+4.06% to 90£0.42% at pH levels 7.4 and 5.3, respec-
tively (Figs. 10(a and b)). The enhanced DOX release
due to the application of US can be attributed to the
oscillatory formation of acoustic cavities, which leads to
mechanical stresses destabilizing the nanoparticles’ struc-
ture, and causing the enhanced release of the loaded
drug [26]. Furthermore, the higher DOX CR% at pH 5.3
could be attributed to the protonation of the amnio group
of the DOX. Hence, it is revealed that the pH-sensitive
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Figure 10.

the points represent the average of these three independent replicates.
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behavior of MIL-53(Al) could effectively release DOX in
acidic environment while reducing its leakage during long
blood circulations at higher pH. In particular, this selective
release of MIL-53(Al) nanoparticles, embraces it as desir-
able feature in anticancer drug delivery systems (DDSs), as
the cancer tissues or the tumor microenvironment (TME)
is more acidic compared to the health tissues [21]. Sim-
ilar to the DOX-loaded nanoparticles, the application of
US stimulus increased NAP CR% from NAP@MIL-53(Al)
nanoparticles from around 42 45.22% to 95+5.29% and
from 10£2.61% to 36 £5.69% at pH 7.4 and 5.3, respec-
tively (Figs. 10(c and d)). However, these results revealed
the opposite pH-responsive behavior of the NAP@MIL-
53(Al) nanoparticles compared to the DOX @MIL-53(Al)
nanoparticles, as the NAP CR% was higher at the higher
pH level (7.4).

The in vitro release data for DOX and NAP were ana-
lyzed for statistical significance using the analysis of vari-
ance (ANOVA) test combined with Tukey’s method. The
statistical significance level was set at a 95% confidence
interval (P < 0.05). The ANOVA results presented in
Figure 11 show that US-triggered DOX and NAP release
from DOX@MIL-53(Al) and NAP@MIL-53(Al), respec-
tively, at both pH levels (7.4 and 5.3) were statistically
significant (P < 0.001). Furthermore, the effect of pH on
the release of DOX and NAP was found to be statisti-
cally significant with and without the application of US
(P <0.001).

Figure 12 displays the in vitro cumulative release
profiles of DOX* and NAP* from DOX* 4+ NAP* @MIL-
53(Al) nanocarriers. The results revealed that the pH/US-
triggered CR% of the combined drug formulation was
significantly slower than in the formulation of the indi-
vidual drug within the same period (3 hours), which was
characterized by initial fast kinetics within the first hour,
followed by slowing release as time progresses. At the
neutral pH (7.4), the maximum US-triggered release of
DOX* and NAP* from DOX* 4+ NAP*@MIL-53(Al) was
around 0.2 40.02% and 3 =+ 0.47%, respectively, while
at pH 5.3, the maximum US-triggered %CR was around
0.34+0.02% and 1.54+0.21% for DOX* and NAP*, respec-
tively. Hence, the effect of pH/US on the release of DOX*
and NAP* was similar to that observed in the case of DOX
and NAP release. Furthermore, the slow release kinetics
of DOX* relative to NAP* under the same release condi-
tions may be due to the formation of coordination bonds
between the free metal sites and the DOX* molecules
[67, 68]. These results reveal that the combined drug for-
mulation of DOX* + NAP*@MIL-53(Al) is a promising
nanocarrier, as it can be used as an implantable drug deliv-
ery system (DDS) that can offer prolonged drug release;
hence, higher drug bioavailability and reduced complica-
tions stemming from chemotherapy-related side-effects.

In-Vitro Cytotoxicity Analysis by MTT Assay
The cytotoxicity analysis of the nanoparticles was inves-
tigated by treating the MCF-7 breast cancer cell lines
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Figure 12.

In vitro release profiles for combined DOX* and NAP*. The error bars represent the standard deviation of the three

replicates, while the points represent the average of these three independent replicates.
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Figure 13. Cytotoxicity analysis of MIL-53(Al) via MTT assay
at different concentrations.

with the nanoparticles at different concentrations (ranging
between 31.25 and 1000 pg/ml). The results are presented
in Figure 13. Even after the 48-hour treatment at the higher
concentration of 1000 pwg/ml, the MIL-53(Al) was not very
toxic (the average cell viability was above 80%), signify-
ing the biocompatibility of the nanoparticle. Additionally,
the MTT assay performed with Dox-encapsulated MOFs
showed statistical significance in viabilities between soni-
cated and incubated cells. After the cells were treated with
DOX-loaded MOF at concentrations of 50 and 100 pwg/ml,
one well plate was kept as a control in the incubator.
The other plate was kept in a water bath and subjected
to 20-kHz ultrasound using a sonicating probe placed
adjacent to the well-plate for 4 minutes. The cell via-
bilities of incubated and sonicated cells at a concentra-
tion of 50 wg/ml were 44.2% + 1.4% and 39.5% + 1.6%,
respectively (P-value = 0.002077). While at 100 wg/ml,
experiments showed viabilities of 26.2% £ 2.2% (incu-
bated) versus 18.3% +2.5% (sonication), with a p-value
of 0.001575.

CONCLUSIONS

In this work, flexible MIL-53(Al) nanoparticles were suc-
cessfully loaded with the anticancer drug DOX and the
non-steroidal anti-inflammatory drug (NSAID) naproxen
(NAP). The two drugs were encapsulated in MIL-
53(Al) individually to produce the DOX@MIL-53(Al)
and NAP@MIL-53(Al) nanocarriers and also encapsu-
lated together as a dual-drug formulation to produce the
DOX* + NAP*@MIL-53(Al) nanocarrier. Also, the MOF
nanoparticles were characterized using the SEM, XRD,
FTIR, and DLS techniques. The SEM and XRD analy-
sis proved the crystallinity of the MOF’s structure, while
the FTIR results revealed the successful encapsulation of
drug molecules within the pores of the nanocarrier. In
addition, the particle size distribution of MIL-53(Al) was
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determined from the DLS analysis, and the calculated aver-
age particle diameter was around 477 nm. Furthermore,
the EE and EC of the nanocarriers were determined in
the individual and combined drug scenarios. In the case
of the DOX@MIL-53(Al), the average DOX EE and EC
were around 92% and 16 wt.%, respectively, whereas, in
the case of NAP@MIL-53(Al), the average NAP EE and
EC were around 97.7% and 8.5 wt.%, respectively. On the
other hand, in the DOX* + NAP*@MIL-53(Al) nanopar-
ticles, the average DOX* EE and EC were 38.9% and
6.22 wt.%, respectively, while for NAP*, the average EE
and EC were 70.2% and 4.49 wt.%, respectively. Further-
more, the in vitro release experiments demonstrated good
pH and US dual-responsiveness, where the maximum US-
triggered DOX and NAP release at a pH level of 7.4 was
53% and 95%, respectively. In comparison, it was around
90% and 36% at pH 5.3 for DOX and NAP, respectively.
The nanocarrier displayed similar pH/US dual-responsive
behavior in the dual-drug formulation, albeit exhibiting
significantly slower release kinetics. Finally, the MTT
results confirmed the low cytotoxicity of MIL-53(Al) at
concentrations up to 1000 ug/ml, demonstrating their bio-
compatibility for use in vivo and future clinical trials.
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