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Abstract
Cancer is the leading cause of death worldwide, and can be treated by various methods
or sometimes a combination of different treatments. Chemotherapy is one of the
conventional methods of treatment. Although it is effective in killing cancer cells, it
affects other fast-growing healthy cells, resulting in several significant health issues.
Metal organic frameworks (MOFs) gained tremendous scientific attention for their
extraordinary physical and chemical properties. The use of metal organic frameworks
was investigated in many applications, and recently they have been used in biomedical
applications such as drug delivery. This work aims to investigate an engineered PEG-
folate-functionalized metal organic framework as anticancer nanocarriers, specifically
targeting cancerous via the folate moiety and using ultrasound as an external stimulus.
An iron-based MOF was synthesized under microwave irradiation using FeCls.6 (H20)
and 2-Aminoterephthalic acid (NH2-BDC) Furthermore, the synthesized MOF was
surface modified to conjugate a folic acid group that allows for the active targeting of
cancer cells. The synthesized MOF was characterized using Fourier-Transform Infrared
Spectroscopy (FTIR), Thermogravimetric Analysis (TGA) and Dynamic Light
Scattering (DLS). The encapsulation efficiencies and release profiles of the prepared
MOF samples were studied using a model drug (namely calcein) and an anticancer drug
(namely Doxorubicin, DOX) under different pH values (5, 6.4, and 7.4) with and
without ultrasound. The encapsulation efficiency was determined to be in the range of
88-90% for calcein and 95-97% for DOX under pHs of 5, 6.4, and 7.4, respectively.
Furthermore, low-frequency ultrasound (at 35 kHz) demonstrated the sono-sensitivity
of PEG-folate-functionalized MOFs samples with release efficiencies of 44.4 % for
DOXat 7.4 pH, 70.2% at 5.3 pH with PEG-FA modification, and 90% at 5.3 pH without
PEG-FA modification within 280 mins compared to a control study (without
ultrasound) of 14%, 14%, and 16%, respectively. Moreover, the release kinetics of both
studies were studied and fitted to 9 different drug release models. Finally, statistical
analysis confirms the significance of ultrasound triggered release. Accordingly, it is
anticipated that using ultrasound as an external triggering mechanism with MOFs will

help initiate a new generation of smart drug delivery systems in the fight against cancer.

Keywords: metal organic frameworks, drug delivery, ultrasound, triggered releases,

release kinetics and encapsulation efficiency.
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Chapter 1. Introduction

1.1 Overview

Cancer has gained tremendous attention worldwide, as it became one of the
major topics in modern medicine. Cancer comprises a large group of diseases, and
many of its forms are lethal. Although there are many types of cancer, all cancer cells
share one common characteristic in which their cell division mechanism is disrupted.
As a result, cancer arises from abnormal cell growth or division. In many cases, these
damaged cells will develop, spread, and divide, resulting in a tumor. The tumor may
grow in size, and may spread to other regions in the body, a process known as

metastasis.

1.1.1. Cancer treatment. Different cancer treatments are available, and each
treatment depends on the type and the stage of cancer, which vary from a patient to
another. Moreover, a patient may need to be treated with a combination of therapies,
including surgery, radiation, chemotherapy, hormonal therapy, targeted therapy, and
synthetic lethality. For example, a patient may need to undergo surgery to remove the
solid tumor followed by chemotherapy or radiation therapy to eliminate any cancerous

cells remaining traces.

Although surgery is the oldest form of cancer therapy and is an effective
treatment for many types of cancer, yet it can be implemented mainly in the early stages
of the disease, before the metastasis of cancer. Surgeons use several tools to surgically
remove the tumor, such as scalpels, laser, hyperthermia, and photodynamic therapy.
When using scalpels and sharp surgical instruments, surgeons physically cut through
the body and excise the tumor. On the other hand, the surgical method includes other
techniques such as cryosurgery in which the abnormal tissues or cells are
treated/destroyed with extremely low temperatures using liquid nitrogen or argon gas
[1].In addition, the laser surgical treatment, which includes a powerful beam of light
cuts through the skin and destroy, reduce or inhibit the cancerous cells. The laser is

used for precise surgeries, where high accuracy is needed [1].

Furthermore, hyperthermia is a technique in which a small region or the
cancerous tissue is exposed to high temperatures. High temperature destroys the cancer

cells and increases their susceptibility to radiation or chemotherapy [1]. Finally, another
11



technique used in the surgical treatment of cancers is photodynamic therapy (PDT).
“Photodynamic therapy is a form of phototherapy that involves three key components:
a photosensitizer, a light source, and tissue oxygen. When these components are
combined, they become toxic to the targeted cells. The wavelength of the light source
needs to be appropriate for exciting the photosensitizer to produce reactive oxygen

species” [2].

Another common cancer treatment is radiation therapy or radiotherapy.
Radiotherapy uses high doses of radiation to destroy and reduce the size of the tumor
[3]. The radiation from the radiotherapy kills or inhibits tumor growth by damaging the
DNA of the cancerous cells. A cell with damaged DNA will not be able to grow, divide
and repair itself and eventually die. Radiotherapy can be delivered in two ways,
internally or externally. For external radiotherapy, an external high-energy X-ray beam
is directed into cancer. On the other hand, the internal radiation involves injecting the

patient with a radioactive material that seeks out the cancerous cells and destroys them
[3].

In addition, chemotherapy is another conventional cancer treatment method.
The purpose of chemotherapy is to inhibit cell division and growth. The
chemotherapeutic drugs mainly damage the DNA or RNA (genetic material) of the cell
to suppress growth or eventually eradicate the cell itself. Since cell division or
multiplication is a characteristic of both normal and cancerous cells, both cells are
affected by the drug, especially those with a rapid rate turnover, such as bone marrow
and mucous membranes [4]. Therefore, it is crucial to find a drug that is effective in
controlling the growth and vitality of the cancerous cells, yet has a minimal effect on
healthy cells. Moreover, chemotherapy is used in duel therapeutic methods such us
being used alongside surgical procedures and radiation therapy to eradicate cancerous
cells present in the patient’s body.

1.1.2. Drug carriers. Bioavailability is a major concern for drug therapy, as it
is a key step in ensuring the bio-efficiency of the drugs. Bioavailability is the portion
of the drug that enters the body and is still biologically active to accomplish its purpose.
The bioavailability of pharmaceutical drugs is limited due to the drugs’ low water
solubility. Since the human body has high water content, some of the drugs lose their
effectiveness. Moreover, these drugs need to be lipophilic with a specific polarity to
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cross or enter the lipophilic cell membrane. Drug delivery can tremendously overcome
some of these limitations. Recent advancements in drug delivery systems have shown
that drug carriers can be used as an effective method to protect, increase the
bioavailability of the drug and prolong its presence in the blood [5]. Besides, the release
of the encapsulated drug can be designed and controlled according to the type of
material used to synthesize drug carriers. Several chemicals and organic materials have
been investigated as drug carriers, including liposomes, polymeric micelles, and

nanoparticles.

The approach of drug delivery by drug carriers can be divided into four steps.
The first step is the loading or encapsulation of the drug into the nanovehicles. Next is
the delivery of the drug to the specified organ or tissue, then the uptake of the drug-
carrier complex by the cells, and finally the release of the drug from the carrier at the

tumor site [5].

1.1.2.1 Liposomes. Liposomes are spherical vesicles consisting of one or more
phospholipid bilayers. The spherical structure has an aqueous center in which
hydrophilic drugs are encapsulated, while the hydrophobic and lipophilic drugs are
encapsulated between the phospholipid bilayers [6]. Over the last 50 years, liposomes
have gained considerable attention as promising drug carriers due to their exceptional
properties. Liposomes protect the encapsulated drugs from early inactivation,
degradation, and dilution in the circulation system [6] and provide a pathway to
hydrophobic lipophilic drugs to the targeted tissue to increase the efficiency of the drug.
Last but not least, the surface of the liposomes could be modified by conjugating
functional groups and ligands to serve its purpose or enhance its efficacy. The
accelerated blood clearance phenomenon adversely affects the performance of the
liposomes as drug carriers [7]. To solve this problem, polyethylene glycol molecules
are grafted on the surface of these liposomes in an attempt to reduce their recognition
of the reticuloendothelial system (RES). To render these nanocarriers more target
specific, ligands are attached to their surface. These ligands are able to bind to receptors
on the surface of cancer cells and initiate receptor-mediated endocytosis. For example,
folic acid is attached to the surface of the liposome as an active targeting ligand. Folic
acid has a high affinity towards folate receptors, which are highly overexpressed on the

surface of several cancers [7].
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1.1.2.2 Polymeric micelles. One of the major challenges in drug delivery
systems is the removal of the nanocarriers by the blood circulation before reaching the
specified tissue or organ. As mentioned previously, one of the most effective methods
to prolong the availability of the drug in blood circulation is the surface coating of a
hydrophilic polymer, e.g., polyethylene glycol (PEG) [7]. This coating provides
protection to the drug carrier from identification and destruction by the immune system.
Polymeric micelles are made up of a hydrophilic shell and a hydrophobic core. The
hydrophobic drug is encapsulated in the hydrophobic core, while the hydrophilic shell
provides protection and increases the bioavailability of the therapeutic agent [8]. The
use of polymeric micelles in drug delivery reduces the cytotoxicity of the drug. It
increases its concentration at the diseased site as it delivers it to the specified target
minimizing its effect on healthy cells. Having an appropriate size, the polymeric
micelles are easily forced out from the blood vessels by the enhanced permeability and
retention effect and are allowed to accumulate at the tumor’s site [8]. Similar to
liposomes, micelles could be functionalized by conjugating targeting molecules on the
surface of the micelle to enhance its performance. Also, probes and imaging agents are

coupled with the micelle for tumor imaging and diagnoses.

1.1.2.3 Metal-Organic Frameworks (MOFs). Metal organic frameworks
(MOFs) are porous hybrid materials that are typically formed by the self-assembly of

inorganic nodes like metal ions or clusters and organic linkers as shown in Figure 1.

. ' )

Metal oxide

Organiclinker

Metal organic framework

. = zinc oxide = % O

IRMOF-1 IRMOF-§

IRMOF-10

Figure 1: Building block of a metal organic framework [12].
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Recently, nano-scaled MOFs have gained a tremendous interest in versatile
industrial applications due to their extraordinary physical and chemical properties.
MOFs have a huge surface area that exceeds 6000 m?/g and high porosity that reaches
up to 90% of its volume [9]. Moreover, an important characteristic of MOFs is the ease
of structural tuning and surface modification, which aids the molecule in serving its
purpose. MOFs have attracted much attention for applications in gas storage and

separation, catalysis and biomedical applications, such as bio sensors and drug delivery

(Figure 2).
S 4 -
Drug delivery
. T R 2 A
i )

Cancer treatment

Medical imaging Biosensors

Drug Discovery Today

Figure 2: Industrial applications of metal organic frameworks[10].

1.2 Thesis Objective

The main aim of this thesis is to develop new smart drug carriers for delivering a
model drug (namely calcein) and an anti-neoplastic agent (namely DOX) using PEG-
folate functionalized MOFs and ultrasound as triggering stimulus. Accordingly, the

objectives of this thesis are to:

1. Investigate the facile synthesis technique using microwave irradiation to synthesize

MOFs in comparison to the conventional oven synthesis technique.

2. Synthesize and characterize functionalized metal organic frameworks (NH2-Fe

BDC MOFs) using amino-functionalized organic ligands as control MOFs.
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3. Synthesize and characterize PEG-FA-MOFs targeted MOFs.

4. Investigate the loading and release efficiencies of the model drug calcein and the
anticancer drug DOX.

5. Study the effect of ultrasound on the drug release kinetics at different pH values (
5.0, 6.4 and 7.4).

6. Model drug release kinetics by fitting experimental release data to several kinetic

models.

1.3 Thesis Organization

The Thesis is organized as the following:

e Chapter 2: Literature Review
e Chapter 3: Materials and Methods
e Chapter 4: Results and Discussion

e Chapter 5: Conclusion and Future work

16



Chapter 2. Literature Review

2.1 Background Information

The scientific investigation of the MOFs started in the 1990s [10]. This area’s
scope in chemistry is very wide due to the vast number of possible metal-organic
combinations. As mentioned previously, metal organic frameworks have several
considerable attractive properties, including diverse topology, pore size tunability, high
surface area, high porosity, surface functionality, and excellent biocompatibility. These
characteristics allow MOFs to be used as efficient drug delivery carriers by
encapsulating therapeutic drugs inside their structures or by adsorbing the agent on their
surface. In addition, unlike other nanocarriers that release the drug in bursts (a challenge
in drug delivery), the MOFs release mechanism is slow and controlled by matrix
degradation, which improves the effectiveness of the treatment [10]. Furthermore,
using MOFs as drug carriers increases the treatment's efficiency by increasing the drug

bioavailability and actively targeting the specified tissues through surface functionality.

2.1.1. MOF structure. The building blocks of metal organic frameworks
consist of metal ions and organic linkers. According to Rowswell et al. [11], there are
three attributes to classify the solid or the composite to be a MOF: a strong bonding
(robustness), linking units, and a well geometrical crystal structure. Depending on the
synthetic stages, MOFs are classified as first-generation (normal), second-generation
(functionalized), and third-generation (smart). First-generation MOFs are of the normal
structure with a metal-ion linked to an organic ligand. The second-generation MOFs
include a modified surface to serve a specific purpose. The third-generation MOFs

contains encapsulated drugs or bioactive material in their framework [12].

Additionally, MOFs could be classified according to the robustness of the
structure. MOFs are classified as rigid or flexible MOFs. Flexible MOFs have the
ability to reversibly change their structure in the presence of stimuli, such as

encapsulated material, temperature, and pressure [13].

Horcajdha et al. have successfully encapsulated several therapeutic agents into
MOFs, including Ibuprofen. They studied MIL-53-Cr, MIL-53-Fe, and MIL-100 as
drug carriers. Rigid MOFS, such as the MIL-100, showed a high drug loading capacity

17



with 1.4 g of drug per gram of MOF and a controlled drug release for up to six days
[13].

In addition, the same research group investigated the breathing effect of flexible
structures such as the MIL-53 family. The breathing effect allows the structure to
modulate the pore size, depending on the encapsulated drug (Figure 3). This effect may
increase the void volume of the MOF from 50% to 230%. The MIL-53 adsorbed around
20% wt. of the drug and had a controlled release of 3 weeks with zero-order kinetics
[13].

MIL53-It MIL53-Ibu

MIL53-ht

Figure 3: Breathing effect in flexible MOFs[13].

Furthermore, classifying MOFs based on their crystal structure arrangements,
MOFs can be sorted as crystalline or amorphous [14]. Crystalline MOFs possess an
infinite arrangement of regular solid porous framework alongside a long-range order.

The amorphous structure follows the opposite trend and tends to be more flexible [13].

2.1.2. Surface modification. The surface of the MOFs could be modified to
enhance its performance. Mainly a ligand will be conjugated to the active sites of the
MOF’s surface. These ligands could be functional groups, i.e., polymer or
biomolecules. These surface modifications enhance water dispersibility, stability,
improve drug loading, and reduce protein binding alongside adding targeting groups to
enhance drug delivery (Figure 5)[15].
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Figure 4: The general concepts of using MOFs as a drug delivery system [19].

Numerous modification techniques are implemented to modify the surface of
the MOF. The first method is polymer-functionalizing; this technique overlays a silica
or polymer coating on the surface of the MOF (Figure 4). The silica coating improves
biocompatibility and enhances water dispersibility and provides further MOF surface
modification [16]. Likewise, polymer coating offers similar enhancements to the MOF
and provides more controlled drug release. Some studies showed that a combined silica
and polymer surface modifications improve water solubility and dispersibility [10].
Furthermore, Mocniak et al. demonstrated a higher drug encapsulating efficiency for
cisplatin and superior tumor targeting potential when a MIL-101 MOF is coated with
silica [17].

19



Silica coated
nono MOFs

Pol¥mer :

Coating

: Silica 4
Caoting I

MOF in
microemulsion

Polymer coated
nano MOFs

Drug Discovery Today

Figure 5:Silica and polymer coating in MOFs [10].

An alternative surface modification technique is PEG-functionalization. This
technique aids the application of MOFs in the biomedical field and drug delivery. PEG-
functionalization enhances water solubility and tumor targeting. Affinity molecules or
ligands are attached to the active sites on the surface of the MOF. Such modification
allows the MOFs to target the cancer cells and reduce the side effects of the drug on
healthy cells. Furthermore, some of these ligands aid in diagnostic imaging in tumor
treatment [10].

Last but not least, peptide-functionalization on the MOFs surfaces allows the
attachment of fluorescent molecules for in vitro and in vivo diagnostic imaging
alongside tumor targeting. This technique was investigated by McGuire and Forgan,
where Rhodamine B moieties and targeting RGDfK peptides were grafted to a silica-

coated MOF, for in vitro imaging and tumor targeting [18].

2.2 Synthesis Techniques of MOFs

Various approaches have been investigated lately to prepare metal organic
frameworks depending on the reaction that links the metal ions to the organic linkers,
including conventional solvothermal/hydrothermal technique and facile, rapid
techniques (i.e., microwave, sonochemical, electrochemical and mechanochemical

synthesis). Securing the desired extraordinary physical and chemical characteristics and
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appropriate robustness of MOFs in a short reaction time can be challenging. Since the
interactions between the metal clusters and organic linkers are weak, the reaction

should be performed under certain conditions (Figure 6).

O==metal == = |igand

Figure 6: Difference between room temperature heating and assisted heating in terms
of dimensions [16].

Many factors affect MOF’s synthesis, including temperature, pressure, molar
ratio, pH, and reaction time. The main parameter in this reaction is temperature. At
higher temperatures, the produced MOFs will have a better crystalline structure and a
proper morphology for their function. But the solvothermal reaction may have a long
reaction time. Having a long reaction time may lead to product degradation or resulting
in amorphous structure which affects the chemical loading or adsorbing properties of
the metal organics frame work [20]. Therefore alternative synthesis routes are used to
provide proper reaction conditions such as high temperature and high pressure in order
to obtain the desired crystalline porous structure, as discussed in the following sections
(Figure 7).
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Figure 7: A general overview of different MOF synthesis methods [21].

2.2.1. Microwave assisted synthesis. Since the synthesis of metal organic
frameworks requires a heating step for a long period of time, microwave-assisted
heating has shown considerable benefits in reducing the reaction time by promoting a
faster reaction rate in solution and solid-solid reactions. In solution reactions,
electromagnetic waves interact with the free ions of the solution creating an oscillating
magnetic field where the molecules permanently change their orientation. In solid—solid
reactions, the electromagnetic waves conduct an electric current through the solid
particles. As a result, heat will be produced to initiate the reaction. In microwave
synthesis, few parameters must be considered, yet the temperature is the most crucial
parameter in MOF synthesis [20]. The temperature is manipulated by changing the
power output of the microwave. One of the main advantages of microwave heating is
the homogeneous heat distribution throughout the sample. In addition, reaction time is
also an important parameter to be considered. The microwave provides a higher

temperature and pressure, which results in a higher reaction rate compared with the
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conventional electric heating; therefore, allows faster synthesis of smaller crystals [20].
Other than providing a suitable heat distribution and shorter reaction time, the
microwave-assisted synthesis is an efficient way to produce high purity nano-scaled
MOFs with high mono-dispersity [22].

Vakili et al. applied the microwave-assisted synthesis to synthesize a Zn-based
MOF (UiO-67). Compared with the conventional synthesis (the solvo-thermal
technique), the microwave synthesis took only 2-2.5 hours, which is shorter than the
case of solvo-thermal synthesis ( ~24 hours). Both reactions are conducted at the same
temperature. Moreover, the microwave-assisted technique resulted in a higher yield and
better porous properties [23]

2.2.2. Electrochemical synthesis. In electrochemical synthesis, the metal ions
are introduced by anodic dissolution instead of metallic salts. In an electrochemical cell,
the dissolved anodic metal interacts with the organic linker in the electrolyte. The main
purpose of using this technique is to remove the use of anions, such as nitrate,
perchlorate, or chloride during the synthesis, which is a challenge to scale-up [20].
Some metals might be reduced at the cathode; therefore, compounds such as
acrylonitrile, acrylic, or maleic esters are used because they are favorably reduced more
than most of the metals used in synthesizing MOFs [20]. The advantages of this
technique include the higher solid content than the other methods and the ability to run

the synthesis as a continuous process [20].

2.2.3. Mechanochemical synthesis. In this synthesis technique, mechanical
force in the form of milling or grinding is used to initiate or conduct the reaction. The
bond breakage and formation is done by physically applying a force on the reactants.
This force will break the intermolecular forces between the reactants, change their
orientations, and provide the required energy to form new bonds [24]. Recently, the
rediscovery of mechanochemical synthesis in the pharmaceutical industry has attracted
immense interest as a green synthesis technique allowing the use of solvent-free
conditions [25].

Singh et al. successfully synthesized both singular and mixed rare earth metallic

based MOFs. The scientists used Gd, Tn, and Dy as the metallic ions, in addition to

23



benzene 1, 3, 5-triboxylic acid as the organic linker. The MOFs were synthesized using

mechanical milling in the absence of solvent [26].

In addition, Chen et al. applied the mechanochemical technique combined with
the use of a liquid solvent to synthesize a water-stable indium-based MOF (InOF-1).
The results showed that grinding for 20 minutes with CH3CN (0.4 ml) lead to a high
crystalline and porous product. The INOF-1 retained its crystal and porous structure in
water for 12 hours [27].

2.2.4. Sonochemical synthesis. Sonochemistry involves the application of high
energy ultrasound to chemical reactions. Although ultrasound waves have frequencies
higher than 20 kHz, yet they do not initiate a reaction as their wavelength is much
greater than the molecular bonds. In liquids, the ultrasound waves create areas of high
pressure called compressions and areas of low pressures called refractions. In the low-
pressure area, specifically in the region where the pressure is under the vapor pressure,
bubbles will be produced. The cavities grow in size due to pressure changes along with
the diffusion of the solute vapor into its volume. The cavities keep growing in size along
with the accumulated ultrasonic energy until they reach their maximum volume and
eventually burst. The oscillation of the bubbles is referred to as cavitation. The
cavitation process causes a rapid release of energy with extremely high temperatures
and pressures in a very short period of time. Moreover, high shear stresses are noticed
in the surrounding area [28]. Having high energy imparted on the surface of the solid
causes cavitation to activate its surface. Once these extreme conditions activate the
surface, bond breaking and bond formation are able to occur, initiating the reaction
[29].

Bigdeli et al. synthesized a Zinc based MOF using the sonochemical technique.
The study compared the sonochemical method with the conventional method. The
characterization tests were similar in both methods. The study also showed that
increasing the initial concentration of the reagent increases the particle size. Also,
shorter reaction times lead (different powers of the ultrasonic irradiations) to smaller

nanostructures [30].

In another study, Gharib et al. successfully synthesized TMU-23 MOF under room

temperature and atmospheric pressure using ultrasonic irradiation. This method

24



enhanced the control of both particle size and morphology of the MOF. Moreover, it
was realized that increasing the reaction time and initial concentration of the reagent

increases the particle size [31].

2.3 Drug Delivery

Anticancer therapeutic agents have a number of barriers and challenges,
including bioavailability, water dispersibility, solubility, along with drug
biodistribution. The lack of selectivity, tumor-targeting ability, and clearance of drugs
have been identified as key obstacles in the development of anticancer drugs [5].
Accordingly, numerous anticancer nanocarriers have been developed, including
liposomes, micelles, nanoparticles, and metal organic frameworks. Metal organic
frameworks (MOFs) are considered one of the most promising nanocarriers due to their
high porosity, surface area, and tunable pore size and surface functionality.
Furthermore, MOFs can be tuned toward nanoscale carriers (e.g., 20-300 nm) for
suitable in-vivo applications [32]. These physical and chemical properties allow the
MOFs to have a high loading capacity, increase the bioavailability of the drug, and have
a wide range of hydrophilic and hydrophobic drugs that could be encapsulated in their
voids. Moreover, the MOFs are able to sustain the release of the agent for days, since
burst action release decreases the efficiency of the drug and the treatment. As
mentioned earlier, the structure of the MOF could be modified to enhance its
performance, e.g., surface coating, to increase water dispersibility and enhance its
robustness. By conjugating functional groups to the surface of the MOF, PEG and

peptides allow the carrier to target specific tissues, in addition to diagnostic imaging.

The toxicity of the MOF must be evaluated to ensure that there is no threat to
the host. Therefore, cytotoxicity assays are performed to assess the hazards of the
synthesized MOFs. Molecular size is a major parameter in cytotoxic analysis since it
determines its biodistribution, translocation, cellular uptake, and excretion. Thus, using
nanoparticles in drug delivery has advantages that include a small size with a higher
surface area to volume ratio, which is easily absorbed by the cell tissue and easily
distributed. Furthermore, the toxicity of metal organic frameworks arises due to the
presence of metallic molecules. These metals accumulate in the body, each possessing
a different degradation rate [33]. During synthesis, it is advisable to use metals with

higher permissible limits of daily requirements such as iron, magnesium, calcium, and
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zinc [10]. Metals such as chromium should be avoided since they accumulate in the

body and have a very low human permissibility limit.

In literature, many researchers evaluated the cytotoxicity of MOFs. It is shown
that they are suitable for in vitro and in vivo administration. Ruiz-Molina et al. studied
the cytotoxicity of Zn (1, 4-bis (imidazol-1- ylmethyl) benzene) (Zn (bix)) on human
promyelocytic leukemia HL-60 cells. After treatment, the cell viability was measured
at 80% [34]. In addition, Ma et al. synthesized a Zinc based MOF as a drug carrier for
5-fluorouracil (5-FU). A cytotoxic assay was performed on HeLa and HEK293 cell
lines. The MOFs were harmless against both cell lines. The cell viability was measured
to be 80% and 50% maximal inhibitory concentration of 5 pg/ml [35]. Furthermore,
Vasconcelos et al. studied the cytotoxicity of doxorubicin (DOX) loaded ZIF-8 MOFs.
Nano-ZIF-8’s cytotoxicity was analyzed over three different cell lines, namely
mucoepidermoid carcinoma of the lung, colorectal adenocarcinoma, and promyelocytic
leukemia. The analysis showed that the ZIF-8 did not show any toxic behavior even at
high concentrations [36]. Moreover, Baati et al. conducted an in vivo cytotoxicity
analysis with three different iron carboxylate MOFs. The MOFs were administrated to
rats at high dosages and showed low toxicity. The MOFs were rapidly sequestered by

the liver and spleen and then further biodegraded [37].

In addition to stability, the MOF’s biocompatibility and biodegradability are
vital parameters in drug delivery. Since the MOF’s are administrated in vivo and in
vitro, their biodegradability profiles must be considered since they might accumulate
inside the body. Several in vivo and in vitro studies showed positive results when
considering the biodegradability of some iron carboxylate MOFs such as MIL-88A,
MIL-88b-4CH3, and MIL 100 [38]. Moreover, the biocompatibility of MOFs is
categorized based on the organic linkers. The stability of the MOFs must also be
evaluated to prevent the hydrolytic cleavage of the covalent bonds between the organic
linker and metal ions. The stability of the MOFs could be evaluated by performing tests

to ensure no defect in their morphology [10].

2.4 Cancer Treatment
The application of MOFs in Cancer Treatment would be of great benefit. MOFs
could reduce the side effect of chemotherapy, enhance the targeting of the drug, and

provide imaging diagnostics of the tumor. Many studies in the literature have
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successfully encapsulated anti-cancer therapeutic drugs and have provided suitable
results in in vivo and in vitro tumor reduction. Taylor et al. studied the use of nanorods
of Mn(BDC)(H20)2 and nanoparticles of MN3(BTC)2(H20)s coated with Silica for the
delivery of RGDFK peptide and rhodamine B dye. The study showed the
antiangiogenic properties on HT-29 cells by the up-regulation of the Rvf3 gene [39].
Zhuang et al. developed a ZIF-8 MOF to encapsulate camptothecin (CPT) and
fluorescein. To evaluate the effectiveness of the treatment, the MOF was administrated
to MCF-7 breast cancer cells. The study compared the CPT MOF treatment with free
CPT treatment. The results showed that after 24 hours, the CPT MOF has a higher cell
death than the free CPT treatment, which required 48 hours to exhibit toxic results [40].
He et al. studied the application of MOFs in ovarian cancer. They synthesized MOF
encapsulated cisplatin and pooled siRNAs. The siRNAs are used to silence multiple
drug resistance genes and reduce the resistance of ovarian cancer cells to cisplatin
treatment. The administration of the loaded MOF showed an improvement in the
chemotherapeutic treatment compared with the conventional treatment. This shows the
efficiency of the MOFs in encapsulating multiple drugs for cancer treatment [41].
Maspoch et al. encapsulated several anti-cancer therapeutic drugs inside [Zn(I1)-1,4-
Bis(imidazole-1- yl) benzen] MOF. The chemotherapeutic drug DOX was encapsulated
in the MOF; then, the treatment was compared with the conventional DOX treatment.
The MOF treatment showed better cytotoxicity and better drug release compared to
conventional treatment [42]. Rowe et al. synthesized a modified Gd-based MOFs. The
MOFs encapsulated the therapeutic drug methotrexate. To evaluate the effectiveness of
the treatment, studies were performed on FITZ-HSA tumor cells. The study resulted in
significant cell growth inhibition by increasing cellular apoptosis [43]. Liu et al.
integrated both chemo and photodynamic therapy with MOFs. The scientists
synthesized MIL-100 MOFs, then fictionalized them by adding a photosynthesizer
peptide along with a folate functional group for tumor targeting. The study resulted in
enhanced treatment efficiency. The multi-functionalized MOF resulted in a significant

in vivo tumor volume reduction over 14 days [44].

2.5 MOF Release Mechanism
Several drug release mechanisms have been implemented in MOF drug
delivery. The release mechanisms are classified into two classes, intrinsic and extrinsic

[45].
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In the intrinsic class, stimuli such as pH, free diffusion, and molecular
degradation are examined. In pH-controlled release, a neutral pH gradient between the
environment and tumor tissue will offer a proper stimulus for the drug release [46].
Reza et al. prepared Zn-based MOF using the sonochemical method. The MOF was
loaded with the chemotherapeutic drug DOX. The scientists studied the release profile
at different pH values. Since the release is almost inactive at physiological pH
conditions of pH=7.4, the MOF releases the drug only when it interacts with the
cancerous environment, which is slightly acidic. Reza et al. compared the drug release
at three different pHs; 7.4, 6.0, and 4.5. The results of the experiment showed that the
highest drug release occurred at a pH of 4.5, which is about 98% of the encapsulated
drug. At pH values of 6.0 and 7.4, the drug release percentages were 54% and 83%,
respectively [47].

In another study, Sun et al. investigated the effect of pH on the release of 5-FU
encapsulated into ZIF-8. The release efficiency reached up to 70% over a period of 72
hours [48]. Furthermore, Yan et al. studied the pH release profile of a modified ZIF-8
MOF loaded with DOX. The study results showed that at a pH value of 5.0 the MOF
released over 60% of the drug, while in the case of a pH value 7.4, the MOF released
less than 30% [49].

In the case of extrinsic stimuli, the triggering mechanism is achieved by one of
these stimuli: temperature, biomimetic, infrared radiation, visible light, and ultrasound.
In a study by Adhikari et al., the effect of biomimetic systems on drug releases from
DOX loaded ZIF-7, and ZIF-8 MOFs was investigated. Experiments showed that the
ZIF-7 stayed intact under acidic conditions until when the MOF came in contact with
liposomes and micelles, the results confirmed successful release. The experiment
resulted in a 3-hour controlled release of the agent from the ZIF-8 and a 10-hour
controlled release from the ZIF-7 MOFs [50].

Furthermore, a study by Jia et al. demonstrated the use of MOFs in
photodynamic therapy. A modified Au-based MOF was functionalized by a two-
photon-absorbing (TPA) ligand. Furthermore, the MOFs samples were functionalized
by assembling the photosensitizer methylene blue. The modified drug delivery system
allows imaging diagnostic, tumor targeting, and photodynamic therapy. The
photodynamic abilities of the MOFs are activated or triggered by near infra-red
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radiation of wavelengths in the range of 700 to 1000 nm. In this study, the
photodynamic therapy was triggered by a light with a wavelength of 808 nm [52].
Moreover, DNA-MOF plays a significant role in immunotherapy. A study by Wang et
al. developed novel DNA functionalized MOFs (isSMOFs) as a highly generic approach
for the intracellular delivery of therapeutic nucleic acids.
Cytosine—Phosphate—Guanosine (CPG) was attached to the MOF's surface by intrinsic
coordination; moreover, the MOF was covered with calcium phosphate exoskeleton.
The experimental procedure showed that the CPG is released in an environment where
free phosphate ions are present, although the exoskeleton must be removed or dissociate
in an acidic environment. Thus, without an acidic environment, the CPG was not
released from the surface of the MOF [53].

Temperature changes could act as stimuli in triggering drug release from loaded
MOFs. A study by Lin et al. demonstrated the effect of temperature on the release
profile. A Zn-based MOF was loaded with the anticancer drug methotrexate. The
experiment compared the release by changing two parameters; pH and temperature.
Two pH values were considered, namely 7.4 and 6.5, alongside two different
temperatures, 37 °C, and 42 °C. The experimental results showed that at higher
temperatures, drug release percentages were higher [54]. According to literature, the
drug release efficiency of MOFs samples can be improved using external stimuli.

Therefore, the stimulus of choice in this work is the ultrasound.

2.6 PEG Functionalization

The main challenge in cancer treatment is minimizing the side effects of
chemotherapeutic drugs on healthy normal tissues. The MOF’s ability to be surface
modified enhances the targetability of the drug delivery system, thus administrating the
drug to cancerous tissue preferentially. Glycosyl-phosphatidylinositol is a folate
receptor that is overly expressed in a variety of cancer cells, including tumors of the
lung, ovaries, and breast, and has a limited expression in healthy cells [56]. Folic acid
is stable over a wide range of temperatures and pH values, is non-immunogenic, and
binds with the folate receptor [57]. Functionalizing the surface of the MOF with a folic
acid PEG allows the drug delivery to detect and target the cancer tissue or tumor, as

shown in Figure 10.
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Figure 8: Folic acid-folate receptor interactions in drug delivery [58].

Tabasi et al. studied the cytotoxicity of folate-targeted mesoporous silicon DOX
drug conjugates. The results of the experiment showed that mesoporous drug
conjugates showed a higher cell death rate in cancer cells than free DOX [59]. In
addition, a novel study was conducted by Thomas et al. to conjugate the
chemotherapeutic drug methotrexate (MTX) on a dendrimer along with folic acid. The
results of the experiment showed that the conjugate is 4300-fold higher affinity than
free MTX. Thus, the polyvalent MTX on the dendrimer serves the dual role of a

targeting molecule as well as a chemotherapeutic drug [60].

In this thesis, |1 combined the benefits of MOFs, folic acid, and ultrasound to
research a novel drug delivery modality capable of sequestering two agents (a model
drug, calcein, and an anti-neoplastic drug, DOX). Acoustic waves are then applied to
release the contents of these carriers upon demand.
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Chapter 3. Materials and Methods

3.1 Characterization

3.1.1. X-Ray diffraction analysis (XRD). X-Ray Diffraction or XRD is an
analytical technique used to identify the morphology of a crystal structure, giving an
indication of the unit dimensions. The apparatus of an XRD consists of three major
parts; the X-ray tube, the sample holder, and the X-ray detector. A heating filament in
the cathode ray tube generates the X-rays by producing electrons. The electrons strike
the sample material [61]. Upon impact, the X-ray will scatter and separate in a distinct
pattern called a diffraction pattern. Following Bragg’s diffraction law, the diffraction

pattern will provide an insight into the morphology of the crystal structure [62].

3.1.2. Thermogravimetric analysis (TGA). Thermogravimetric Analysis or
TGA is a technique for measuring mass changes of a substance as a function of
temperature. These changes could be a sign or an indication of processes including
decomposition, degradation, sublimation, vaporization, adsorption, desorption,
oxidation, and reduction [63]. TGA gives an indication of the thermal stability of the
sample. The heating of the sample starts from100 °C up to 900 °C [64]. The TGA
analysis was conducted using Perkin EImer TGA instrument at a temperature ramp rate
of 15 °C min™.

3.1.3. Fourier-transform infrared spectroscopy (FTIR). Fourier-transform
infrared spectroscopy (FTIR) implements infrared radiation. When the infrared
radiation passes through a sample; some of the radiation is absorbed while some is
transmitted beyond the sample. Each chemical molecule has its own spectral
fingerprint. The transmitted radiation sensed by the radiation detector of the apparatus
identifies chemical molecules by interpreting its spectral fingerprint [65]. The FTIR
characterization test was done with Spectrum one FTIR spectrometer by PerkinElmer

within a wavelength range of 500 to 4000 cm™.

3.1.4. Scanning electron microscope (SEM). The scanning electron
microscope uses focused high energy electrons on a solid surface generating a variety
of signals to produce a high quality magnified image of the surface. This type of
imaging provides information on the sample’s morphology, chemical composition and
crystallinity [66].
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3.1.5. Dynamic light scattering (DLS). Dynamic light scattering (DLS)
analysis measures and interprets light scattering data on a microsecond scale from the
suspension of solids in a solution. This technique is used to determine particle size and
dimensions. Usually, this analysis is used for dimensional identification of micron and
nano-particles. Moreover, DLS can also be used as a probe of complex fluids, such as
concentrated solutions [67]. The DLS characterization test was conducted through

Dynapro Nanostar dynamic light scattering unit by WYATT Technology(USA).

3.1.6. UV-Visible spectrophotometer. UV-vis spectroscopy is based on the
interaction between light and a chemical compound. As the light is absorbed by the
compound, it results in the excitation of molecules and atoms to a higher energy state.
The absorption of the light radiation releases a distinct spectrum for each compound.
Therefore UV-VIS spectroscopy became an important tool in analytics and chemical
identification [68].

3.2 Chemicals

All the chemicals and reagents used in the synthesis of functionalized MOFs
were purchased from Sigma-Aldrich (supplied through LABCO LLC. Dubai, UAE).
They are used without further modifications, including FeClz.6(H20), 2-
Aminoterephthalic acid (NH2-BDC) and Dimethylformamide (DMF), which are used
in the synthesis of the MOF. Furthermore, HOOC-poly-ethylene glycol (PEG-FA), 1-
ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC), and  N-
hydroxysuccinimide (NHS) are used in the surface modification and PEG
functionalization of the MOF. Calcein is used as a model drug/dye, DOX as the

chemotherapeutic drug.

3.3 Synthesis of NH2-Fe BDC MOFs

The synthesis of MOF implemented the microwave irradiation technique. After
synthesis, the MOF was modified in order to conjugate the folic acid group on the
nanocarriers for active targeting. Calcein has fluorescent properties; thus, the loading
and release efficiencies were measured using a spectrofluorometer (QuantaMaster QM,
Photon Technology International, Edison NJ, USA). In the case of DOX, the UV-
Visible spectrophotometer (Thermo Scientific Evolution 60S UV-Visible
Spectrophotometer, Kobis Ltd., Slovenia) was used to measure the absorbance of DOX
available in the sample, thus calculating the release efficiency.
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The NH2-Fe BDC MOF were prepared by following a previously published
procedure [44] with some modifications: 54 mg of FeClz.6(H20) and 36 mg of NH,-
BDC diluted in 5 mL of DMF. The solution was heated in a Temperature digestive
microwave for 99 minutes under a power output of 8 watts and a temperature of 135
°C. Next, the resultant particles were separated by centrifugation for 15 minutes at 6000
rpm. Afterward, the solution was washed and centrifuged two times at the same
conditions. The collected particles, namely NH2-Fe BDC MOF, were dried in an oven
at a temperature of 120 °C for 45 minutes. Then the product was stored for further

modification.

3.4 Drug Encapsulation

To encapsulate the drug inside the MOFs, a PBS solution with a pH of 7 was
prepared. 66.65 mg of calcein was added to 10 ml of PBS in order to obtain a 10-mM
solution. Next, the pH of the solution was equilibrated to a value of 7.4 using HCI and
NaOH. 15 mg of NH2-Fe BDC MOFwere added to a 0.06-mM solution of calcein and
placed on a stirrer for mixing. After 24 hours, the mixture was centrifuged for 30
minutes at 6000 rpm. Then, the supernatant was removed, and the drug-loaded MOFs
were dried in an oven at a temperature of 100 °C for 1 hour. After the drying process,
the drug-loaded MOFs were stored for further surface modification. In addition, a
second study was conducted with loading the chemotherapeutic drug DOX. 15 mg of
MIL-100 was added to a 1 mM DOX solution and the same procedure was carried out
to produce DOX-loaded MOF. To calculate the drug loading efficiency, the following

equation was used
loadig ef fiency = ? * 100% (1)
f
where Fi and Fr are the fluorescence intensity of the initial and final calcein
concentrations.

The same equation could be used in terms of the amount of DOX, where Mjand

Mt are initial and final masses of DOX in the drug loading solution.

M, — M 2
loadig ef fiency = le * 100% @)

L
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To measure the fluorescence intensity, two diluted samples were prepared. The
first sample corresponds to the initial calcein concentration (Fi) prepared by diluting 70
pl of the 10-mM calcein solution with 5 ml of PBS. For the second sample (Ff), 70 pl
of the supernatant was added to 5 ml of PBS. Next, a spectrofluorometer was used to
measure the intensity of the fluorescence in each sample. The calcein fluorescence is
detected at wavelengths from 490 to 515 nm. The loading capacity of the drug is
measured using the following equation

MasSipaded (3)
masSpaded + masSyor

Loading capacity =

where
mass;yqadqeqa = loading ef ficiency * initial mass of drug 4)
And masswmor is the mass of the unloaded MOF.

In this study, the surface of the synthesized NH,-Fe BDC MOF was modified
through post-synthesis modification steps to enhance targeting cancerous cells and
reduce the side effects of the therapeutic drug on healthy cells. The synthesized MOF
underwent surface functionalization by conjugating a PEG functional group and folic
acid, resulting in folate-functionalized MOF samples. As discussed before, folic acid
has a high affinity to folate receptors, which are overly expressed in breast cancer cells.
The folate functionalization of the NH2-Fe BDC MOFs step was performed as follows:
15 mg of the loaded NH.- MOF was added to 10 ml of a solution of PEG-FA (0.75
mg), EDC (15mg), and NHS (30mg). Next, the mixture was incubated at room
temperature for 3 hours. Finally, the samples were centrifuged, dried in an oven at 80
°C, and labeled as FA-NH,-Fe BDC MOF. The conjugation is covered by a two-step
reaction. First, the EDC reacts with the carboxylic group of the PEG, forming an
unstable amine-reactive ester. Then, the addition of NHS stabilizes the ester, thus,
enhancing its bonding efficiency. In the presence of an amine, the carboxylic group is

attached to the positive amine group by substitution, removing the NHS/EDC ester.

3.5 Drug Release

Since the discovery of MOFs in 1998, a new class of MOFs has been identified
as third-generation of functional MOFs. This new type of MOF is characterized by the
dynamic, flexible features of the framework structure. Flexible MOFs can respond to
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physical or chemical stimuli, including phase transition, mechanical, photochemical
and thermal stimuli. Applying ultrasound on the MOEF’s particles will allow the
chemical bonds to stretch and release the encapsulated chemical inside the pores. The
ultrasound triggering mechanism was implemented to release the encapsulated calcein.
Drug release experiments were conducted as follows: three batches of 15 mg of the
loaded FA-NH-Fe BDC MOF were added to 5 ml of PBS at three different pH levels
to produce an aqueous solution of the mixture. Calcein-loaded MOFs were set to release
in PBS solutions of the following pHs 7.4, 6.4, 5 pH at a temperature of 37 °C. After
applying low-frequency ultrasound ( 35 kHz) to the samples within a specific interval
of time, the samples were centrifuged, and an aliquot was taken from the supernatant
for analysis. At the same time, the same amount of the aliquot was replaced with fresh
PBS for the next measurement. The physical effect of the ultrasound widens the pores
of the MOF by stretching the chemical bonds between the metal cluster and the organic
linker. This procedure was repeated until maximum release was reached. The calcein
release studies served as a proof of concept for implementing ultrasound as a release
stimulus. After the successful release study of calcein, two batches of DOX loaded
MOFs were set to release at pHs of 7.4 and 5.3 in PBS, and one batch of PEG-folate
MOF was set to release at a pH of 5.3 to study the effect of PEG functionalization on
release efficiency. Furthermore, the effect of PEG-folate moiety on the release profiles
with and without ultrasound, under two pH values (7.4 and 5.3) was studied.

To calculate the cumulative release efficiency, the following equation is used

Mass released (5)

cumulative release ef ficienc = - * 100%
maximum mass released

The amount of drug released for each run is calculated using a calibration curve,
whether it is a florescence-concentration calibration curve (in the case of calcein) or an

absorbance-concentration calibration curve (in the case of DOX).
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Chapter 4. Results and Discussion

4.1 Characterization

4.1.1. FTIR. The FTIR spectra were measured using Spectrum one FT-IR
spectrometer. Small amounts of the synthesized MOF were added to potassium bromide
(200 mg). The mixture was grinded and then compressed under 3000 tons of uni-axial
pressure. The produced disks were placed in the spectrometer for analysis. The
spectrum of the synthesized MOF is shown in Figure 11-a. According to the plot, the
amine functional can be seen at 2366- 3480 cm™. Moreover, the DMF used in the
synthesis is shown at 1582 cm™ and 1628 cm™. The N-H bond and C-N are shown at
1527 cm™ and 1340 cm™?, respectively.
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Figure 9:Figure 11:FTIR Analysis: a) FTIR of synthesized a) FA-NH2-Fe BDC MOF,
b) FTIR of a FA-NH2-Fe BDC MOF [69]

The FTIR analysis conducted on the sample was to detect the functional groups
present in the MOF structure. Comparing the results with data from literature [69]
(Figure 11-b), the experimental results agree well with reported references and
demonstrate similar peaks at the same wavelength, where each peak represents a

specific chemical bond signifying the successful attachment of the folate functional

group.
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4.1.2. TGA. To analyze the thermal stability of the synthesized MOFs,
thermogravimetric analysis (TGA) was performed. Figure 12 represents the weight loss
% as a function of temperature for the MOF sample. The first reduction in weight (close
to 20% wt. loss%) between room temperature and 300 °C corresponds to the removal
of water moisture and DMF within the pores of the MOF samples, while the more
pronounced weight loss % that appears in the temperature range of 300-500 is due to
the decomposition of the MOF’s framework. Comparing the results of the TGA
analysis with literature (Figure 13), it can be seen that the experimental data is similar

and follows the same graphical trend. The synthesized MOF starts degrading at 320 °C.
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Figure 11: TGA of NHz-Fe BDC MOF [70]

4.1.3. DLS. The Dynamic light scattering analysis was conducted using the

DynaPro NanoStar dynamic light scattering unit by WY ATT Technology. The analysis
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resulted in a MOF diameter value of 215.6 nm Figure 14 which is suitable for in vivo

studies [71].
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Figure 12:DLS analysis of NH,-FE BDC MOF

4.1.4. XRD. The XRD analysis was conducted in the Engineering Labs at the
University of Sharjah, Sharjah, United Arab Emirates. The XRD resulted in the graph
showed in Figure 15-a. Compared with results from literature (Figure 15-b), it can be
seen that the experimental data follows the same trend implying a successful synthesis
of the NH»-FE BDC MOF with the appropriate morphology.

——NH,-Fe-BDC
—— Literature

Counts (a.u.)

26 (%)

Figure 13:a) XRD analysis of the synthesized NH,-FE BDC MOF b) XRD analysis of
NH2-FE BDC MOF [70]
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4.1.5. SEM. The SEM analysis was done at the American University of Sharjah,
Sharjah, United Arab Emirates. The analysis gives a visual image of the crystalline
structure. The result of the SEM analysis is shown in figure 16-a. Compared with NH>-
FE BDC MOF SEM analysis from literature (Figure 16-b), it clearly shows that the

synthesis was successful with the appropriate crystalline structure.

RS-0418B_b

RS-0418-B_b
SK1

IMS-NKL 5.0kV 4. 1mm x20.0k SE(M) 2.00um

Figure 14: a) SEM analysis of the synthesized NH,-FE BDC MOF b) SEM analysis
of NH,-FE BDC MOF[70]

4.2 Loading Efficiency

The initial solution was analyzed with the fluorometer to measure the loading
efficiency of the NH>-Fe BDC MOFMOF samples loaded with calcein. The average
resulting intensity of the sample was 0.1853. After loading for 24 hours, a sample of

the supernatant of the calcein mixture was analyzed by a fluorometer, resulting in an
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average intensity of 0.036. According to Equation 1 proposed in section 4.4, the overall
loading efficiency was around 90%. Moreover, in the case of DOX encapsulation,
Equation 2 was used to calculate the loading efficiency for the DOX. The study resulted
in a loading efficiency of around 97%.

4.3 Release Profiles
According to the procedure stated in section 4.5, cumulative efficiency release

curves were plotted against time for both calcein- and DOX-loaded MOFs.

4.3.1. Calcein release profiles. As mentioned in the procedure, three batches
of calcein-loaded MOFs were tested at three different pH conditions, i.e.,7.4, 6.4, and
5. Each sample was repeated three times resulting in a total of 9 trials. Figure 17 shows
the cumulative release profiles at each pH level set during the experiments. All trials
resulted in a high-efficiency release in a time period of almost two hours. As shown in
Figure 17 a,b, and c, the trend is similar; the release percentages reached around 90%.
This could be visually verified as the sample became transparent through time instead
of being fluorescent, justifying the fact that almost all the drug adsorbed on the MOF

was released.
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Figure 15:Cumulative release profiles of Calcein Loaded PEG-Folate MOF at a pH
levels: a) 7.4,b) 6.4 and c) 5.3. The error bars indicating the standard deviation of
three trials
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4.3.2. DOX release profile. In the case of the DOX loaded MOFs, the
experiments were conducted at two different pH conditions, including 7.4 and 5.3, for
NH2-Fe BDC MOF samples with and without ultrasound. Furthermore, to investigate
the sonosensitivity of the functionalized MOF samples, release profiles of FA-NH»-Fe
BDC MOF were reported with and without ultrasound at pH 5.3. The effect of PEG-
folate functionalization was studied at a pH of 5.3 since it simulates the tumor acidic

microenvironment.

Figure 18 shows the average release profile of NH,-Fe BDC MOF samples at
pH 7.4. Three experiments were conducted for different batches of the loaded MOF.
The study resulted in total release efficiencies of 42.9%, 43.7%, and 46.2%, with an

average of 44.4 % in 4 hours and 40 minutes.

50
—#— NH,-Fe-BDC, no US
{ —@—NH,-Fe-BDC, US
pH=74
40

Cumulative release % (%)

10

. . . . T . . .
0 60 120 180 240 300
Time (min)

Figure 16: Cumulative release profiles for a DOX Loaded NH>-Fe BDC MOF at a
pH level of 7.4 with error bars indicating the standard deviation of three trials

Figure 19 shows the average release profile of the FA-NH2-Fe BDC MOF trials
in a PBS solution at a pH of 5.3. The three experiments resulted in total release
efficiencies of 74.4%, 66.9%, and 69.3%, with an average of 70.2% over the same time

period.
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Figure 17: Cumulative release profiles of DOX Loaded FA-NH2>-Fe BDC MOF at a
pH level of 5.3 with error bars indicating the standard deviation of three trials

Finally, Figure 20 shows the average release profiles of the NH,-Fe BDC MOF
trials in a PBS solution at a pH of 5.3. The three triplicates resulted in a total release of
88.7%, 86%, and 98%, with an average of 90.9% over the same period.

100

~——NH,-Fe-BDC, no US
—e—NH,-Fe-BDC, US

pH=53
80

Cumulative release % (%)

20 +

MJ
04— T

T T T
0 60 120 180 240 300
Time (min)

Figure 18: Cumulative release profiles of DOX Loaded NH>-Fe BDC MOF at a pH
level of 5.3 with error bars indicating the standard deviation of three trials

As can be seen, the highest cumulative release percentage (~ 90%) was
achieved using the NH2-Fe BDC MOF samples at a pH of 5.3, while the lowest
percentage corresponded to the NH>-Fe BDC MOF samples at a pH value of 7.4. It

can be deduced that the release is much more effective at low pH values, which is
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preferable since the cancerous or tumor environment is more acidic compared to
healthy tissue [72]. Moreover, in comparison with the release from FA-NH2-Fe BDC
MOF samples conducted at the same pH, it was noticed that the functionalized MOF
resulted in a lower release percentage than the unfunctionalized NH.-Fe BDC MOF.
This decrease in the release percentage is due to the fact that MOF loading /release
capacities depend on their surface morphology, and as functionalization modifies the
surface of the MOF, it would be more difficult for the drug to escape or get released

from the surface.

4.4 Kinetic Release Modeling:

Mathematical modeling gives a prediction of the release kinetics of a system. It
also allows determining certain parameters. For example, in the case of drug delivery
systems, modeling aids the calculation of drug diffusion coefficients and other physical
parameters alongside having a major role in process optimization. As mentioned above,
the releases kinetics of the loaded MOF were fitted to nine drug release models (Table
1).

Table 1: Drug Delivery Release Models

Model Equation
Higuchi model[73] Q = AYD(2C — C5)Cit
Zero-order[73] t = Qo + Kot
2
Baker-Lonsdale model[73 2,1 ( Mtht K
- — % — —_——_— _—
aker-Lonsdale model[73] > ) | +
. (t-mb
Weibull model[75] M=My[l—e a |
Korsmeyer-Peppas[76] M¢M..= k t"
Hixson-Crowell[75 5 3
ixson-Crowell[75] w3 — Wt?’ ke
Hopfenburg model[77] % =1-[1- ﬂ]n
M, C.a
Gomperts model[78] X, = Xppax €Xp [—aeP108¢]
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Higuchi model: the Higuchi model was proposed in 1961 to describe the
behavior of drug release from matrix systems. The model was based on assumptions
that the initial concentration is higher than the solubility, that one-directional release,
constant diffusivity, drug particles are smaller than the system thickness, and that

negligible matrix swelling and dissolution occurred. The model is expressed by

Q = AYD(2C — Cg)Cst (6)

where Q is the rate of drug release, A is the unit area, D is the diffusivity, C is the initial

drug concentration, and Cs is the drug solubility [73].

Zero-order Release Model: The drug release follows zero-order kinetics, which refers

to a constant slow release expressed by the following equation:

Q: = Qo + Kot (7)

where Q is the amount of drug release, Qo is the initial amount of drug in the solution,

and Ko is the zero-order release constant [73].

First-order Release Model: The release follows first-order Kinetics expressed by the

following equation:
logC =logCy — Kt/2.303 (8)

where C and Co represent the concentration of the drug at a specific interval of time and
the initial concentration, respectively, K is the first-order constant, and t is time. The

model is used to describe water-soluble drugs in porous material [73], [74].

The Baker-Lonsdale model: This model was developed from the Higushi model

in 1974 and is expressed in the following equation:

1 ©

where M is the amount of drug released at a specific time (t), and K is the release
constant. The model was developed to serve or predict the release of spherical or

capsule-like material [73].

The Weibull model: The model is used to describe various dissolution processes

as expressed through the following equation:
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_-mP (10)
M = Mo[l —e a ]

where M is the amount of drug released as a function of time, Mo is the total amount of
drug being released, T accounts for lag time, a denotes a scale parameter that describes
the time dependence, while b describes the shape of the dissolution curve progression.

The model best describes matrix drug delivery systems [75].

Korsmeyer-Peppas model: This model was developed in 1983 to describe the
release profile of polymeric delivery systems. The model is expressed by the following

equation:

M, (11)
— = kt"

M,

where MM is the fraction of drug released at a specific interval of time to the total
amount being released, k is the release rate constant, and n is the release exponent,

which characterizes different release mechanisms [76].

Hixson-Crowell: This model was developed on the basis that the particle regular
area is proportional to the cube root of its volume. The model is expressed by the
following equation:

(12)

w2 —w>=kt

O wlr
T Wl

where wo and w are the initial amount of drug in the dosage and the remaining amount
of drug in the dosage, respectively, Kk is the surface/volume constant, and t is time. The
model describes the release from tablets or particles where there is a change in surface

area and diameter through time, such as the dissolution of pharmaceutical tablets [75].

Hopfenburg model: This model was developed to describe the controlled
release from surface eroding polymers of constant surface area. The model is expressed

by the following equation:

M, kot (13)
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where Mi/Mwis the cumulative drug release fraction, ko is the erosion rate constant for
surface erosion, C is the initial drug loading amount, a is the half-thickness of the

system, and n corresponds to the geometry of the system[73], [77].

Gomperts model: Gompertz exponential model usually describes in vitro. The

model is expressed via the following equation:
X = Xmax €xp [—aef1081] (14)

where Xt and Xmax are drug release percent, and the maximum amount of drug released,
respectively, a determines the undissolved proportion at t=1 (scale parameter),
dissolution rate (a shape parameter). The model demonstrates a release pattern in which
a steep release profile is followed by a slow convergence to the maximum amount of
the loaded drug [78], [79].

4.4.1. Calcein kinetic release models. The data of calcein release from MOF’s
were fitted to the models mentioned above. Each data sample was fitted to nine models.
Each model represents the drug release from a certain drug carrier system of specific
form of drug. Different factors may affect the drug release kinetics, The Type of carrier
i.e. porous materials, matrix degrading systems, surface eroding systems
(pharmaceutical pills), circular and capsule like systems. Moreover the chemical
properties of the pharmaceutical or chemotherapeutic drug plays a role in determining
the release kinetics of the system. Properties such as water solubility and polarity are
taken into consideration. Next, a regression analysis was conducted as a measure of
how well the data fit the linearized form of the models. The R? values of each model fit
are shown in Table 2. For FA-NH2-Fe BDC, MOF at a pH of 7.4 showed the highest
R? value, which resulted from the Weibull model fitting which represents the drug
release of various dissolutions systems or release form pharmaceutical dosage forms
such as matrix type drug delivery systems. The regression value was recorded to be
0.9934. As for FA-NH-Fe BDC MOF@pH 6.4, the highest R? value was recorded for
the Korsmeyer-Peppas model which represents the release from a polymeric drug
delivery system with a value of 0.9955. Finally, the highest R? value for sample FA-
NH2-Fe BDC MOF@pH 5 was recorded from the zero-order Model fitting which
represent a slow controlled release following first order kinetics of a matrix type

carriers with a value of 0.9924.
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Table 2: Calcein samples R-squared values

MODEL PEG-folate- PEG-folate- PEG-folate-

MOF@pH7.4 MOF@pH6.4 MOF@pH5
Higuchi model 0.9907 0.987 0.9638
Zero-order 0.9347 0.9635 0.9924
First-order 0.6756 0.7445 0.8616
Baker-Lonsdale 0.9781 0.9473 0.9117
Weibull 0.9934 0.9929 0.9728
Korsmeyer-Peppas 0.9885 0.9955 0.9814
Hixson-Crowell 0.9923 0.9903 0.9803
Hopfenberg 0.9923 0.9903 0.9803
Gompertz 0.9377 0.8719 0.8525

4.4.2. DOX kinetic release models. Similarly, a regression analysis was
conducted for the data recorded using the DOX-loaded MOFs samples. The R? value
was recorded for each of the nine models and is shown in Table 3. For DOX-NHz-Fe
BDC MOF@pH 7.4, the highest R? value was calculated using the Korsmeyer-Peppas
Model with a value of 0.9975, while for DOX-PEG-folate- MOF@pH5.3, the highest
R? value was recorded using both the Hixon-Crowell and Hopfenburg models with a
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value of 0.999. Finally, the highest R? value for DOX-NH-Fe BDC MOF@pH 5.3 was

recorded using the Baker-Lonsdale model with a value of 0.9938.

Table 3:DOX samples R-squared values

DOX-NH2- DOX-PEG-folate- DOX-NH2-
MODEL
MOF@7.4 MOF@pH5.3 MOF@pH5.3
Higuchi 0.997 0.9937 0.9925
Zero-order 0.9772 0.9457 0.9417
First-order 0.8147 0.7648 0.735
Baker-Lonsdale 0.9862 0.9775 0.9938
Weibull 0.9938 0.999 0.9866
Korsmeyer-Peppas 0.9975 0.983 0.9782
Hixson-Crowell 0.9935 0.9991 0.9873
Hopfenberg 0.9935 0.9991 0.9873
Gompertz 0.984 0.9297 0.9846

As mentioned, many structures were utilized as nano-drug carriers for many
types of diseases and health issues such as cancer, diabetes, inflammation, and even
pain relief.. Liposomes were the first drug delivery vehicle to get FDA approval in
1995. A study by Li et al. demonstrated the application of liposomes in drug delivery;

the chemotherapeutic drug DOX was encapsulated by liposomes and set to be used to
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treat MCF-7 cells. The study showed a loading efficiency of around 80%, and release
efficiency of around 50% for release at a pH of 5, 40% at a pH of 6.5, and 38% at a pH
of 7.4. The study was conducted over a period of 72 hours [80].

Moreover, a study by Cheng et al. demonstrated the application of folate-PEG
functionalized liposomes in drug delivery. The study tested the release of DOX at two
different pH environments 7.4 and 6.4, and two different temperatures, 37 and 42 °C.
The loading efficiency of both samples ranged between 68% to 75% at both pH
conditions. Release at a pH of 7.4, and the two investigated temperatures, namely 37
and 42 °C, was 15% and 50%, respectively. Meanwhile, the release at a pH of 6.4
resulted in a release efficiency of 20 % and 60%, with the highest release corresponding

to the highest temperature. The release was conducted over a period of 5 hours [81].

In addition, Bi et al. studied the utilization of liposomes as drug carriers. The
study used DOX as the loaded drug. The release of the drug from liposomes was tested
in three environments with different pH levels, i.e., 7.4, 6.5, and 5. The encapsulation
efficiency was recorded around 91% for all samples. The study resulted in the release
percentages of 70%, 58%, and 30%, with the lowest pH level having the highest release
percentage. The study was conducted over 120 hours [82].

In addition to liposomes, Polymeric micelles were also utilized as drug
nanocarriers in many studies. Polymeric micelles are single bilayer phospholipids that
encapsulate chemical agents into their hydrophobic core. Chemotherapeutic drugs such
as DOX were encapsulated inside the polymeric structures. A study by Zhang et al.
utilized pH-responsive micelles as DOX nano-carriers. The study showed a loading
capacity of 50.3%. The release testing was performed in two environments of different
pH levels of 7.4 and 5. The results showed a cumulative release percentage of around
58% at a pH level of 5 and 11% at a pH level of 7.4. The test was conducted over 90
hours [83].

Moreover, Xiong et al. demonstrated the use of micelles in drug delivery and
CT imaging applications. Redox-sensitive micelles were synthesized by the self-
assembly of polymers. The chemotherapeutic drug was encapsulated inside the core of
the micelles. The study resulted in an encapsulation efficiency of 48.4%. The release
of DOX was investigated at two different simulated physiological conditions of
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different pH levels. Ata pH level of 7.4, the release study resulted in a maximum release
percentage of 29.9%, while at a pH of 5, the study resulted in a maximum release of

73.1%. The release study was conducted for 36 hours [84].

In addition, a study by Lu et al. also demonstrated the use of targeted micelles
in drug delivery. The polymeric-based micelles were synthesized by self-assembly. The
chemotherapeutic drug was encapsulated inside the core of micelles resulting in an
encapsulation efficiency of 47.16%. The drug was set to be released in two simulated
environments of different pH levels; 7.4 and 5. The release measured at a pH level of
7.4 resulted in a maximum release percentage of around 30%, while in the case of the
release at a pH of 5, the study resulted in a maximum release percentage of ~60%. The

study was conducted over 50 hours [85].

Furthermore, pH is an internal drug release stimulus. Many studies utilized pH-
sensitive MOFs for drug delivery applications. At acidic conditions, the coordination
bonds breakdown while decomposing or degrading the MOF, thus releasing the
encapsulated drug [86].

For example, Gupta et al. developed a bio-compatible iron-based MOF to be
utilized as a pH-responsive drug delivery system. The synthesized MOF was coated
with PEG through post-synthesis amine modification. The drug Ibuprofen was loaded
into both the PEGylated and the non-PEGylated MOFs for release studies. The release
profiles were obtained at 3 different pH levels 7.4, 6 and 5. Ibuprofen sustained release
was observed to be 57.52% and 46.05% after 20 h at a pH 7.4 from NH>-MIL-101-Fe
and PEG@Drug@NH2-MIL-101-Fe, respectively. While at pH 6, the release
percentage was 69.09% and 42.3%, and at pH 5 the release percentage was 74.25% and
52% [87].

Moreover, another study by Garcia et al. utilized the iron-based MOFs MIL-
100 and MIL 101 as a pH-sensitive drug delivery nanocarriers. The chemotherapeutic
drug camptothecin was encapsulated in the MOF by covalent bonding. MTT assays
were conducted to determine the cytotoxic effect of the MOF. The MTT was conducted
on HelLa cell line, resulting in above 80% cell viability. The loading of the
chemotherapeutic drug camptothecin resulted in a loading capacity of 20 % wt. The
release study was conducted at three pH conditions 7.4, 5, and 3. The study resulted in

release efficiencies of 12%, 25%, and 28 %, respectively, after 48 hours [88].
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Last but not least, Lin et al. investigated the performance of MIL-100 toward
doxorubicin encapsulation and release under pH effect. The MOF was characterized
using XRD, IR, SEM and TEM. MTS assays were conduct to determine the cytotoxicity
of the nano-particles. The cytotoxicity assay were conducted on a MDF-7 cell line and
resulted in above 80% cell viability suggesting that the MOFS have a low cytotoxic
effect. The drug loading concentration was 50 mg/gmor. The Release study was
conducted at two different pH levels. The study resulted in 100% release efficiency
after 60 hours at a pH of 3.8 and a 20% release efficiency at a pH of 7.4 after 50 hours
[89].

In comparison with the aforementioned studies, it can be concluded that
ultrasound had a significant effect on the release efficiencies and profiles compared to
the other release triggering mechanisms. Implementing ultrasound as a release stimulus
resulted in a maximum of 90% release efficiency for the DOX loaded NH2-Fe BDC
MOF within 5 hours at a pH 5.3. The physical effect of the ultrasound allows the MOF’s
pores to widen by stretching its chemical bonds, thus releasing the encapsulated drug
or compound.

Table 4 shows the comparison between the MOF used in this study and nano-
drug carriers from literature in terms of loading capacity, maximum release percent,
and experimentation period. All moieties listed were used to encapsulate the
chemotherapeutic drug DOX and the release was investigated at a neutral pH( 7.4) and
an acidic pH(5.3). As shown in Table 4, the MOF moiety showed the highest loading
efficiency of 97% compared to the other mentioned moieties i.e. Liposomes and
polymeric Micelles. Given that MOFs possess a highly porous structure, they able to
adsorb a large amount of adsorbents or absorb chemical compounds into their molecular
void compared to its weight. Moreover, the MOF’s release percentage was the most
effective compared to other nano-drug carrier systems, having a release percentage of

44.2% in a neutral environment and a 90.9% in an acidic environment in just 5 hours.
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Table 4: Nano-Drug Carriers Comparison

Loading Maximum Time
Study Moiety Capacity pH level Release
(hours)
(%) percentage
7.4 38%
Lietal : 0
[78] Liposomes 80% 72
5 50%
7.4 15%
Chang et : 0
al. [79] Liposomes 68-75 % 5
6.4 20%
7.4 30%
Bi et : 0
al [80] Liposomes 91% 120
5 70%
7.4 11%
Zhang et , 0
al. [81] Micelles 50.3% 90
5 58%
7.4 29.9%
Xiong et . 0
al. [82] Micelles 48.4% 36
5 73.1%
7.4 30%
Luetal. . 0
[83] Micelles 47.16%. 50
5 60%
7.4 44.2%
NH2-BDC-MOF
) 97% 5
This study 53 90.9%
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Chapter 5. Conclusions and Future Work

In conclusion, an iron-based NH>-Fe BDC MOF was successfully synthesized
using microwave-assisted synthesis to be utilized for drug delivery applications by
implementing ultrasound as a release triggering mechanism. In addition, PEG-folate
functionalization was incorporated onto the surface of the MOF, using a post-synthesis
modification technique, as a cancer biomarker targeting ligand. Several
characterization tests were performed, including FTIR, TGA, and DLS to analyze the
morphology, thermal stability, and particle size distribution of the MOF samples. The
results of the characterization tests showed the successful synthesis, and the successful
PEG-folate attachment, in addition to the excellent thermal stability and a suitable
particle diameter for in vitro and in vivo applications. The model drug calcein and the
chemotherapeutic drug DOX are successfully adsorbed on the MOF structure. The
MOF achieved a suitable loading efficiency of 90% in the case of calcein and 97% in
the case of DOX. The use of ultrasound was implemented as an external release
stimulus. Release profiles were obtained for both the calcein and DOX encapsulation.
The release of the model drug calcein was performed in 7.4-, 6.4- and 5-pH PBS
solutions resulting in a release efficiency of 90% under US. While, release profiles for
the DOX encapsulation resulted in cumulative release efficiencies of 44.4 % and 90%
in 7.4- and 5.3-pH PBS solutions under US, respectively. Moreover, the PEG-Folate
functionalization was investigated as a targeting mechanism for cancerous tissues in
conditions mimicking the tumor microenvironment; the release profile of the FA-NH,-
Fe BDC MOF resulted in maximum release efficiency of 70.2% at a 5.3 pH PBS
solution. The release profiles were fitted into nine drug release models along with a
regression analysis study. The results reported in this thesis has shown the effectiveness

of metal organic frameworks as promising drug carrier candidates for cancer treatment.

Based on this thesis and its experimental results, it is recommended to
investigate the in vitro cell studies using the MCF-7 cell line along with flow cytometry
analysis for both NH.-Fe BDC MOF and the FA-NH2-Fe BDC MOF with and without
US. Furthermore, it is recommended to conduct in vivo animal studies to monitor the
effectiveness of the FA-NH2-Fe BDC MOF in cancer cells apoptosis and tumor volume

reduction
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Figure Al: Zero Order Model of the ultra-sound triggered DOX Loaded NH2-Fe
BDC MOF at a pH level of 7.4 and 37 °C
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Figure A12: Higushi Model of the ultra-sound triggered DOX Loaded FA-NH2-Fe
BDC MOF at a pH level of 5.3 and 37 °C

67




Korsmeyer-Peppas

0.2
y=0.7709x - 1.8412
O T T 1 Rz = 0983
0 0.5 1 3
-0.2
-0.4
€
L -0.6 ¢ Seriesl
g
= —— Linear (Series1)
-0.8
L 4
-1
-1.2
-1.4
log(t)

Figure A13: Korsmeyer-Peppas Model of the ultra-sound triggered DOX Loaded FA-
NH2-Fe BDC MOF at a pH level of 5.3 and 37 °C

Hixson-Crowell

1.2
1
y =-0.0023x + 1.0009
R?=0.9991
0.8
(3]
~
i
<
= 0.6
S ¢ Seriesl
) . .
= 04 —— Linear (Series1)
0.2
0 T T T T T 1
0 50 100 150 200 250 300

Time(sec)

Figure A14: Hixon- Crowell Model of the ultra-sound triggered DOX Loaded FA-
NH2-Fe BDC MOF at a pH level of 5.3 and 37 °C
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Figure A15: Baker- Lonsdale Model of the ultra-sound triggered DOX Loaded FA-
NH2-Fe BDC MOF at a pH level of 5.3 and 37 °C
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Figure A16: Weibull Model of the ultra-sound triggered DOX Loaded FA-NH2-Fe
BDC MOF at a pH level of 5.3 and 37 °C
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Figure A17: Hopdenberg Model of the ultra-sound triggered DOX Loaded FA-NH2-

Fe BDC MOF at a pH level of 5.3 and 37 °C
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Figure A18:Gompertz Model of the ultra-sound triggered DOX Loaded FA-NH2-Fe

BDC MOF at a pH level of 5.3 and 37 °C

70



Zero Order

0.9

y =0.0028x + 0.1424
R?=0.9417

0.8

0.7

0.6

0.5

CFR

0.4

V'S ¢ Seriesl

03

/ —— Linear (Series1)

0.2

0.1 -

50 100 150 200 250 300

Time(sec)

Figure A19: Zero Order Model of the ultra-sound triggered DOX Loaded NH2-Fe

BDC MOF at a pH level of 5.3 and 37 °C
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Figure A20:First Order Model of the ultra-sound triggered DOX Loaded NH2-Fe

BDC MOF at a pH level of 5.3 and 37 °C
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Figure A21: Higushi Model of the ultra-sound triggered DOX Loaded NH2-Fe BDC

MOF at a pH level of 5.3 and 37 °C
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Figure A22: Korsmeyer-Peppas Model of the ultra-sound triggered DOX Loaded

NH2-Fe BDC MOF at a pH level of 5.3 and 37 °C
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Figure A23: Hixon- Crowell Model of the ultra-sound triggered DOX Loaded NH2-

Fe BDC MOF at a pH level of 5.3 and 37 °C

0.2

0.15

0.1

0.05

3/2[1-(1-CFR)A2/3]-CFR

-0.05

Baker-Lonsdale

y = 0.0008x - 0.0221
* R? = 0.9938

¢ Seriesl

—— Linear (Series1)

Time(sec)

Figure A24: Baker- Lonsdale Model of the ultra-sound triggered DOX Loaded NH2-

Fe BDC MOF at a pH level of 5.3 and 37 °C
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Figure A25: Weibull Model of the ultra-sound triggered DOX Loaded NH2-Fe BDC

MOF at a pH level of 5.3 and 37 °C
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Figure A26: Hopdenberg Model of the ultra-sound triggered DOX Loaded FA-NH2-

Fe BDC MOF at a pH level of 5.3 and 37 °C
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Figure A27: Gompertz Model of the ultra-sound triggered DOX Loaded NH2-Fe
BDC MOF at a pH level of 5.3 and 37 °C
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