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Metal-organic frameworks (MOFs) are promising new nanocarriers with potential use in anticancer drug delivery. How-
ever, there is a scarcity of studies on the uptake and release of guest molecules associated with MOF nanovehicles,
and their mechanism is poorly understood. In this work, newly developed iron-based MOFs, namely Fe-NDC nanorods,
were investigated as potential nanocarriers for calcein (as a model drug/dye) and Doxorubicin (a chemotherapeutic drug
(DOX)). Calcein was successfully loaded by equilibrating its solution with the MOFs nanoparticles under constant stir-
ring. The calcein average encapsulation efficiency achieved was 43.13%, with a corresponding capacity of 17.74 wt.%.
In-vitro calcein release was then carried out at 37 °C in phosphate buffer saline (PBS) using ultrasound (US) as an
external trigger. MOFs released an average of 17.8% (without US), whereas they released up to 95.2% of their contents
when 40-kHz US at ~1 W/cm? was applied for 10 min. The eﬁes&gj rug DOX was also encapsulated in Fe-NDC, and
its In-vitro release profile was determined under the same conditit;=~DOX encapsulation efficiency and capacity were
found to be 16.10% and 13.37 wt.%, respectively. In-vitro release experiments demonstrated significant release, reaching
80% in 245 minutes, under acoustic irradiation, compared to around 6% in the absence of US. Additionally, experimental
results showed that Fe-NDC nanoparticles are biocompatible even at relatively high concentrations, with an MCF-7 1C5,
of 1022 ug/ml. Our work provides a promising platform for anticancer drug delivery by utilizing biocompatible Fe-NDC

nanoparticles and US as an external trigger mechanism.
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INTRODUCTION

Over the past few decades, the encapsulation of antineo-
plastic agents in nanocarriers has been extensively studied
to reduce the side effects of conventional chemother-
apy [1-6]. These nanovehicles are characterized by small
size, low cytotoxicity, biocompatibility, and an ability to
entrap high concentrations of therapeutic agents. Addition-
ally, they can be detected by imaging techniques [7-9].
The fenestrations found in the defective blood microves-
sels and the poor lymphatic drainage in tumors are behind
the enhanced permeability and retention (EPR) phe-
nomenon. This phenomenon is utilized to design various
targeted nanoparticle-based anti-tumor therapies [10-12].
The EPR effect was first reported in 1986 by Maeda and
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coworkers when they discovered that large molecules (with
a molecular weight higher than 40-50 kDa) accumulate in
cancer tissues for extended durations compared to healthy
tissues [5, 10, 13].

Most tumors have microvessels with a vascular pore cut-
off size ranging between 380 and 800 nm [14, 15] depend-
ing on the tumor location, type, and environment [16].
Nanomaterials used to sequester and deliver anticancer
drugs are divided into two broad categories: organic (lipo-
somes, micelles, dendrimers, etc.) and inorganic (meso-
porous silica, carbon nanotubes, zeolites, etc.) [17-19].

Recently, a new type of porous material, namely Metal-
Organic Frameworks (MOFs), has emerged and attracted
considerable attention as possible promising nanocarriers
for drug delivery applications. MOFs are self-assembled
hybrid materials of inorganic clusters (metal salts) with
organic compounds (bridging linkers) that form network
arrangements with well-defined crystallinity and high
porosity [7, 20-23]. Given the facile coordination of their
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organic and inorganic parts, MOFs help address the short-
comings of inorganic nanocarriers (limited biocompatibil-
ity and biodegradability) and organic nanocarriers (low
stability).

Several research groups first investigated the use of
MOFs as smart drug carriers, including the encapsulation
of ibuprofen in MIL (Materials of Institute Lavoisier)-100
and MIL-53, busulfan in MIL-89, MIL-88A, MIL-100 and
MIL-53, and DOX and topotecan in MIL-100 [24-28].
More recently, several MOFs drug delivery systems
(DDSs) were studied for the encapsulation of camp-
tothecin, DOX and 5-fluorouracil in ZIF-8, mitoxantrone
and [Ru(p-cymene)Cl,(pta)] (RAPTA-C) in ZnBDP_X
series, DOX in Gd-pDBI and MG-Gd-pDBI, etc. [29-33].

The presence of organic and inorganic groups, their
tunable porosity, high crystallinity, and the possibility of
functionalizing their external and internal surface enhances
MOFs potential use in drug delivery. Other desirable
MOFs’ characteristics include their biocompatibility and
their ability to encapsulate high payloads of chemothera-
peutic drugs [7, 20, 21, 24].

Ultrasound (US) is currently being researched as a
modality to trigger drug release from nanoemulsions,
micelles, liposomes, and polymeric nanoparticles [34-38].
This technique effectively enhances drug delivery from
nanocarriers and transport into the cytosol of tumor cells.
Two potential effects of acoustically activated drug deliv-
ery could be at play, i.e., thermal and nonthermal [35,
39-41]. Thermal effects include the interaction between
US and biological tissues due to a localized tempera-
ture increase caused by energy absorption. Nonthermal
effects are caused by mechanical and cavitation effects.
The motion of the fluid causes mechanical forces in the
vicinity of the nanocarrier via pressure waves and acoustic
streaming, both of which can increase drug transport into
the cells. Cavitation is defined as the formation and oscil-
lation of tiny gas bubbles (microbubbles) in tissues due
to US-induced vibrations. This generates high stresses on
cell membranes and nanocarriers, resulting in the possible
collapse of these bubbles, and the subsequent release of
the encapsulated agent [34, 36, 42].

Existing diagnostic and therapeutic applications of
US, such as sonophoresis (transdermal drug delivery),
blood clots disruption, kidney stone breakage, fat cav-
itation (body contouring), and eye surgeries (cataract
removal), have demonstrated the safety and biotolerance
of such technology [43-48]. Other studies have reported
on the safety and bioeffects of US in various medical
applications [49-52].

This study describes the first application of our previ-
ously synthesized and characterized MOFs [53], namely
Fe-NDC nanorods, as nanoparticles for delivering antineo-
plastic agents. The novelty of the present work lies in its
(1) ease of encapsulation and (2) the use of noninvasive
US waves to trigger release. To the best of our knowledge,
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this is the first report of using acoustic power to release
encapsulated DOX from MOFs. In addition to encapsulat-
ing DOX, the synthesized MOFs were loaded with a model
drug/dye, i.e., calcein. In-vitro release profiles were stud-
ied in phosphate buffer saline (PBS) at 37 °C with (and
without) low-frequency low-intensity US. We also exam-
ined the biocompatibility of Fe-NDC nanoparticles using
flow cytometry and MCF-7 cells.

EXPERIMENTAL DETAILS

Materials

All chemicals required to prepare Fe-NDC were purchased
from Sigma-Aldrich (through their supplier LABCO,
Dubai, United Arab Emirates) and used as received. The
chemicals used were iron nitrate nonahydrate (Fe(NO); -
9H,0, ACS reagent, >98%), 2,6-Naphthalenedicarboxylic
acid (2,6-NDC, 95%), and N, N-dimethylformamide
(DMF, ReagentPlus®, >99%), and methanol (Puriss., Ph
Eur, >99.7% (GC grade)). To culture cells and inves-
tigate the cytotoxicity of MOFs, fetal bovine serum
(FBS), penicillin—streptomycin, trypsin (0.25%), and pro-
pidium iodide were used, also purchased from LABCO
(Dubai, United Arab Emirates). Calcein disodium salt
was purchased from Honeywell Fluka™ (Charlotte, North
Carolina, USA) and Doxorubicin (DOX) was obtained
from Euroasia Trans Continental (Mumbai, India).

Synthesis and Characterization of Fe-NDC

The MOF (Fe-NDC) was synthesized according to the
procedure described previously by Ibrahim et al. [53].
Typically, 0.0932 g of Fe(NO,),-9H,0, and 0.0499 g
of 2,6-NDC were mixed and dissolved in 10 ml of
DMEF. The precursor solution was transferred to a 23-ml
microwave acid digestion vessel and heated via microwave
irradiation at 160 W for 5 min. The resultant synthe-
sized brown particles were collected by centrifugation
(4500 rpm, 1 hour) using a benchtop centrifuge (Heraeus
Megafuge 8R, Thermo Scientific, Waltham, MA, USA),
washed twice with DMF to remove the unreacted pre-
cursor and DMF from the pores of the material. Finally,
the washed Fe-NDC particles were dried in an oven at
100 °C. The synthesized MOF samples were character-
ized using several characterization tests, including X-ray
diffraction (XRD), scanning electron microscopy (SEM),
and Brunauer—-Emmett-Teller (BET) surface area analy-
sis. The XRD patterns were obtained using the Bruker
D8 Advance equipment at room temperature using a Cu
Ka (A = 1.54 A) radiation source on a silicon wafer
from 3 to 40° (26) with a step size of 0.02° and 1 s
(per step) in a continuous mode. The morphology and
microscopic structure were studied using SEM by MIRA3
XMU (Tescan Orsay Holding, Czech Republic) after
coating the MOF samples with gold. Additionally, the
pore-filling mechanism was investigated cryogenically via
nitrogen gas physisorption isotherms using a TriStar II
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3020 Micromeritics instrument at 77.350 K (liquid nitro-
gen temperature). The volumetric adsorbed amounts of
gas (cm’/g) were measured as a function of the relative
pressure (p/p° = absolute/saturation pressure). The parti-
cle size distribution, average particle diameter, and poly-
dispersity index (PDI) of Fe-NDC were determined using
a dynamic light scattering instrument (DynaPro NanoStar,
Wyatt Technology, Santa Barbara, CA, USA) as follows:
Initially, Fe-NDC samples were added to a PBS solution
to achieve a concentration of approximately 7 wg/ml, and
sonicated for 10 minutes. Then, around 60 ul of the sus-
pension was transferred to a cuvette and placed inside the
instrument at room temperature. The results were aver-
aged over 10 acquisitions. The details of other charac-
terization tests (Fourier transform infrared spectroscopy,
energy-dispersive X-ray, thermogravimetric analysis, and
pore volume analysis) are available in our previously pub-
lished paper [53].

Calibration Curve of Calcein Disodium

Salt and DOX

Because of its low cost, calcein and its salt are exten-
sively used as dyes to study the behavior of anticancer
agents [54-57]. Therefore, in this study, we first investi-
gated the loading and release of calcein under US irradi-
ation to understand its mechanism. Then, we extend the
US-triggered release to DOX.

Different neutral solutions of calcein in PBS were
prepared with concentrations of 0.0015, 0.0025, 0.0075,
0.005, 0.01, 0.015, 0.02, and 0.025 mM. The absorbance of
the prepared solutions was measured using an Evolution™
60S UV-visible spectrophotometer (Thermo Scientific,
Waltham, MA, USA) between 400-550 nm. Then, the cal-
ibration curve was generated using the concentrations of
the standard solutions. Similarly, standard DOX solutions
were prepared in PBS at different concentrations (0.0156—
0.25 mM) and their UV-visible spectra were measured to
generate the DOX calibration curve.

Calcein Disodium Salt Encapsulation
Experiments
Encapsulation was achieved via the simple impregnation
method. First, calcein disodium salt was dissolved in a
mixture of pure methanol and a 1-M aqueous NaOH solu-
tion (a methanol: NaOH ratio of 5:1) to obtain a final cal-
cein concentration of 5 mg/ml. Then, 100 mg of Fe-NDC
nanoparticles were added to 10 ml of the calcein solution
at room temperature under magnetic stirring in the dark
for two days. The resulting suspension was centrifuged
(4500 rpm, 1 hour, Heraeus Megafuge 8R, Thermo Sci-
entific, Waltham, MA, USA), and the supernatant was
decanted carefully. The loaded nanorods were washed
twice with deionized water and then collected and dried.
In order to determine the amount of calcein disodium
salt encapsulated inside the porous matrices after each
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experiment, aliquots from the supernatant and jmodel
drug stock solution were diluted in methanol. Then, the
absorbance peaks of the dilute solutions were measured
using UV-visible spectrophotometry. The characteristic
peak of absorbance was determined at a wavelength of
499 nm. Egs. (1) and (2) were used to calculate the encap-
sulation efficiencies and capacities, respectively.

. . A—4A
Encapsulation efficiency% = — x100% (1)

Encapsulation capacity wt.% = _ Moaded @)

Migaded T MMOF

Where: A, = the absorbance of the model drug solution,
A, = the absorbance of the supernatant, m,, 4., = the mass
of loaded model drug (mg), myor = the mass of empty
MOFs (mg).

Calcein Disodium Salt In-Vitro

Release Experiments

The release of calcein disodium salt from loaded Fe-NDC
nanoparticles was first studied without US triggering. We
then investigated the effect of applying 40-kHz US at a
power intensity of ~1 W/cm? (using a sonicating bath
model DSC-50TH, Sonicor Inc., West Babylon, NY, USA)
on release.

All the experiments were carried out at 37 °C a mini-
mum of three times. Around 3 mg of dried calcein-loaded
Fe-NDC particles were weighed, transferred into a plas-
tic cuvette, and 3 ml of PBS were added. The absorbance
was measured after 2, 4, 6, 8, and 10 min, and the release
percentages were calculated using Eq. (3).

CR% = A 3)
A
where, CR% = The cumulative fractional release percent-
age, A, = The absorbance at each time point, A; = The
absorbance of the loaded calcein disodium salt.

We first studied the release of the model drug from our
MOFs over an extended period. Two of the loaded MOF
samples were kept at 37 °C for an hour without applying
an external stimulus. Then, the absorbance was quantified
via UV-vis spectroscopy.

DOX Encapsulation and In-Vitro

Rele Experiments

DOXE%EJing experiments were carried out in triplicates.
For each run, 15 mg of Fe-NDC was mixed with 5 ml of a
3-mg/ml DOX solution in the dark at room temperature for
24 hours. Then, the resulting suspension was centrifuged
for 1 hour at 4500 rpm (Heraeus Megafuge 8R, Thermo
Scientific, Waltham, MA, USA), followed by decanting the
supernatant and measuring the absorbance spectra to deter-
mine the final concentration of the DOX solution. Egs. (1)
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and (2) were used to calculate the encapsulation efficiency
and capacity of Fe-NDC. The resulting nanoparticles were
washed twice with deionized water and dried overnight to
be used in the release experiments.

The experimental protocol for DOX release from loaded
Fe-NDC was similar to that followed to release calcein
from Fe-NDC. Briefly, 15 mg of the DOX-loaded Fe-NDC
was added to 5 ml of a 0.01-M PBS solution at 37 °C. The
experiments were carried out with and without exposure to
US. For each run, 3 ml of PBS were taken after a specified
time interval for spectral analysis and replaced with an
equal amount of fresh PBS. Then the release percentage
was calculated using Eq. (3).

Cell Studies

MCE-7 cells (ER-positive human breast adenocarci-
noma (European Collection of Authenticated Cell Culture
(ECACC))) were utilized in our In-vitro cell experiments.
The cells were cultured in an RPMI medium, supple-
mented with 10% heat-inactivated FBS and 1% penicillin—
streptomycin. The cell cultures were maintained in T-75
flasks at 37 °C in a humidified atmosphere incubator with
5.0% CO, until the cells were 80% confluent.

For the cytotoxicity tests, different amounts of as-
synthesized Fe-NDC particles were dispersed in PBS via
sonication to prepare solutions with concentrations of 12.5,
25, 50, 100, and 200 wpg/ml. For the cytocompatibility
analysis, the MCF-7 cells were harvested with trypsin
and a cell density of 3 x 10° cell/ml of growth medium
was seeded in 6-well plates. The cells were incubated
overnight, allowing adherence to the wells.

Fresh media containing Fe-NDC solutions were intro-
duced to the cells and incubated for 24 h. Then, the media
were removed and the excess material washed off using
PBS. The cells were trypsinized and quantitative analysis
of toxicity was conducted by direct cell counting using
a flow cytometer (Beckman Coulter FC500, Brea, CA,
USA). Propidium Iodide was used to evaluate the % via-
bility. All measurements were performed in triplicates of
triplicates.

RESULTS AND DISCUSSION
Characterization of the Synthesized Fe-NDC
The nanoparticles have a rod-like shape (Fig. 1), as pre-
viously reported [53]. Several studies showed the higher
uptake of poly-ethylene glycol hydrogel rods with dimen-
sions of 150 x 450 nm compared to cylindrical particles of
200 x 200 nm, and trastuzumab-coated rods (367 £33 nm
in length and 126 + 8 nm in width) compared to 200-nm
spheres, in different breast cancer cell lines. Thus, the rod
shape of Fe-NDC may enhance the carriers’ In-vivo cellu-
lar uptake compared to other spherical MOFs [58-60].
Figure 2 shows a type III physisorption isotherm.
The adsorption average pore width was calculated to be
~9.3 nm using BET data. The XRD pattern of Fe-NDC
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Figure 1. An SEM image of Fe-NDC showing the rod-like par-
ticle shape.

is illustrated in Figure 3. The XRD resemble a crystal
structure of the prepared Fe-NDC MOF with distinguished
20s of 7.5, 10.5, and 15, which match the earlier reported
pattern [53]. In addition, the XRD patterns of the loaded
MOFs showed that the crystallinity of the Fe-NDC parti-
cles was maintained, while the increased intensity of the
distinct peaks at 20 of 10.5 and 15 and the changes in
the color of the MOF particles suggested the successful
encapsulation of the target molecules (calcein and DOX)
into the Fe-NDC framework. Furthermore, the similar-
ity between the Fe-NDC-DOX and Fe-NDC-calcein XRD

Figure 2. A nitrogen sorption isotherm of Fe-NDC, adsorp-
tion (blue)—desorption (red).

J. Biomed. Nanotechnol. 16, 1-11, 2020
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Figure 3. The XRD patterns of Fe-NDC (black), Fe-NDC-DOX
(red), and Fe-NDC-Calcein (blue) samples.

patterns suggests the same encapsulation mechanisms of
both molecules inside the MOF framework.

The particle size distribution of the synthesized Fe-NDC
is shown in Figure 4. The results show that these nanopar-
ticles had an average particle diameter of 230 nm, which is
acceptable for drug delivery applications. The polydisper-
sity index (PDI) is 0.14, indicating a moderately uniform
particle size distribution. It should be noted that the parti-
cle diameter measured using the DLS technique is based
on a spherical particle-shape assumption.

The Concentration of Calcein Disodium Salt

As seen in Figure 5, the absorbance peak increased as
calcein’s concentration increased. The calcein calibration
curve was linear over the concentration range of 0.001 mM
to 0.01 mM, generated using the first five concentrations,
as shown in Figure 5. This curve was used to determine
calcein’s concentration to calculate the encapsulation and
release percentages, as described in the following sections.

Figure 4. The particle size distribution of Fe-NDC.

J. Biomed. Nanotechnol. 16, 1-11, 2020

Figure 5. The absorption spectra of calcein disodium salt
solutions. The inset is the calibration curve for calcein dis-
odium salt solutions.

Calcein Encapsulation Efficiency and Capacity
The encapsulation mechanism of molecules in MOFs
can be described simply by the guest molecules’
adsorption onto the interior surface or inside the
framework pores (See Fig. 6). Several forces govern
this adsorbate—adsorbent interaction, including hydrogen
bonds, hydrophobic (Van der Waals) forces, coordination
bonds, or 77— interactions [24, 61, 62].

The absorbance peaks of the loaded calcein disodium
salt onto Fe-NDC samples are shown in Figure 7. Based on
these peaks, the encapsulation efficiencies were ~42.73,
43.77, and 42.91% for the first, second, and third runs,
respectively, with an average of 43.13%. The encapsulation
capacity based on the average efficiency was ~17.74 wt.%.

The MOF capacity was found to be slightly higher
compared to Zr-L6 MOF, which showed a capacity of
15.2 wt.%. This percentage was considerably higher when
the amorphous UiO-66 was used (4.9 +0.2 wt.%), which
can be attributed to the relatively long organic linker
used in synthesizing both Zr-L6 and Fe-NDC, resulting in
larger pore volumes that enable the encapsulation of more
molecules [63, 64].

Calcein In-Vitro Release Profiles Without and
With Applying US

Calcein release profiles were explored at two different con-
ditions: with and without external acoustic stimulus. As
depicted in Figure 8, the average amount of calcein dis-
odium salt released by diffusion from the MOF increased
slightly with time to reach ~17.8% after 10 min without
US. This slight premature leakage can be easily prevented
by capping the MOF with carboxylate-pillar[5]arene-based
supramolecular switches [65, 66], or coating its surface
with sodium metasilicate, proteins, polymers, or lipid
bilayers [67-69].
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Figure 6. A schematic illustrating the encapsulation of calcein molecules inside the framework pores of Fe-NDC. The yellow

spheres represent the empty spaces inside the pores of the MOF.

The release increased considerably when US was
applied to reach ~95.2% (Fig. 8) (a 5.35-time higher
release compared to samples not exposed to US). Since
the temperature of the media hovered around 37 °C, this
release may be attributed to the nonthermal (mechani-
cal) effects of US. In particular, US waves cause the
fluid medium to oscillate, producing mechanical stresses,
which mixes the sample vigorously and results in the dif-
fusion of calcein disodium salt from the MOF pores [70].
On the other hand, the samples left for an hour did not
show further release compared to the amount released
during the first 10 min (17.8% without US and 95.2%
with US).

The results shown above confirmed the role of US
in enhancing the oscillation of the Fe-NDC nanorods,
which in turn triggered the release of the agent. Therefore,
chemotherapeutic drugs loaded in MOFs can be delivered
effectively, spatially and temporally, upon applying US at
the tumor sites.

Figure 7. Calcein UV-Vis spectra for the encapsulations.
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DOX Encapsulation and In-Vitro Release Profiles

Figure 9 presents the absorbance spectra of DOX solutions
and the calibration curve used to quantify the amount of
the chemotherapeutic agent in loading and release experi-
ments. The absorbance spectra of the DOX loading solu-
tion and the supernatant are shown in Figure 10. Using this
data, the average DOX encapsulation efficiency and capac-
ity were determined to be 16.10% and 13.37 wt.%, respec-
tively. DOX encapsulation in Fe-NDC can be attributed
to the noncovalent and covalent interactions between the
drug and the MOF. An example of the noncovalent inter-
action is the hydrogen bonding between DOX molecules
and the 2,6-NDC ligand through donor-acceptor interac-
tions (e.g., hydrogen-oxygen, and/or hydrogen-nitrogen)
[24]. Another example of the noncovalent encapsulation
mechanism is the w—m interactions between the ben-
zene rings of the DOX molecules and the 2,6-NDC link-

Figure 8. Release profiles of calcein disodium salt from Fe-
NDC without (blue) and with US (red). The error bars represent
the standard deviation of the three replicates, while the points
represent the average of these three independent replicates.

J. Biomed. Nanotechnol. 16, 1-11, 2020
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Figure 9. Standard DOX solution absorbance spectra. Inset
is the calibration curve.

Figure 10. Absorbance spectra of the DOX loading solution
and supernatant.

Figure 12. In-vitro release profiles of DOX from Fe-NDC with-
out US (blue) and with US (red). The error bars represent the
standard deviation of the three replicates, while the points rep-
resent the average of these three independent replicates.

ers [24]. DOX binding to Fe-NDC may also be pos-
sible through covalent interactions; by forming stable
coordination bonds between DOX and the coordinately
unsaturated iron atoms. Similar interactions have been
reported for DOX encapsulation with other iron-based
MOFs [27, 71, 72]. A schematic illustration of DOX load-
ing in Fe-NDC is shown in Figure 11.

The In-vitro DOX release profiles (with and without
US) are shown in Figure 12. The results reveal that the
unassisted passive release of DOX was around 6% after
245 minutes, indicating the drug’s low premature release.
On the other hand, when US was applied, the release
increased significantly, reaching 80% within the same time
interval. This is attributed to the vigorous mixing and
mechanical stresses on the loaded nanoparticles, which,
in turn, enhanced the release of the drug from the MOFs
structure. Table I presents a summary of DOX loading

Figure 11. The schematic illustration of DOX molecules encapsulated inside the framework pores of Fe-NDC. The yellow

spheres represent the empty space inside the pores of the MOF.

J. Biomed. Nanotechnol. 16, 1-11, 2020
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Table I. DOX loading capacities and release rates of various iron-based MOFs.
Loading
MOF nanocarrier Stimulus capacity (wt.%) Release rate (%) Reference
MIL-100 (Fe) - 9.1 100% after 13 days (PBS, pH 7.4) [9]
Fe-BTC - 6.5 69% after 16 days (PBS, pH 7.4) [71]
MN@Fe-BTC - 22 21% after 16 days (PBS, pH 7.4) [71]
MIL-100 (Fe) pH 28 66% after 60 hours (PBS, pH 5.5) [72]
30% after 60 hours (PBS, pH 7.4)
NaGdF,:Yb/Er@MIL-53 (Fe)/FA pH 16 80% after 48 hours (PBS, pH 5.2) [73]
67.5% after 48 hours (PBS, pH 7.4)
Fe-NDC = 13.37 6% after 245 minutes (PBS, pH 7.4) This work
Ultrasound 13.37 80% after 245 minutes (PBS, pH 7.4)

efficiencies and stimuli-responsive release rates of various
iron-based MOFs. The table shows that the encapsulation
capacity of Fe-NDC is comparable with that of other iron-
based MOFs. Furthermore, the use of US as a stimulus
gave a higher DOX release rate compared to the other
iron-based MOFs.

In-Vitro Cytotoxicity Analysis of Fe-NDC

The effect of Fe-NDC-M on cell viability is shown
in Figure 13. MOF concentrations of 12.5, 25, 50,
100, and 200 umg/ml resulted in viabilities of 95.95%,
94.03%, 93.95%, 90.77%, and 85.11%, respectively. In
addition, the Graphpad Prism software was used to esti-
mate the half-maximal inhibitory concentration (ICs,) of
MOFs towards MCF-7 cells, which was calculated to be
1022 pg/ml.

Figure 13 shows that Fe-NDC MOFs are biocompati-
ble even at relatively higher concentrations. Also, the ICs,
is moderate and comparable to other MOFs, indicating
the potential use of Fe-NDC nanorods in various biomedi-
cal applications, especially for site-specific anticancer drug
delivery.
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Figure 13. Flow cytometric evaluation of % viability at differ-
ent concentrations of MOF in ug/ml after 24 h of incubation.
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CONCLUSIONS

In this research paper, we reported the first use of iron
and 2,6-naphthalene dicarboxylic acid-based MOF (Fe-
NDC) nanorods, as nanocarriers to encapsulate calcein
disodium salt (fluorescent model drug) and DOX (a topoi-
somerase inhibitor). SEM images showed that our MOF
nanoparticles had a rod-like shape, while the XRD pat-
terns showed that Fe-NDC had a crystalline structure. The
XRD patterns of calcein- and DOX-loaded Fe-NDC sam-
ples suggested that the MOFs maintained their crystallinity
and that the DOX encapsulation mechanism is similar to
that of calcein’s. The average pore width was calculated
to be ~9.3 nm using BET analysis. The average parti-
cle diameter from DLS analysis was 230 nm, based on
a spherical particle-shape assumption. Calcein’s loading
and In-vitro release experiments showed that the average
encapsulation efficiency and capacity were ~43.13% and
17.74 wt.%, respectively. Within 10 min, the encapsu-
lated model drug/dye was released slowly (17.8%) with-
out an external stimulus. In contrast, the nanocarriers
exhibited rapid and substantial release (95.2%) when low-
frequency ultrasound (LFUS) was applied. The average
DOX encapsulation efficiency and capacity were deter-
mined to be 16.10% and 13.37 wt.%, respectively. In-
vitro DOX release experiments demonstrated an enhanced
release rate (80% in 245 minutes) under simulated physi-
ological conditions (PBS, pH 7.4 at 37 °C) when US was
applied, while the unassisted passive (without US) release
was around 6% during the same time interval. Finally, In-
vitro cytotoxicity experiments of Fe-NDC against MCF7
cells showed high biocompatibility in the concentration
range evaluated (up to 200 wg/ml). All of these findings
confirm (1) the potential use of Fe-NDC as a candidate for
encapsulating high amounts of antineoplastic agents and
(2) US as a trigger mechanism to release the therapeutic
cargo at the diseased location.
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