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Abstract

Cancer has emerged to become one of the predominant diseases ever known to
humanity, with chemotherapeutic agents as leading methods for treating it. However,
this blind-sighted treatment method that targets all cells; healthy and cancerous, has led
to a broad spectrum of side effects that include fatigue, hair loss, nausea and even heart
problems. Although potential drug nanocarriers are currently used in the market, e.g.,
liposomes, yet, their drug loading capacity is still a challenging aspect limiting their
usage. This work aims to investigate the development of a novel hybrid nanocarrier
from liposomes and Metal-Organic Frameworks (MOFs). In this work, a successful
coating of MOFs with liposomes was established by fusion during the preparation of
the liposomes. The liposomal coating was verified using several techniques namely,
Dynamic Light Scattering (DLS), Cryogenic transmission electron microscopy (Cryo-
TEM) and zeta potential. DLS measurements showed a change in the diameter of
liposomes from 150+0.82 nm to 163.1+2.16 nm for coated MOFs. Cryo -TEM also
showed an increase in the diameter from 155.55 nm for Fe-BTC MOFs and 169.23 nm
for coated MOFs. The zeta potential showed charge difference of unloaded, loaded and
coated MOFs from a high negative value of -39.33+0.42 mv for loaded MOFs to a
relatively neutral charge of 6.23+0.47 mv for coated MOFs. Low-frequency ultrasound
(US) at 35 kHz was used as a stimulus to trigger drug release from coated and uncoated
MOFs. The ultrasound triggered release reached up to 70% and 50% for coated and
uncoated MOFs, respectively. Furthermore, comparing release profiles with and
without US, showed statistically significant difference indicating that US can
drastically increase the drug release. The effect of US on MOFs structure in terms of
crystallinity and composition was analyzed via Fourier Transform Infrared (FTIR) and
X-ray powder diffraction (XRD). The FTIR patterns showed a significant change in
some of the pore bonds, thus indicating that US alters some pores in the MOFs. The
XRD patterns showed that the ultrasound maintained the crystallinity of the MOFs.
Further modelling of the release kinetics with ultrasound for both coated and uncoated

MOFs was conducted.

Keywords: Drug delivery, cancer, liposomes, metal-organic frameworks, ultrasound



Table of Contents

ADSTFACT. ..o e 6
TaDIE OF CONTENTS....c.viiiiiie e et sre e ste et sreenne e 7
LISE OF FIQUIES ...ttt ettt et e e nre e enes 10
LISt OF TADIES ... bbb 12
LiSt Of ADDIEVIALIONS .....covviiiiiicec e 13
Chapter 1. INtrOQUCTION ........eeiiieie e e e nreas 14
Chapter 2. LIterature REVIEBW ..........ccviiiiiiiieieie e 17
2.1. Drug Delivery SYStEMS ........cccuiieiiieiine e 17
2.2. Novel Drug DeliVery SYStEMS........ccoiiiriiirinicieniese e 17
2.2.1. Passive targeting........covouiiriiriiiii e 18
2.2.2. ACtiVetargeting.......c.ooviniiii i, 18
2.2.3. Triggered MechanisSm...............oiiiiiiiiii it e, 19
2.3, LIPOSOMES.....ccuieiiiiieiteee ettt ettt e sre et raenaeeneenne s 19
2.3.1. Classification of IpOSOMES..........ccooviiiiiiiiiiiiiie e, 20
2.3.2. Parameters influencing the behavior of liposomes................ 21
2.3.3. Methods of liposomes preparation..................ccooevviiiiinnn, 22
2.3.3.1. Thin film hydration method. ...........cccoiiiiiniiien 22
2.3.3.2. Reverse-phase evaporation............ccceeceverenennseeiennenns 23
2.3.3.3. Solvent injection teChnique. ........ccccceviiiiininiice 23
2.3.3.4. Detergent dialysis (removal of non-encapsulated
MALEITAD). .oveeieiiece e 23
2.3.4. Limitations of lipOSOMES..........ccoovviiiiiiiii e e, 23
2.3.5. Therapeutic application of liposomes in drug delivery........ ....24
2.4. Metal Organic Frameworks (MOFS) ........cccooeiieiiiie e 24
2.4.1. Brief history of MOFS........ccooiiiiiii i, 25
2.4.2. ClassesS Of MOFS. ... ..cuiuiiiiii e, 25
2.4.3. SynthesiSOF MOFS. ..o, 26
2.4.3.1. Slow evaporation method...........ccoceviieniiinniee 27
2.4.3.2. Solvothermal Ssynthesis. ... 27
2.4.3.3. Microwave-assisted synthesis. ..........ccccevvevieeineineenne, 27
2.4.3.4. Electrochemical synthesis ..........cccovveviiviiieiieciec e, 27
2.4.3.5. Sonochemical synthesis...........ccccovvevieiiieiieiiec i, 27
3.4.4. MOFs as anti-cancer drug Carriers............o.eveeeiieeeneennnen, 27

7



3.4.5. Hybrid system of MOFs and liposSOmes...................ceevee . 29

2.5.  Ultrasound in Triggering Release..........cccccvevevieveiieiie e 35
Chapter 3. ODJECLIVES.....cuiiieiiieie ettt re e be e nreas 36
Chapter 4. EXperimental PrOCEAUIES. .........coueiiiieiiieiicieseeeee e 37

A1, MALEIIAIS ... e s 37

A.0.0. LIPOSOMES. ...ttt et et ettt et e e e s 37

A.1.2. MOFS. ...t e 37

4.2, MEINOUS ..ot 37

4.2.1. Characterization of Fe-BTC MOFS............coovviiiiiiiinnnn. 37

4.2.2. Loading of Fe-BTC MOFs with calcein............................ 38

4.2.3. Preparation of pegylated liposomes....................cooeiiiin 39

4.2.4. Encapsulation of MOFs by liposomes...............ccccoevviinnn 39
4.2.5. Confirming the encapsulation of Fe-BTC by dynamic light

SCALEEIING . ..vit ittt e 39

4.2.6. Encapsulation of MOFs by liposomes...............ccooeviin 39

4.2.7. Confirming the encapsulation of Fe-BTC by cryo-TEM..........40
4.2.8. Investigating the encapsulation of Fe-BTC by release

experiments without the use of ultrasound........................ .40

4.3, Statistical ANAIYSIS.......cceiviiieiiiie st 41
4.4. Mathematical Modelling..........ccccoevieiiiiiieec e 41
441, ZEIO OFUBT ...\ttt e e e, 41
442, FIrSLOMAEI. .. ., 42
443, HIQUCNI.....oo 42
4.4.4, KOrSMEYErS PEPPaS......ouiuinininiiieiee e 43
4.45. Hixson Crowell..........coooiii e, 43
4.4.6. Weibull.... ... 43
447, HOPTENDEIG. .. oo 44
448, GOMPEIZ. ... e 44
4.4.9. BakerLonsdale...........ccooiiiiiii 45
Chapter 5. RESUILS .....ccuvieiie ittt e e re e 46
5.1.  Characterization of FE-BTC MOFS ........cccceiiiiiiiiieiie e 46
5.1.1. TEMimages of Fe-BTC MOFS........c.ccoiiiiiiiiiiiiiiiiiiine, 46
5.1.2. XRD pattern of Fe-BTC MOFS..........ccoiviiiiiiiiiiiiinn 46
5.1.3. TGA analysis of Fe-BTC MOFS...........ccooviiiiiiiiiiiinn, 47
514, FTIROfFe -BTC MOFS......cviviiiiiiiiiiiieiee e e 47

8



5.2. Loading Efficiency of Fe-BTC MOFS.........cccccceiiiieiieie e 48

5.3. DLS Results of Liposomes and Coated Fe-BTC MOFs ............cccevnen. 49
5.4. Cryo-TEM Results of Uncoated and Coated Fe-BTC MOFs................. 49
5.5. Zeta Potential Results of Unloaded Fe-BTC MOFs, Loaded Fe-BTC
MOFs and Loaded Coated Fe-BTC MOFS........cccoovvrvnirnieesee e 51
5.6. Fluorescence Release EXPEriMeNtS.........ccccovviiiieiiniienineneeeeees 52
5.7.  Release Experiments of Uncoated and Coated Fe-BTC MOFs Without
UIEFASOUNG.....c.eiiie et 54
5.8. Release Experiments of Uncoated and Coated Fe-BTC MOFs with
O] {011 g o SRS 55
5.9. Comparison of Release Experiments for Uncoated and Coated Fe-BTC
IMIOFS e re et a e rae e 57
5.10. Impact of Ultrasound on Fe-BTC MOFS ........ccccevveviiieiiiiciiece e 59
5.10.1. FTIR of unloaded MOFs, loaded MOFs and loaded MOFs after
S e 59
5.10.2. XRD of loaded MOFs and loaded MOFs after US................. 60
5.11. Statistical ANAlYSIS ......cccoveiieiiiiciiee e 61
5.12. Drug Release Kinetics Mathematical Modelling ............c.cccoovveiienennn. 63
Chapter 6. Conclusion and FUtUre WOTK ...........ccccoiiiiiininiiicieec e 70
L E =T 1=] 0TSSR 72
Y 0] 1=] 116 ) TSR TP TP PPV 80
[V TSSO SSSURSTSSSRR 90



List of Figures

Figure 1: Common cancers in Abu Dhabi 2014[6].......ccccccevviieiiieiiiieieese e 15
Figure 2: EPR effect in blood vessels near cancer cells [23].......cccccevevvevviccieeciene, 18
Figure 3: Active targeting SChematic [24]. ..o iiveii i 19
Figure 4: Schematic of a liposome structure [31].......ccccevveveiieiieiicie e 20

Figure 5: MOF-5 where ZnOs tetrahedra (blue polyhedra) joined by benzene
dicarboxylate linkers (O, red and C, black) to give an extended 3D cubic
framework with yellow sphere representing the pore area [48]. .................. 25

Figure 6: Crystalline MOF to the left and an amorphous MOF to the right................. 26

Figure 7: Schematic Illustration of (A) Preparation of Multifunctionalized CPC@MOF
Nanoprobe and (B) Cathepsin B-Activated Cancer Cell Imaging and Chemo-
Photodynamic Therapy [85]......cccouriiiiiiieitre e, 28

Figure 8: Time-dependent in vivo fluorescence images of subcutaneous................... 29

Figure 9: Fluorescence release measurement of Lip-MIL-88A in various solvents.
Water (blue) and water with the addition of Triton X-100 (red), as an
additional of ALF (black) and uncoated particles (green) [60]. ................. 31

Figure 10: The corresponding photographs illustrating the changes of bare and coated

nano Zr MOFs suspensions under various chemical environments (100 mM)
or 10% of the above compounds [62]. .......cccccveveeiieiieiie e 33
Figure 11: Fluorescence microscopy studies of CHO cells incubated with calcein-
loaded cationic silica core or protocells after successive lipid fusion
exchange with oppositely charged liposomes. Stronger green emission

indicates a higher level of calcein delivery [63].......cccccoveviiieiiiciiee, 34
Figure 12: TEM images 0f FE-BTC MOFS.......cccccoeiiiieieecece et 46
Figure 13: XRD pattern of Fe-BTC MOFS........ccccoveiiiieiecce e 47
Figure 14: TGA Of FE-BTC MOFS. ...cviiiiiieeie ettt 47
Figure 15: FTIR Of FE-BTC MOFS.......ccoiiiiiiiiieieiese e 48
Figure 16: Cryo-TEM image of FE-BTC MOFS. .......ccccooiiiiniiieeiec e 50
Figure 17: Cryo-TEM image of coated Fe-BTC MOFS. .......cccccoiveiiiiniieicneccee, 50
Figure 18: Calcein calibration CUNVE. ..........cooiiiiiiiieiceeeee s 53

Figure 19: Calibration curve for Calcein model in the non-self-quenching region.....54
Figure 20: Normalized release profiles of uncoated and coated Fe-BTC MOFs without
the use of ultrasound. Results reported are the average of three trials + standard
0 [CY = [0 SO SURRSTPSSRRR 55
Figure 21: Normalized release profiles of Uncoated and coated Fe-BTC MOFs with the
use of ultrasound at 35 kHz. Results reported are the average of three trials
£ standard deVIAtioN. ..o 57
Figure 22: Normalized release profiles of uncoated and coated Fe-BTC MOFs with and
without the use of ultrasound. Results reported are the average of three trials

£ standard deVIAtioN. ..o 58
Figure 23: FTIR for Fe-BTC MOFs at several conditions. ..........ccccccvvveeiiiecinevnnenne. 59
Figure 24: XRD for Fe-BTC MOFs before and after US. ............ccccov e, 60
Figure 25: Zero-order model for coated MOFS. ........ccccooiviiieiiiiiic e 63
Figure 26: First-order model for coated MOFS.........cccceiiiiiieiicie e 63
Figure 27: Higuchi model for coated MOFS. ... 63

10


file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790291
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790291
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790291
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790292
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790295
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790295
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790295
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790296
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790296
file://///ausdrive.aus.edu/g00077511/final%20thesis/Thesis_Project%20Template.docx%23_Toc26790296

Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:

Korsmeyers Peppas model for coated MOFS. .........ccccoevviviiiiiecic e, 64
Hixson Crowell model for coated MOFS. ........cccoviiiiieiiiie e, 64
Baker Lonsdale model for coated MOFS. ........cccocveiieiiiiieciee e 64
Hopfenberg model for coated MOFS..........ccccvvveviiieiiee e, 65
Weibull model for coated MOFS. ........c.cooiiiiiiiieciee e 65
Gompertz model for coated MOFS. ........ccccceiiieieiieiece e 65
Zero order model for uncoated MOFS. .......c..ccooviiiieiiiiececee e 66
First order model for uncoated MOFS. .........cccceevviiiiiiee i, 66
Higuchi order model for uncoated MOFS. .........cccooeiiienciciinieeceee, 66
Korsmeyer-Peppas model for uncoated MOFS. .........cccocvvviiiniennieninnnnn, 67
Baker-Lonsdale model for uncoated MOFS. ......c..cccoveeiivieiviieeeciee e, 67
Weibull model for uncoated MOFS. ......c...oooiviiiiiiiceec e 67
Hoffenberg model for uncoated MOFS. .........cooiiiiiiiiiicceeeee 68
Gompertz model for uncoated MOFS...........cociiiiiiiicne e 68
Size distribution for coated MOFS. ........oocviviiiiiiie e 80
Size distribution for [IPOSOMES. .........cccoiiiiiiiiice e 80
Cross correlation for Coated MOFS. ........cocviiiiiiiiie e 81
Cross correlation for HPOSOMES. .........cciveiieieiicce e 81
Zeta potential distribution for unloaded MOFs. ..........ccccociviviiiiieiecen, 82
Zeta potential distribution for loaded MOFS. ..........ccccoeiiiiiiiiiiiciecen 82
Calibration CUIVe SPECLIUML. ......ecviiieciecie e 83
Release without US on uncoated MOFs Trail 1........cccccceveiiiieiiineccniee, 83
Release without US on uncoated MOFS Trail 2 .......cccccoeeveiviieiciee e, 84
Release without US on uncoated MOFs Trail 3.........ccccoceveiviieiiiec e, 84
Release without US on coated MOFS Trail 1.......cccccooevvviiieiiiieiiiee e, 85
Release without US on coated MOFS Trail 2.......cccccocvvviiiieiiiieiiiee e, 85
Release without US on coated MOFS Trail 3.......cccoocvviiiiiiiiiecieee e, 86
Release with US on coated MOFS Traill.......c..cccooveeviiiiiieeiiiee e, 86
Release with US on coated MOFS Trail 2..........coovvevviieiviiieiiee e, 87
Release with US on coated MOFS Trail 3.........cooovviiviiiiiieeeee e, 87
Release with US on uncoated MOFS Trail 1........cccccocvvviviieiiieecciee e, 88
Release with US on uncoated MOFS Trail 2 .......ccccoocvvvvviieiiiieicieeeie, 88
Release with US on uncoated MOFS Trail 3........ccccoocveiviieiiieecciee e, 89

11



List of Tables

Table 1: Liposomes classification based on composition and their characteristics [27].

...................................................................................................................................... 21
Table 2: Liposome-based drugs on market [43]. .......cccooririiiieieienesese e 24
Table 3: Summary of the drug release Kinetics models. .........c..ccoeeveeiie i vie e, 45

Table 4: Fluorescence intensity of the mother calcine solution and the supernatant...48
Table 5: Radius measurements of Fe-BTC MOFs before and after encapsulation. ....49
Table 6: Radius measurements of Fe-BTC MOFs before and after encapsulation. ....49
Table 7: Zeta potential values of Fe-BTC MOFs before and after encapsulation. ......51

Table 8: Maximum calcein concentration (mM) calculated for three trials. ............... 52
Table 9: Maximum calcein maximum fluorescence intensity calculated for three trials.
...................................................................................................................................... 54

Table 10: Comparison of different drug release trigger mechanisms from MOFs......56
Table 11: Comparison of different drug release stimuli from MOFs after 20 minutes of

[0 [0 U] (PSPPI 58
Table 12: The statistical analysis (p-value) of comparing drug release of uncoated and
coated MOFs release % without and with US individually......................... 61
Table 13: Statistical analysis (p- value) comparing drug release of uncoated and coated
MOFs release % With US . ..o 62
Table 14: R-Sqgaured of the models for uncoated and coated MOFs. ...........cccccvevenen. 69

12



CRYO-TEM

DLS

DPPC

Fe-BTC

FTIR

MOFs

NP

PEG

PBS

RES

SUvV

TEM

TGA

ULv

us

XRD

List of Abbreviations

Cryogenic transmission electron microscopy
Dynamic Light Scattering
Dipalmitoylphosphatidylcholine
Iron 1,3,5-benzenetricarboxylate
Fourier Transform Infrared
Metal Organic Frameworks
Nanoparticle
Poly-ethylene Glycol
Phosphate Buffer Saline
Reticuloendothelial System
Small Unilamellar Vesicle
Transmission electron microscopy
Thermogravimetric analysis
Unilamellar Vesicle
Ultrasound

X-ray powder diffraction

13



Chapter 1. Introduction

Cancer is defined as a group of abnormal cells that goes into intractable growth
inside the body. All cells in our bodies have specific functions to do; normally the
human cells go into an orderly cellular division. For instance, a cut is healed because
the cells in the skin respond to a signal triggering them to divide and form new cells
which will fill the injured area. Once the skin is healed the cells respond to another
signal that triggers the cells to stop dividing. When cells are worn out, damaged or are
dead, new cells take their place. However, cancerous cells keep on dividing, making
new cells and crowd out healthy cells where in that part of the body cancer starts [1].
Cancer is a genetic disease, in which mutations occur in the genes that control our
cellular function in specific growth and division. These genetic mutations can either be
inherited from our parents or evolved during a person’s lifespan due to damage in the
DNA caused by the external environment; such as exposure to chemicals and ultraviolet
radiation from the sun [2].

In a broader concept, most cancers form solid tumors, which are masses of
tissue. However, leukemia, which is cancer of the blood, does not generally form solid
masses. The difference between a malignant (cancerous) tumor and a benign
(noncancerous) tumor; is noncancerous tumors do not travel throughout the body. In
contrast, cancerous tumors can spread or seize nearby tissues; some are even able to
invade other places in the body to form secondary tumors, which are known as
metastases [3].

As most cells undergo cellular division, chaos in cell division can occur, which
is the reason for over 200 types of cancer. The name of the organ or the tissues where
cancer evolves usually determine the type of cancer, which are far too numerous to
include here. The major general types of cancer are carcinoma, sarcoma, leukemia,
lymphoma, and myeloma and central nervous system cancers.

Cancer remains one of the deadliest diseases known to humanity and is still on
an ongoing battle of treating it since Hippocrates’ (father of medicine) time till now
(post-genomics era). It escalated to become a significant health hazard at a global level,
threatening both developed and undeveloped countries. In 2015 cancer was declared as
the second leading cause of death (after cardiovascular diseases) with lung cancer, liver

cancer, colorectal cancer, stomach cancer and breast cancer as major primary cancers,
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respectively [4]. In 2018, American cancer society estimated there will be 1,735,350
new cancer cases and 609,640 cancer deaths in the U.S. by 2018, which translates to
about 1,670 deaths per day. The appalling rates of cancer were not different in the
Middle Eastern region, with world health organization (WHO) estimating it to be
highest relatively in a number of cancer cases of all regions in the world by 2030 [5].0n
a more specific level, in United Arab Emirates cancer is the third leading cause of death
in the emirate of Abu Dhabi. Figure 1 indicates the frequent cancers in Abu Dhabi,
UAE 2014 [6].

5.60% 4.60%

N

12%

= Others = Breast = Colorectal = Thyroid = Leukemia = Cervix

Figure 1: Common cancers in Abu Dhabi 2014 [6].

Many techniques have emerged to cure cancer, with a basic concept to cease the
cellular division of these cancerous cells. The most common cancer treatments used
today include surgery, radiotherapy, and chemotherapy. Many factors determine the
appropriate therapy method for cancer, and a combination of techniques is often used.
Surgery and radiotherapy have monopolized cancer treatment field for a long time.
However, surgical methods only eliminate clear bounded tumors and radiotherapy is
often a follow-up therapy used to banish cancer cells missed by the surgeon’s scalpel.
Chemotherapy emerged, as some cancer tumors are challenging to resect or they
become immune to radiotherapy [7].

Chemotherapy exploits cytotoxic agents that interrupt the cellular division
process and cause cancer cells death by either damaging the DNA or proteins in the
cells that are essential for cellular division. This form of therapy targets both normal
and cancer cells, basically any rapidly dividing cells. Though normal cells can heal
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from any chemical damages, cancer cells do not; they therefore die. There are diverse
cytotoxic agents wused in chemotherapy which include alkylating agents,
antimetabolites, anti-tumor antibiotics, topoisomerase inhibitors and tubulin-binding
drugs. These drugs, once induced into the body, should circulate through the body,
avoiding defense mechanisms and encountering the tumor. Nevertheless, the majority
of these drugs do not complete this cycle and end up either ineffective or toxic to the
patient. Infective chemotherapy occurs when some cells mutate and become resistant
to the drug. Furthermore; rapid cellular division induces more cells that are resistant to
chemotherapy. The toxicity of chemotherapy lies in the fact that it is an unanchored
treatment method. As a result, healthy and cancer cells are both interrupted causing
severe side effects, such as nausea, vomiting, hair loss, acute cholinergic
gastrointestinal effects and heart problems (cardiac toxicity) [7], [8].

These blind-sighted techniques, which cannot discriminate healthy and
unhealthy cells nor localize the drugs in the diseased regions of the body has led to the
development of novel drug carriers. This thesis investigates the development of hybrid
novel drug carriers, namely liposomes coated Metal organic frameworks (MOFs) as a
potential drug delivery system carrier that can surpass the limitations of many current

novel carriers.
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Chapter 2. Literature Review

2.1.  Drug Delivery Systems

Drug delivery is defined as the methods, approaches and technologies involved
in administrating therapeutic compounds into biological systems such as humans [8].
Drug delivery systems can be further divided into conventional drug delivery and novel
drug delivery. Conventional drug delivery systems are the classical methods of
delivering drug into the body which includes:

Oral: The drug is delivered through the mouth. It is the most preferred method
because it is highly acceptable by the patient, however, it has some drawbacks such as
the uncertainty of the absorption. Also, the drug has to resist the digestive system
enzymes and penetrate to the bloodstream [9].

Transdermal: The drug is delivered through the skin. Despite its convenient,
pain-free and self-administration for patients, it restricts drug option and requires
significant time [10].

Transmucosal: The drugs can be administrated either via a nasal route or oral
(under the tongue)/buccal route. It offers the advantages of evading some of the body’s
defence mechanism, yet it is limited to small doses drugs [11].

Pulmonary: The drug is inhaled into the lungs. The high surface area of the lungs
offers an extensive site for absorption, but the efficacy of the drug depends on the
specific ejection site within the lung [12].

Intravenous injection: The drug is injected into the veins. Although it is the most
efficient means of delivering the drug, yet the complications and adverse events
associated with it restrict its application [13].

Due to the numerous drawbacks of the conventional drug delivery systems, a
need has emerged for novel smart drug delivery systems that achieve the full therapeutic
drug potential. The section below presents some of the novel drug delivery systems that
include but not limited to liposomes, metal organic frameworks and hybrid liposome-
metal organic frameworks.

2.2.  Novel Drug Delivery Systems

Novel drug delivery systems integrated polymer science, pharmaceutical

technology, bioconjugate chemistry, and molecular biology capitalizing on ideas of

controlling the pharmacokinetics, pharmacodynamics, immunogenicity, and
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biorecognition to achieve drug efficacy [14]. Various Nano-systems are utilized to
deliver the drug to the intended sites including nanoparticles, nanosponges, liposomes,
dendrimers, micelles and cyclodextrins [15]. Those nano-systems offer optimized drug
loading, enhanced drug efficacy and bioavailability, lower toxicity and can be further
modified to target the required zone [16]. Drug targeting is the ability of the drug to
accumulate in the target area which can be either a tissue or an organ, providing a
continuous supply of therapeutic drugs [17]. There are three major mechanisms of drug
targeting which are passive, active and triggered mechanism.

2.2.1. Passive targeting. Drug efficacy depends on circulation time and the
leaky vasculature areas around tumors that offer accumulation at targeted sites on the
count of enhanced permeability and retention (EPR) phenomenon, Figure 2. Circulation
time can be increased by evading the immune system, which can be achieved by
controlling certain parameters of the nanocarriers notably size and surface. Usually,
nanocarriers having less than 200 nm size have significantly longer circulation times.
More recently it was reported that the optimum diameter for a spherical nanocarrier to
avoid clearance is 150 nm [18]. Surface modification is attained by the incorporation
of several substances such as polyethylene glycol (PEG). Such substances alter the
surface of nanoparticles to evade opsonization by the reti-culoendothelial system [19],
[20].

2.2.2. Active targeting. It is similar to passive targeting in the sense that
nanocarriers also localize in cancer cells. However, it is further modified to interact
specifically to the tumor cells by attaching a ligand that targets specific receptor at the
tumor cells ,Figure 3. The overexpression of tumor cells to specific receptors determine
the type of ligand that will be attached to the nanoparticle such as antibodies and their

variable fragments, peptides, folate, vitamins, and carbohydrates [21],[22].
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Figure 2: EPR effect in blood vessels near cancer cells [23].
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Figure 3: Active targeting schematic [24].

2.2.3. Triggered mechanism. The difference in the environment surrounding
cancer sites compared to normal cells, has attributed to several factors that can be
utilized as to release the drug from nanocarriers. They can be internal such as pH, redox,
enzyme, temperature, etc or external such as temperature, light, ultrasound, magnetic
fields, etc. [25]. Enzymes are selective to certain linkers. For example, peptides can
trigger proteases and polysaccharide can trigger glycosidases. This serves as the base
for triggered release. Meaning the degradation of the nanocarrier is prearranged
according to the enzyme sensitivity [26]. External triggering is even more selective as
it controls both the nanocarrier mobility and release. Magnetic fields have been reported
to direct and localize iron oxide nanoparticles to cancer sites [27]. This indicates the
possibility of combining several triggering factors to incorporate the drug release and
localization.

2.3.  Liposomes

Liposomes are spherical vesicles composed of one or more phospholipids
bilayers; they serve as drug delivery vehicles [28]. Liposomes are amphiphilic
molecules having a hydrophilic head which is mainly phosphoric acid bound to a water-
soluble molecule and two hydrophobic tails consisting of fatty acid chains. They align
themselves in a thin sheet-like structure with heads facing aqueous region while the
tails face each other, thus forming the bilayer spherical form when dispersed in an

aqueous medium as shown in Figure 4 [29]. Liposomes have become one of the major
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pharmaceuticals carriers that have a high potential owing to their biological advantages
including biodegradability, biocompatibility and tunability in terms of size, and ability
to entrap soluble and insoluble drugs and modify charge and surface properties by
altering the lipid composition [30].

Hydrophilic Head
Lipophilic Tails

\
N

phospholipid
molecules

Figure 4: Schematic of a liposome structure [31].

2.3.1. Classification of liposomes. Liposomes can be classified according to
the size or the composition.
e On the size basis
Liposomes size vary ranging from very small (25 nm) to large (2.5 pm). It is
an essential factor to be considered as a criterion of the circulation time as mentioned
earlier. Liposomes can also have one or a number of bilayers which discrete them in
two categories: (1) multilamellar vesicles (MLV) having more than one lipid bilayer
and (2) unilamellar vesicles having one lipid bilayer which are further classified into
two categories 1) large unilamellar vesicles (LUV, >100nm) and (2) small unilamellar
vesicles (SUV,<100 nm) [29], [30].
e On the composition basis
Liposomes are composed of natural or synthetic lipids that have a pronounced
effect in determining the interaction of liposomes and cells. The net physicochemical
properties of the lipids comprising liposomes determine the membrane fluidity, charge
density, steric hindrance, and permeability [32]. Table 1 lists typical composition-based

liposomes and their characteristics.
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Table 1: Liposomes classification based on composition and their characteristics [27].

Type Characteristics
Conventional liposomes | Neutral or negatively charged phospholipids plus
cholesterol.

pH-sensitive liposomes Stable at physiological pH but are destabilized

upon acidification following cellular internalization,
thereby, promoting the release of their contents into
the cytosol

Cationic liposomes Their cationic lipid components interact with, and
neutralize, the negatively-charged

DNA, thereby they are being researched in gene
therapy.

Immuno -liposomes Have specific antibodies or antibody fragments
on their surface to enhance Target site binding.

long-circulating liposomes| Coating of the surface by hydrophilic compounds,
currently the most common is conjugating the
hydrophilic polymer polyethylene glycol (PEG)
covalently to the outer surface

of the liposomes.

2.3.2. Parameters influencing the behavior of liposomes. The ability of
liposomes to effectively deliver the encapsulated drugs to the target cells and effectively
perform its therapeutic requirements can be optimized in term of drug content, stability,
desirable biodistribution patterns, and cellular uptake. Altering the physicochemical
parameters includes the fluidity of bilayer membrane, surface charge density, surface
hydration and size [32].

e Bilayer fluidity

The lipid bilayer of the liposomes has a unique property which is fluidity
(relative mobility), and this fluidity changes with a phase transition temperature. Lipids
below this temperature exist as well-ordered arranged solids, and above this
temperature, they exist as liquid crystalline fluid. Thus, the fluidity of liposomes is
controlled by the transition temperature of the lipids it is composed of. This plays a
critical role in the immune system response of liposomes and circulation time as it is
noted that liposomes with high transition temperature have a lower uptake by the

immune system compared to those with lower transition temperature [33]. Furthermore,
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including cholesterol in the lipid bilayer formulation seems to add more rigidity to the
liposomes and prevent premature release [34].
e Surface charge density

The surface charge of liposomes plays a crucial role in their cellular uptake and
how the drug enters the cell [35]. Negatively charged liposomes have a higher uptake
by endocytosis compared to neutral liposomes. In vivo studies have shown that such
liposomes stimulate uptake through interaction with serum proteins [36], however, as
they can interact with serum proteins, forming opsonins that can drastically be
eliminated from the body [37]. While neutral liposomes lack the specific interaction
with cells and the drug usually enters after extracellular release from liposomes [38].
On the other hand, positively charged liposomes deliver drugs by fusion with the cell
membrane, but the cytotoxicity has been the main hindrance in their usage as drug
carriers. They induce an inflammatory response in the cells because they interfere with
the potassium-sodium solute pump of the cells membranes which leads to cell death
[39].

e Surface hydration

The efficacy of a liposomal drug delivery system depends mainly on long
circulation time; this is directly related to bypassing the immune system. The surface
engineering of liposomes has been a breakout in the development of stealth liposomes.
It offers liposomes the invisibility attribute by coating the outer surface of liposomes
by stealth improving properties substances. As a result, these modified liposomes are
prevented from binding and recognition by plasma proteins [40]. The incorporation of
substances with hydrophilic groups such as monosialoganglioside (GM), hydrogenated
phosphatidylinositol (HPI) and polyethylene glycol (PEG) forms a layer close to the
liposomes which hinders their uptake by blood plasma [41].

2.3.3. Methods of liposomes preparation. All the preparation methods of
liposomes include fundamental steps: Drying down the lipids in an organic solvent,
dispersing the lipids in an aqueous solution, purifying the resulting liposomes and
analyzing/characterizing the final product [30]. The difference in the fundamental steps
leads to the various preparation techniques of liposomes

2.3.3.1. Thin film hydration method. This is one of the simplest methods to

prepare liposomes; a mixture of lipids is dissolved in an organic solvent which is later
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removed by means of evaporation to make a thin lipid film. Hydration is followed up
at constant stirring at a temperature higher than the lipids transition temperature [42].

2.3.3.2. Reverse-phase evaporation. This method was first described by Szoka
and Papahadjopoulos; it is based on composing inverted micelles. This method depends
on the slow elimination of inverted micelles that are in an aqueous solution containing
encapsulated molecules and an organic solvent. The use of sonication leads to
transforming these inverted micelles into a gel form which further disintegrates
remaining phospholipids that surround the remaining micelles and form the remaining
bilayer, thus making the bilayer liposomes [30].

2.3.3.3. Solvent injection technique. This method involves the dissolving of the
lipids by an organic solvent which is injected into an aqueous solution containing the
encapsulated molecules. The organic solvent is continuously removed under
evaporation and reduced pressure. These methods offer simplicity and small size
liposomes but with a heterogeneous nature and a full size distribution [30].

2.3.3.4. Detergent dialysis (removal of non-encapsulated material). The lipids
are solubilized by a detergent, forming micelles. As the detergent is removed by
dialysis, micelles lose their bounded detergent molecules, and phospholipids align to
form liposomes [43].

2.3.4. Limitations of liposomes. The liposome drug delivery system manages
to overcome many of the traditional chemotherapy barriers. It offers the sustained
predetermined release rate, localizes drug action in the desired tissue and addresses the
concerns of toxic drugs, however, it is still inadequate in some aspects [44]. From the
physical point of view, liposomes are still unstable and can aggregate and fuse together
without retaining their size distribution, which can impact their shelf-life as the drug
might leak and undergo reactions within the liquid in which liposomes are stored. At a
chemical level, phospholipids might undergo oxidation of unsaturated fatty acid chains
and the hydrolysis of the covalent bonds that conjugate the fatty acid to the glycerol,
thus, affecting the fatty acid chain length which eventually influences the liposomes
quality. Sterilization of liposomes is still an issue as most sterilization processes either
require high temperatures which can result in degradation of liposomes, lack of
conveniences such as gamma radiation and saturated steam or have high cost such as
filtration and denes gas techniques [45]. The large-scale production of liposomes, as
clinically approved drug carriers, is still governed by the high costs associated with the
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raw materials and manufacturing process. The typical method of forming large vesicles,
then downsizing by sonication, cannot serve in large-scale production and is limited
only to laboratory small-scale production [46].

2.3.5. Therapeutic application of liposomes in drug delivery. The first
application of liposomes as drug carriers was Doxil in 1995. Doxil is the drug
doxorubicin encapsulated in a liposome. It has several advantages: Over free
doxorubicin includes prolonging circulation time, invisibility to the immune system,
high and stable loading and having liposomes bilayer at high transition temperature (53
°C). However, Doxil mainly employs the passive targeting method which relies on the
enhanced permeability and retention (EPR) effect [47]. Table 2 summarizes some of

the current approved and used liposomes-based drug carriers.

Table 2: Liposome-based drugs on market [43].

. Dru
Product name| Route of | Drug | Particle type g Approved
injection form/Storage indication
time
DaunoXome| Intravenous| Daunor| Liposome Emulsion/12 Blood tumors
months
Doxil Intravenous| DOX | PEGylated Suspension/20 Kaposi’s
_ sarcoma,
liposome months Ovarian/breast
cancer
Lipo-dox Intravenous! DOX PEGylated Suspension/36 Kaposi’s
liposome months sarcoma,
ovarian/breast
cancer

2.4. Metal Organic Frameworks (MOFs)

Metal organic frameworks are hybrid crystalline materials, which are
composed of organic units (negatively charged linkers) such as ditopic or polytopic
organic carboxylates and inorganic units (metal cations). This crystalline construction
offers an open porous structure that gives a high porosity and high surface area to MOFs

in comparison to others such as zeolites and carbons. Typical pore sizes range up to 2
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nm which accommodates small molecules. Though, a variation of the metal ions or
organic ligands can induce a larger pore size [48]. The investigation of MOFs as
potential drug carriers emerged from the fact that they have a flexible structure in a
sense that during the synthesis process alteration during it can affect the pore size and
shape to accommodate the molecule to be encapsulated in the pores [49]. MOFs also
attain the other properties that are required for a successful drug delivery system. They
encounter high loading capacity, high chemical, thermal stability, controlled drug
release properties, biocompatible, and ease of surface modification with attaching
functionality groups [50].

2.4.1. Brief history of MOFs. The field of MOFs emerged from the study of
zeolites which are crystalline solids structures entirely made of inorganic materials. It
initiated the interest in achieving porous coordinated structures. Around 1995, a
pioneering material chemist Omar Yaghi introduced the term MOFs. He and his
coworker were able to synthesis MOF-5 as shown in Figure 5, which consists of ZnOa
units connected by the 1,4-benzenedicarboxylateligand to form a cubic crystalline
network [51]. Since then the development and study of MOFs have expanded the high
porous structure, low density and the ability to tailor them during the synthesis process
which has led to their versatile applications including gas storage and separation, drug
delivery, luminescence, or heterogeneous catalysis. The diversity of the linkers and
metals that can form MOFs has led to multiple names associated with MOFs on the
basis where they are first discovered as in HKUST (Hong Kong University of Science

and Technology) or and MIL (Materials Institute Lavoisier).

[ P 2o r '
Figure 5 : MOF-5 where ZnQO4 tetrahedra (blue polyhedra) joined by benzene
dicarboxylate linkers (O, red and C, black) to give an extended 3D cubic framework
with yellow sphere representing the pore area [48].

2.4.2. Classes of MOFs. MOFs are a class of solid porous materials. They

represent the thin line between organic porous materials (e.g. polymers) and inorganic

25



porous materials (e.g. zeolites). They can be classified according to how the unit cells
align themselves as shown in Figure 6.

e Crystalline MOFs
The building units align in an ordered manner, thus having a repeated pattern and a
defined shape [52].

e Amorphous MOFs:
The building units align themselves in a disordered manner. They tend to lack an exact
shape, and they are crystals that have collapsed due to temperature, pressure and ball
milling [53].

Figure 6: Crystalline MOF to the left and an amorphous MOF
to the right.

According to International Union of Pure and Applied Chemistry (IUPAC),
MOFs can also be classified according to the pore size as either microporous (pore sizes
<2 nm) and Mesoporous (pore size: 2-50 nm). Up until now, most of the reported MOFs
fall under the microscale pore size with a smaller fraction of MOFs in mesoporous
category [54].

2.4.3. Synthesis of MOFs. The most common synthesis route for MOFs is
solvothermal or hydrothermal in which metal salts and ligand solutions are mixed, and
a solvent is added, followed by rounds of electrical heating to promote the self-
assembly. Reaction time varies from several hours to days. However, this was
overlooked as the main effort targeted at the achievement of high-quality crystalline
structures. Other routes of synthesis are being considered such as solid-state synthesis,
yet it still produces MOFs with an amorphous structure [55]. Some of the most common

solvothermal synthesis methods will be discussed in this section.
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2.4.3.1. Slow evaporation method. It is the conventional method to prepare
MOFs: metal salts and organic ligands are mixed with a solvent and time is allowed for
the reaction to proceed. Afterwards, the solvent is removed gradually by the simple
drying of the solvent exchange. This method is one of the simplest because it does not
require any electrical heating, yet it is one of the slowest methods [55]. Some of the
most well-known MOFs are synthesized by this method such as MOF-5, MOF-74,
MOF-177, HKUST-1 or ZIF-8 [51].

2.4.3.2. Solvothermal synthesis. The metal salts and organic ligands along with
the solvent at a temperature higher than its boiling temperature are reacted in closed
vessels under high pressures. Solvothermal synthesis promotes the nanoscale MOFs as
it plays an important role in stabilizing the denser structures (MOFs) and enhancing the
chemical reactivity and the kinetics of the involved reactions [56].

2.4.3.3. Microwave-assisted synthesis. It is the rapid method for MOFs
synthesis; it offers a more uniform MOFs with a small polydispersity index, and has
been used in the commercial production of MOFs [57]. It involves the heating of
reactants along with the solvent. The electromagnetic radiation triggers the dipole
molecules usually at the ligands resulting in a faster reaction and higher product yield
[58]. Cr- MIL-100 was the first microwave synthesized MOF, 44% yield was achieved
in four hours compared to a conventional method that required four days [57].

2.4.3.4. Electrochemical synthesis. In this method, a galvanic cell with a
continuous supply of metal ions coming from an anode metal reacts with organic linkers
in the electrolyte solution mixture; this method offers the advantage of continuous
production of MOFs[57]. BASF, one of the largest worldwide chemicals producers first
reported this method for HKUST-1MOF. Since then this route has been used of
synthesis of Zn-based MOFs, Cu-based MOFs, and Al-based MOFs [59].

2.4.3.5. Sonochemical synthesis. The ultrasound radiation induces a cavitation
phenomenon in which the rapid formation and collapse of bubbles generate a wide
temperature changes from high to low. That further induces the formation of MOFs.
The main advantage of sonochemical synthesis is that it produces high- quality
nanoscale MOFs in a fast manner compared to solvothermal synthesis [57].

3.4.4. MOFs as anti-cancer drug carriers. The outstanding properties of
MOFs include: high porosity, large specific surface area, diverse surface functionality,
pore size tunability, structural stability, non-toxicity, and biocompatibility, which have
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led to investigating them as potential drug carriers. Currently, MOFs as anti-cancer drug
carriers are not used in the market mainly due to their low intercellular uptake.
However, some of the most promising researches in anti-cancer MOFs will be
reviewed.

Lenget et al. investigated the loading and release efficiencies of MIL-53(Fe) for
the anticancer drug oridonin (Ori). The MOFs achieved a loading efficiency of 56.25
wt% and a high release up to 82.23% in a 7-day period. Further studies of the cytotoxic
effects of Ori loaded MOFs on HepG2 cells compared to free Ori at the same
concentrations, showed that Ori loaded MOFs achieved at the same cell viability of the
free Ori induce. In contrast, Ori loaded MOFs required a more extended period to
induce cell death, thus indicating the slow release of the MOFs and the small cellular
uptake [60].

In another study, Jintonget et al. synthesized a multifunctional Metal Organic
Framework nanoprobe for Cathepsin B-Activated Cancer Cell 1. NH2-MIL-101(Fe)
were loaded with the anti cancer drug camptothecine (Cam), followed by surface
modification with folic acid (FA) as the targeted element. Further, modified with
chlorine e6 (Ce6)-labeled CaB substrate peptide (Ce6- peptide) as the signal and

recognition moiety, Figure7.
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Figure 7: Schematic Illustration of (A) Preparation of Multifunctionalized
CPC@MOF Nanoprobe and (B) Cathepsin B-Activated Cancer Cell Imaging and
Chemo-Photodynamic Therapy [85].
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The successful attachment was confirmed with measuring the cell viability of
HeLa cells upon incubation with Ce6@MOF, CPC@MOF. Laser irradiation was
utilized to trigger release and measure the success of Ce6-peptide as a photo-sensitizing
agent. The CPC@MOF causes cell death of up to 99.27% (Hela cells under laser
triggering compared to achieving only 35.17% apoptosis without laser triggering). The
laser beam had an insignificant effect on the release of drugs from ce6@MOF without
the folate moiety. In vivo experiments concluded the success of CPC@MOF as drug
delivery vehicles with a heavy accumulation at cancer sites within a maximum at 24 h,
Figure 8, and a dramatic decrease in tumor size within a 14-day period compared to
other non-targeted carriers, i.e. nanocarriers without the conjugated moieties [61].

Zhengfei et al. loaded the anti-cancer drug doxorubicin hydrochloride (DOX)
into meso-iron MOFs and studied their effect in vivo and in vitro. A loading content of
55 % wt. was achieved, and the loaded meso-MOFs exhibited a stronger anti-tumor

effect compared to free doxorubicin in 4T1 breast cancer-bearing mice [62].
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Figure 8: Time-dependent in vivo fluorescence images of subcutaneous
HelLa tumor-bearing mouse after injected with CPC@MOF [58].
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3.4.5. Hybrid system of MOFs and liposomes. Recent in vitro research
managed to prove MOFs as potential drug carriers, surpassing some of the alternatives
currently used in term of drug loading capacity. Despite this in vitro success, in vivo
studies have not been conducted as extensively. The fast cargo release rate from MOFs,
colloidal instability issues and short circulation cycles have limited further researches.
The challenges for MOFs as anti-cancer drug carriers have been addressed by the
surface modification of MOFs, either by adding functional groups that can improve the
stealth of MOFs or encapsulating them by another carrier that have superior stealth
properties. Utilizing the liposomes, i.e. the specific encapsulation of the MOFs inside
the liposomes, have proven to help achieve the full, true potentials of both carriers.
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Previous studies

Bernhard et al. investigated MIL-88A’s ability to carry a cocktail of drugs and
attempted to control the release by coating the MOFs with a lipid bilayer to act as a
seal. The loading capacity of MIL-88A with two chemotherapeutic drugs, namely
irinotecan and floxuridine, was studied individually and as a dual drug mixture. The
MOFs individual loading capacity for each drug was quantified by soaking 1 mg of
MIL-88A in 1 mM solution of irinotecan and comparing the supernatant to a pure 1mM
solution of irinotecan using UV/Vis measurements. MIL-88A yielded 21 wt % (relative
to the weight of MOFs) for irinotecan. The same procedure was followed for
floxuridine yielding 14.7 %. For the mixture of the drugs, a 0.5 mM solution was
prepared for each drug and mixed (ratio 1:1) using UV/Vis measurements yielding a
loading of 10.3 wt % for irinotecan and 6.9 wt% for floxuridine. These results confirm
the effectiveness of MIL-88A as a promising nanocarrier for a cocktail of drugs. To
prepare liposomes, a DOPC (1,2-dioleoyl- sn-glycero-3-phosphocholine) lipid solution
was prepared. The low transition temperature of DOPC lipids was the reason for usage
because at room temperature the lipid bilayer will act as a liquid crystal. Thus, the
bilayer is not rigid and can encapsulate the MOFs.To establish the liposomes coating,
fluorescence release experiments were conducted on the liposomes coated MOFs. The
MIL-88A was loaded with calcein and incubated for 2 hours in the liposomal solution.
A sample of the Lip-MIL-88A was used as a test for leakage against uncoated loaded
MIL-88A and other samples treated with Triton X-100 and artificial lysosomal fluid
(ALF) that induce the rupture of the liposomes coating. The coated MOFs showed no
release even after several hours compared to uncoated MOFs that showed a
fluorescence increase thus, proving the effectiveness of the liposomes seal as shown in
Figure 9. Both the Triton X-100 and ALF treated MOFs showed dramatic release
compared to coat untreated MOFs and uncoated MOFs, which is explained by the
release of calcein that diffused into the area between the MOFs and the liposomes inner
surface. Cell release experiments were conducted to study the uptake of cells to Lip-
MIL-88A. Lip-MIL-88A was loaded with calcein and incubated with HeLa cells. It was
found that the lysosomes have started breaking up the coated MOF after 2 days and a
release of calcein was observed. This established the ability of the hybrid liposomes
and MOFs system to conduct a high drug delivery without premature release. Further
single and multidrug MTT assays were conducted for Lip-MIL-88A loaded with
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irinotecan and floxuridine individually and a mixture of the two drugs using the
previously mentioned methods. Multi-drug loaded Lip-MIL-88A reduced cell viability
up to 30.6%, surpassing single drug-loaded carriers [63].

Stefanetet et al. studied coating MIL-100 and MIL-101 MOFs by a lipid bilayer
using a controlled solvent deposition exchange procedure. DOPC lipids were dissolved
in an ethanol and water solution upon increasing the water concentration of the lipids
precipitated on the MOFs forming a lipid bilayer. The confirmation of the lipid bilayer
was established by Dynamic Light Scattering (DLS) measurements, which showed an
increase in the diameter to around 20 nm on average for both MOFs. In addition, time-
series DLS measurements showed that the colloidal stability established after 72 hours,
since no change in the size distribution was observed. Moreover, the fluorescence
release experiments were conducted on both coated MIL-100 and MIL-101 loaded with
calcein, no significant release over a one-hour period was observed. In contrast, the
addition of Triton X-100 showed a rapid fluorescence increase which confirmed that
bilayer localization on the MOFs surface. The localization of the lipid bilayer was
further explored utilizing fluorescence confocal microscope. MIL-101 and the lipids
were stained with two different fluorescent dyes and a cross-correlation analysis of the
fluorescence intensity was conducted, and it showed a high cross-correlation ratio .
Furthermore, in vitro experiments were conducted to find the cellular uptake of coated
MIL-101 by bladder carcinoma. The cellular uptake was detected within 6 hours and
lasted for 48 hours [64].
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Figure 9: Fluorescence release measurement of Lip-MIL-88A in various solvents.
Water (blue) and water with the addition of Triton X-100 (red), as an additional of ALF
(black) and uncoated particles (green) [60].
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Jian et al. focused on resolving the biological instability of Zr MOFs. The
existence of phosphate in most biological system limited the use of Zr MOFs as drug
carriers due to the high affinity of phosphate-to-metals compared to the organic linker.
Consequently, this affinity can induce a substitution of the organic linkers by phosphate
and result in a collapse of the MOFs. Zr-based porphyrinic MOF of PCN-223 was
coated by DOPC lipids in two stages; the first stage was dissolving the lipids in
chloroform then stirring the resultant solution in the presence of the MOFs for 24 hours
which resulted in a monolayer by the attachment of the free oxygen sites on the surface
of MOFs to the phosphate group of DOPC lipids. In the second stage, DOPC and
cholesterol were dissolved in ethanol, and a water solution, followed by the addition of
the monolayer coated MOFs and gradual evaporating of the solvents. The presence of
the bilayer on Zr MOFs was confirmed by several methods. FTIR spectrum showed
new vibrations corresponding to the P-O bonds and the abundant CH2 groups in the
fatty acid chains. Zeta potential measurements indicated that new coated Zr MOFs
acquired the neutral electrical charge of the DOPC lipids (—2.7 £0.2 mV) compared to
uncoated Zr MOFs which had high negative charges (—34.2 £ 1.3) mV. TEM imaging
with negative staining using uranyl acetate confirmed the lipid bilayer coating. The
uranium and the phosphonate head groups interaction was confirmed using the TEM
images of the coated Zr MOFs and a large accumulation of the stain compared to
uncoated Zr MOFs.DLS measurements over a seven-day period showed the long-term
maintained dispersity index of coated MOFs compared to uncoated MOFs that tended
to aggregate within a day. The phosphate resistance property was studied as a measure
of the successful coating using TEM, XRD, and UV-vis spectra. Samples from
incubation with PBS buffer at pH 7.4 of coated and uncoated MOFs showed a fast
degradation of uncoated MOFs compared to coated ones. TEM images showed the
degradation of the MOF within two days. XRD showed that the sharp peaks of the
crystalline structure are lost due to the substitution of the organic linker by phosphate
which collapses the crystalline structure. Various solutions of chemicals that
nanocarriers can encounter in human bodies such as reactive oxygen species H,02,
H4PDP and phosphate were exposed to both coated and uncoated MOFs. Uncoated
MOFs showed no color change in solutions compared to uncoated MOFs that exhibited
a change in color, thus indicated undesirable reactions, establishing the sealing ability

and impermeability of the lipid bilayer, Figure 10.
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Cellular uptake of coated MOFs and uncoated MOFs was experimented by
HelLa and SMMC-7721 cells, respectively. A rapid release of the red fluorescence dye
from uncoated MOFs compared to coated ones showed a higher uptake by both cell
lines and no release was observed [65].

Coated
NMOFs

Figure 10: The corresponding photographs illustrating the changes of bare and
coated nano Zr MOFs suspensions under various chemical environments (100 mM)
or 10% of the above compounds [62].

Juewen Liu et al. studied liposomes fusion with silica nanoparticles using the
electrical charges difference as the driving force for fusion. Cationic silica nanoparticles
loaded with calcein were coated with negative and positive liposomes, and cellular
uptake experiments were the prime indicator of the successful fusion. Negatively
charged liposomes from DOPS (1,2- dioleoyl-sn-glycero-3-phospho-L-serine) were
prepared using the hydrating method and simple incubation with the loaded silica
particles for 45 minutes with occasional agitating by manual pipetting resulted in coated
particles.

Cellular uptake experiments by Chinese hamster ovary (CHO) cells showed a
moderate improvement compared to uncoated silica particles, however, the retention of
calcein within the silica particles improved by ~55% indicating charge repulsion.
Further charge modification of negatively charged liposomes by mixing with positively
charged liposomes using DOTAP (N- [1-(2, 3-Dioleoyloxy) propyl]-N, N, N-
trimethylammonium methyl-sulfate) and the same procedure for coating, showed a
reduction in calcein release by ~75% and the remarkable improvement in the cellular
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uptake by CHO cells. Further confirmation of the fusion was established using

fluorescence confocal microscopy (FCM) (Figure 11) and TEM [66].

C: Silica core ~ QI F: DOTAP (2)
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Figure 11: Fluorescence microscopy studies of CHO cells incubated with
calcein-loaded cationic silica core or protocells after successive lipid fusion/exchange
with oppositely charged liposomes. Stronger green emission indicates a higher level
of calcein delivery [63].

Jin-Ho et al. improved the colloidal stability of gold nanoparticles by
synthesizing nanogold particles inside liposomes. DSPC (2-distearoyl-sn-glycero-3-
phosphocholine) liposomes-encapsulating the reduction agents were redispersed in
solutions of the metal precursor. The metals diffused into the liposomes core and went
through the reduction of the reactions that resulted in a self-crystalline of metal
nanoparticles inside the liposomes. According to the metal precursor type (that is, Au,
Ag, Pd, Pt, Au-Ag, Au-Pd, and Au-Pt precursors), various gold nanoparticles were
synthesized. The confirmation of the coated synthesized nanoparticles was established
using TEM images and UV—vis spectra for controlled samples of liposomes with and
without the reducing agents, since a change in color was observed for reducing agents
loaded liposomes only. The colloidal stability of these hybrids was investigated by the
incubation with various biological solutions that showed the effectiveness of the lipid
layer in preventing undesired interactions compared to uncoated particles. Furthermore,

cellular uptake experiments by Homo sapiens brain glioblastoma U-87 MG cells
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supported an improved efficiency of endocytosis of the hybrid nanoparticles with ten
times greater improvement than uncoated gold nano particles [67].
2.5.  Ultrasound in Triggering Release

The challenge in any nano-drug delivery system is having an extended
circulation yet is destabilizing at the encounter of cancer cells. Various triggers have
been utilized and studied to trigger liposomes in specific as they are the most used
nanocarrier in the market compared to other carriers. Tumor-specific characteristics
such as the pH and overexpression of certain enzymes are among the attributes that
have been utilized to promote the release of drugs. In addition, thermo sensitivity
triggering is achieved using UV, visible light and NIR wavelengths. However, some of
those tactics can induce undesired side effects. For example, using UV, biomolecules
can absorb UV-light which may lead to the destruction of the agent making, which
makes it a less suitable trigger [68]. Ultrasound (US) triggering is one of the most
triggering techniques. It has been used to enhance the delivery and activity of drugs for
the past two decades [69]. It consists of sound waves at frequencies above those within
the hearing range of the average person (>20 kHz). US waves are unique as they can
induce a physical movement within molecules and cells. They compress at high
pressures and expand at low pressures [70]. Also, US waves like other wave carry
energy that can be absorbed by the medium. Thus, they can transmit energy.

The dual mechanical and thermal effects that US waves can induce in tissues
lead to usage in effectively controlling the drug release from liposomes. The thermal
effect (hyperthermia) of US waves employs the carried energy by the waves to heat the
tissues, thus disrupting the liposomes membranes as the bilayer transitions from ordered
gel phase to liquid crystalline phase and free volumes within the bilayer to enable the
drug to move across the lipid bilayer [70].The physical mechanism of ultrasound in
triggering the breakup of liposomes is acoustic cavitation. The growth, oscillation and
collapse of the small formed bubbles near the interfaces of liposomes induce high shear
stresses that can eventually rupture the phosphor-bilayers [71].

MOFs release triggering methods have not been researched, thus researchers
have depended mainly on simple diffusion to release the drug as the main concern was
the minimum cellular uptake of MOFs as a prime obstacle that needs to be addressed
first.
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Chapter 3. Objectives

The objective of this thesis is to develop a successful drug delivery nanocarrier
from incorporating liposomes and MOFs that can overcome the limitations of the
liposomes and MOFs as individual drug carriers. The following goals were set to meet

the objectives:
e To prepare PEGylated liposomes using the thin-film hydration method.
e To characterize-BTC MOFs using TEM, XRD, FTIR and TGA.
e To load Fe-BTC MOFs with Calcein as a model drug.
e To evaluate the efficiency of MOFs-loading using spectrofluorometry.

e Toencapsulate MOFs using liposomes while maintaining the loading efficiency
of the MOFs.

e To Investigate the encapsulation of MOFs within the liposomes using several

techniques including dynamic light scattering (DLS), and Zeta potential.

e To conduct and compare the release profiles of the hybrid Liposomes-MOFs

systems with and without ultrasound as an external triggering mechanism.

e To model the ultrasound-assisted release of the agent using applicable
mathematical kinetic models.
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Chapter 4. Experimental Procedures

4.1. Materials

4.1.1. Liposomes.Thisl,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC)
and 1,2-distearoylsn-glycero-3- phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (DSPEPEG2000-NH>), the Avanti Mini Extruder extrusion kit were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Potassium chloride (KCI) was
obtained from (Unichem Laboratories Ltd., Mumbai, India). Monopotassium phosphate
(KH2PO4) was obtained from BDH Laboratory Supplies (Poole, England, UK).
Disodium  phosphate (Na2HPO4) and disodium tetraborate  decahydrate
(Na2[B40s(0OH)4]). 8H20) were purchased from VWR International (Radnor, PA,
USA). Sodium chloride (NaCl) was obtained from Merck Millipore (Burlington, MA,
USA). The 0.2-um polycarbonate membranes and filter support were obtained from
Whatman PLC (Maidstone, England, UK). Chloroform (CHCIs), and Cholesterol was
obtained from Alfa Aesar (Ward Hill, MA, USA).

4.1.2. MOFs. Fe-BTC MOFs were obtained from Sigma-Aldrich (St. Louis,
MO, USA) under the trade name Basolite F300. Calcein disodium salt (Czo H2s
N2Na2O13) was obtained from Sigma- Aldrich (St. Louis, MO, USA) through
Honeywell Fluka. All chemicals were used as purchased without further modifications.

4.2. Methods
4.2.1. Characterization of Fe-BTC MOFs. Several characterization tests

were conducted on FE-BTC MOFs such as TEM, TGA, FTIR and XRD. This section
will discuss the characterization techniques used in this work.

e Transmission electron microscopy (TEM)
The morphology of the MOFs in terms of shape and size was investigated using
TEM.Fe-BTC MOFs were magnified at around 187000X magnification. It was possible
to capture the image within 268 ms.

e Thermogravimertic Analysis (TGA)
The thermal stability of Fe-BTC MOFs was investigated by measuring the changes in
weight of a sample due to the effect increasing temperature, which indicated the rate of
decomposition. The device used was a thermogravimetric analyser (TGA)
(PerkinElmer, USA) in the chemistry department at AUS.
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e Fourier-transform infrared spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) recognizes chemical bonds in a
molecule by producing an infrared absorption spectrum that is distinct for every
chemical bond. The FTIR produces a distinctive molecular profile similar to a
fingerprint; it can be used to identify samples by comparing many different chemical
bonds and components. The device used was a Fourier transform infrared spectroscopy
(PerkinElmer, USA) in the chemistry department at AUS.

e X-ray diffraction pattern (XRD)
XRD is a technique used to determine the crystal structure of porous materials. The X-
rays beam directed into the sample will diffract causing a pattern of high and low
intensities. The range of diffraction peaks determines the crystal structure. Crystals
peaks are very specific and sharp while amorphous materials show scattered patterns of
broad rounded peaks.

4.2.2. Loading of Fe-BTC MOFs with calcein. A calcein solution of 0.3 mM
was prepared by mixing 2.0 mg of calcein in 10.0 ml of distilled water at pH = 12. The
solution was mixed using a Vortex mixer. 10.0 mg of Fe-BTC MOFs were further
added to the calcein solution and left stirring at room temperature for 24 hours using a
magnetic stirring plate. The resulting mixture was then centrifuged at 4000 rpm for 20
minutes. The supernatant was removed and the loaded MOFs were collected and dried
in an oven at 100°C for one hour.

For measuring the loading efficiency of calcein for Fe-BTC MOFs, the fluorescence of
calcein solution was measured before and after loading using fluorescence spectroscopy
(QuantaMaster QM 30, Photon Technology International, USA) connected to FelixGX
software with the emission wavelength set between 490 and 515 nm. The following
calcein quantifying procedure was followed.100uL of the stock calcein solution was
diluted in 2.5 ml distilled water at a pH = 12 and the fluorescence was measured and
indicated as the initial fluorescence intensity (F1). After centrifuging the loaded MOFs,
the supernatant fluorescence was measured following the same previous dilution (F2).

The loading efficiency was calculated using the following equation.
F1-F2

o (1)

Where F1 is the fluorescence of the model drug solution (before the loading), F> is the

Loading ef ficiency =

fluorescence of the supernatant after the loading.
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4.2.3. Preparation of pegylated liposomes. The film hydration method was
used to synthesize the liposomes, in a 250 ml-round flask, 19.2 mg of 1,2-dipalmitoyl-
sn-glycerol-3-phosphocholine  (DPPC), 4.7 mg of cholesterol and 5.58 mg
DSPEPEG2000-NH were dissolved in 4 ml chloroform. The chloroform solvent was
evaporated using a vacuum that uses a rotary evaporator at 50°C for 15 minutes. Upon
establishing the dry lipid film by inspection, a hydrating solution of 2 ml of PBS buffer
was added and left to mix at 60°C for 50 minutes. The liposomes solution was then
sonicated using a sonication bath at 40- kHz for 2 minutes at 60°C.The liposomal
solution was further extruded at 60°C using 0.2-um polycarbonate filters for 31 times.

4.2.4. Encapsulation of MOFs by liposomes. After the extrusion of the
liposomes, the extruded solution was added to 1.5 mg of loaded Fe-BTC MOFs in a
plastic tube and left for incubation at room temperature for 24 hours.

4.2.5. Confirming the encapsulation of Fe-BTC by dynamic light
scattering . Zetasizer Nano Zs instrument (Malvern Instruments Ltd, UK) at University
of Sharjah was used to determine the mean diameter of liposomes and coated Fe-BTC
MOFs at 25 °C. The hydrodynamic diameter, polydispersity percentage (Pd%) and the
cross-correlation patterns of the DLS signals were the criteria used to determine the
average diameter of liposomes and coated Fe-BTC MOFs after the encapsulation.1 mL
of liposomes was mixed with 1 mL of distilled water, and a sample was taken for
measurements. For coated Fe-BTC MOFs, the same dilution procedure was followed,
however, before taking a sample for measurements, the resulting solution was further
centrifuged at 4500 rpm for 10 minutes to ensure that the DLS sample will represent
the coated MOFs and not the free-roaming liposomes that may have not coated the Fe-
BTC MOFs.

4.2.6. Encapsulation of MOFs by liposomes. Zetasizer Nano Zs instrument
(Malvern Instruments Ltd, UK) at University of Sharjah was used to determine the
electrical surface charge of unloaded Fe-BTC MOFs, loaded Fe-BTC MOFs and coated
Fe-BTC MOFs at 25 °C. 1 ml was taken from a solution that is made from 1.5 mg of
Fe-BTC MOFs in 1 ml PBS. It was further mixed with another 1 ml of distilled water.
A sample was taken for measurements and the same procedure was followed for loaded
Fe-BTC MOFs. In the coated Fe-BTC MOFs, 1 ml solution of them was mixed with 1
mL of distilled water then the resulting solution was further centrifuged at 4500 rpm
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for 10 minutes to ensure that the zeta potential measurements indicate the coated MOFs
and not the free-roaming liposomes that may have not coated the Fe-BTC MOFs.

4.2.7. Confirming the encapsulation of Fe-BTC by cryo-TEM. Cryo-TEM
imaging using NANOSPRTS5 at the University of Western Ontario (Canada), was used
to measure the size of loaded and coated MOFs to further determine the difference in
the diameter of these proposed nanocarrires, after encapsulation. 1 ml solution of the
coated and loaded MOFs was magnified at around 187000X magnification. It was
possible to capture the image within 268 ms.

4.2.8. Investigating the encapsulation of Fe-BTC by release experiments
without the use of ultrasound. To further investigate the effectiveness of the MOFs
encapsulation, calcein release was investigated; mainly to investigate the effect of
incubation to prevent the premature release of the MOFs due to diffusion. Release
experiments were conducted on loaded Fe-BTC MOFs and coated loaded Fe-BTC
MOFs. 1.5 mg of the loaded MOFs was added to 1 ml PBS solution and was further
mixed with 14 mL distilled water at a pH of 12. In the coated Fe-BTC MOFs, since
during the incubation was with 1 ml of liposomes solution, only 14 mL of distilled
water at pH = 12 was added and the resulting solution. Distilled water at pH = 12 was
used as the releasing medium because of the self-quenching properties of Fe-BTC
MOFs with calcein. At pH = 7, calcein tends to bond with iron at the iminodiacetic
arms, thus quenching the model drug’s fluorescence [72]. Tenopoulou, Margarita et al.
argued that the iron calcein bind is pH specific, hence, a change in pH (to a more
alkaline medium) can cause the iron to detach from the calcein, thus regaining its
characteristic fluorescence [73].The resulting solutions were poured into plastic tubes,
then were incubated in a water bath at 37 £ 0°C. A baseline was established by
measuring the fluorescence of the mixture before incubating it in the water bath. The
release procedure was repeated at several times increments. In each round, the samples
were centrifuged at 1500 rpm for two minutes to ensure that the measured fluorescence
was from the calcein released from the MOFs pores, not the one that may have remained
on the surface of the MOFs after loading. Then 3 ml of the resultant solution were taken
into a cuvette, and the fluorescence was measured. The same procedure was repeated

at time increments of 5, 10, and 20 minutes.

40



4.3.  Statistical Analysis

A standard t-Test was conducted to compare several parameters; namely the
effect of ultrasound on drug release and the effect of the liposomal coating on calcein
release. A two-tailed t-test with confidence level of 95% ( o = 0.05) was chosen.

4.4. Mathematical Modelling

For the application of nanocarriers in therapeutic drug delivery, several
parameters govern their future utilization in clinics, including, biocompatibility,
circulation time and release profiles. These guidelines serve as the foundation for
utilizing nanocarriers in the drug delivery, namely in cancer treatment. The knowledge
of the exact mass of the drug being released at each time increment is an important
parameter that needs to be investigated in the treatment of cancer. A high drug dose can
cause severe side effects such as cardiotoxicity [74]. Equally, a low drug release may
hinder the efficiency of the treatment and allow the cancer cells to develop multi-drug
resistance. Notably, the cancer to be treated is sensitive to the amount of the drug
delivered. For example, in a study it was reported that a high dose of chemotherapy
drugs caused more reduction in cancer cells in lymphoma cancer in contrast to breast
cancer, in which the dose of the drug does not affect the rate of reduction in cancer cells
[75] .

Several mathematical models have been developed to explain the dissolution of
the drug and can be utilized to predict the drug release. Additionally, providing the right
mathematical model can determine factors that affect drug release. Accordingly, this
section will discuss several mathematical drug release models; namely, zero-order,
first-order, Higuchi, Kormeyers Peppas, Baker Lonsdale, Hixson, Weibull, Hopfenberg
and Gompertz. The models will be explained in terms of the concept behind them and
the mathematical equations for each model.

4.4.1. Zero order. This model assumes that the drug release is a function of
time only, which is mainly found in the case of a very slow drug release [76]. The
following equation represents this model:

Qo — Q¢ = kot (2)
In which Q is the amount of drug released at time t, Qo is the initial amount of drug in
the solution at t = 0, (typically, Qo = 0) and ko is the zero-order release constant
expressed in units of concentration per time. By modifying this equation by the
cumulative release percentage (CFR), which is
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Drug released at any time,t—Initial Amount _ Q;—Qp

CFR =

©)

Total amount of drug present or
we get the following equation:
CFR = kot (4)
A plot of CFR vs. t gives a straight line with a slope of ko.
4.4.2. First order. This model links the drug release rate with the
concentration gradient between the drug carrier and the bulk fluid adjacent to it. Hence
the higher the concentration gradient, the higher the drug release [77]. The following

equation is used to model this behavior:
a _
dt
In which, C is the percent of the drug remaining at time t and k is the first-order rate

—kC ®)

constant, expressed in time™. The previous equation can be further expressed in the
following form:

In(C) = In(Cy) — kt (6)
Where C is the total amount of the drug that remain and C, is the initial amount of drug.
In terms of CFR, the equation becomes:

In(1 — CFR) = —kt (7
A plot of In(1-CFR) vs. time should give a straight line with a slope of k.

4.4.3. Higuchi. This is the first model used to describe drug release from a

matrix system. It was based on the following hypotheses:

o The initial drug concentration in the matrix is much higher than drug solubility.
o Drug diffusion takes place only in one-dimension and is constant.

o The drug particles are much smaller than system thickness.

o The matrix swelling and dissolution are negligible.

o Perfect sink conditions are always attained in the release environment.

Consequently, the following mathematical model is derived:
Q = AJDC4(2C, — Cy)t (8)

where Q is the cumulative amount of the drug released in time t per unit area,

C, is the initial drug concentration, C, is the drug solubility in the matrix, and D is the
diffusion coefficient of the drug molecule in the matrix [77]. The model is further
simplified into:

Q= kh\/E 9)

In which kn, is the Higuchi dissolution constant.
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The model can be expressed in terms of CFR as follows:

CFR =t _ % (10)
Qr Qr

A plot of CFR vs. v/t should give a straight line with a slope of Z—’; , Where Q¢
represents the total amount of the drug available.

4.4.4. Korsmeyers Peppas. This model is integrated based on the concept that
the drug release is due to diffusion. It provides a definition of the type of diffusion that
is responsible for drug release. The following equation is used to represent the model:

Ur— o (11)

Where ::—T is a fraction of drug released at time t, k is the release rate constant and n is

)

the release exponent. The n value is used to characterize different release mechanisms
such as Fickian diffusion and erosion mechanism. The equation can be further

simplified in terms of CFR to yield:

CFR =~ kt" (12)
The linearized form of the above equation is as follows:
log(CFR) = log(k) + nlog(t) (13)

A plot of log (CFR) vs log(t) should give a straight line with a slope of n and y-intercept
of log (k).
4.45. Hixson Crowell. This model studies the drug release with a changing
surface area of the particles or tablets:
W3 —w, 3 =kt (14)
Where W, is the initial amount of drug, W, is the remaining amount of drug and k
is the Hixson-Crowell constant describing the surface volume relation.
The equation can be further written in terms of CFR as follows:
(1-CFR)Y3 =kt (15)
A plot of the cube root of 1 — CFR versus time gives a straight line with slope of k.
4.4.6. Weibull. This model is widely used for the drug release and dissolution
analysis. The parameters of this model lacks any physical parameters or a kinetic basis,
hence it has been criticized because it does not represent a physical system [78]. The

mathematical equation that represents this model is:

(&t-T)b
M=M0<1—e_ a ) (16)
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Where M is the amount of drug as a function of time t, Mo is total amount of drug being
released, T accounts for the lag time measured as a result of the release process, a is a
scale parameter that describes the time dependence, and b describes the shape of the
release curve. For b = 1, the shape of the curve corresponds to the shape of an
exponential profile with the constant k = 1/a. If b > 1, the shape of the curve gets
sigmoidal, whereas the shape of the curve with b < 1 would show a steeper increase
than the one with b =1 [77].
In terms of CFR, the corresponding Weibull equation is:
log(—=In(1 — CFR)) = —log(k") + b log(t) (17)

Where k' is -T/aand b is 1/a.
A plot of log(—In(1 — CFR)) vs. log(t) gives a straight line with a slope of b.

4.4.7. Hopfenberg. This model relates the surface shape of the drug carrier to
the release rate. It is based on the hypothesis that the surface remains constant as the

dissolution process takes place [79]. It is represented by the following equation

Mg 1Rt (18)

Moo Clao

Where Z—T is a fraction of drug released at time t, k,, is the surface erosion rate constant,

[ce]

C, is the initial drug concentration of the drug in the matrix, a, is the drug carrier half
thickness (i.e. the radius for a sphere or cylinder), and n is an exponent that varies with
geometry n = 1, 2 and 3 for flat, cylindrical and spherical geometry, respectively.

The equation can be further written in terms of CFR as follows:
1
1-(1—CFR)s =kyst (18)

Where ky; = Ck—s n was chosen as 3 since both MOFs and liposomes are of spherical
%o

in shape. A graph between 1 — (1 — CFR)% vs time should give a straight line with a
slope of ky¢.

4.4.8. Gompertz. This model is used for the comparative analysis of the
intermediate drug release rate with good solubility [79]. It is represented by the
following equation:

X(t) = Xpax exp[—aef 090 (20)
where X(t) = percent dissolved at time t; Xmax = maximum dissolution; « is described

as location or scale parameter which determines the undissolved proportion at time t =
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1 and B is the dissolution rate per unit of time and is often described as a shape

parameter. The equation can be further written in terms of CFR as follows:
In(— In(CFR)) = B log(t) + In(a)

A plot of In(— In(CFR)) vs. log(t) gives a straight line with a slope of k.

(21)

4.4.9. Baker Lonsdale. This model is based on the Higuchi model with the
assumption that the matrix is spherically shaped [79]. This model can be represented

by the following equation:

2
- (-3 @
where the release rate constant, k, corresponds to the slope.
The equation can be further written in terms of CFR as follows:
“[1— (1 - CFR)?*] - CFR = kt (23)

A plot of % [1 — (1 — CFR)?/3] — CFR vs. t should give a straight line with a slope of

k. A summary of all the drug release models, in terms of CFR, is presented in Table 3.

Table 3: Summary of the drug release kinetics models.

Model Linearized equation Parameters Release mechanism
Zero Order CFR = kyt Slope =k, Diffusion mechanism
First order In(1 — CFR) = —kt Slope =k, Diffusion mechanism
Higuchi kot —kn Diffusion mechanism
CFR = Wt Qo Slope =
Qr  Qr Intercept :%
T
Korsmeyers log(CFR) = log(k) Slope =n Diffusion mechanism
Peppas. + nlog(t) | Intercept=log(k) | Semi-empirical
Baker 3 2 Slope =k Diffusion mechanism
M= -= /3

Lonsdale 2 [1 (1-CFR) ]

— CFR =kt
Hixson (1-CFR)3 =kt Slope =k Erosion mechanism
Crowell
Weibull log(—In(1 — CFR)) Slope =b Empirical model, life-

= —log(k') + blog(t) Intercept=log(k) | time distribution
function.
I — - .

Hopfenberg 1— (1= CFR)3 = ky/t Slope =ky Erosion mechanism
Gompertz In(—In(CFR)) Slope = Dissolution

= Blog(t) | Intercept=In(a) | mechanism

+ In(a)
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Chapter 5. Results

5.1. Characterization of Fe-BTC MOFs
5.1.1. TEM images of Fe-BTC MOFs. The TEM image shows that the
morphology of Fe-BTC MOFs is irregular with an average diameter of 100 nm as

shown in Figure 12, which is consistent with data reported in literature [80].

Rana Sabouni_052_Mag_ 92000

True Sample #F1 100 nm

Print Mag: 187000x @ 7.0 in HV=80kV

Microscopist: Nygard Direct Mag: 92000 x
AMT Camera System

Camera: NANOSPRTS, Exposure: 268 (ms) x 10 std. frames, Gain: 1, Bin: 1
Gamma: 1.00, No Sharpening, Normal Contrast

Figure 12: TEM images of Fe-BTC MOFs.

5.1.2. XRD pattern of Fe-BTC MOFs. Figure 13 represents the XRD patterns
of Fe-BTC. According to the XRD spectrum, Fe-BTC has a crystalline porous structure
with distinctive sharp diffraction peaks. This is consistent with previous findings in
literature [80].
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Figure 13: XRD pattern of Fe-BTC MOFs.

5.1.3. TGA analysis of Fe-BTC MOFs. The TGA result shows that the Fe-

BTC MOFs undergo a thermal single stage degradation beginning at 400°C and with a

total mass loss of 94.5% as shown in Figure 14. The mass lost before 100 °C is due to

the loss of moisture associated with the sample as reported in literature [81].
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Figure 14: TGA of Fe-BTC MOFs.

5.1.4. FTIR of Fe-BTC MOFs. The infrared absorption spectrum of Fe-BTC

MOFs was found consistent with literature [82]. It can be divided into two zones: one

representing the bond between the iron and trimesic acid and the other represents

the trimeric acid, Figure 15. The vibrations at 500 cm—1 represent the Fe-O bonds,

followed by several vibrations representing the trimesic acid. The zone at 750 cm—1
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represents the C-H bonds stretching of the benzene ring. At around 1250 ¢cm—1 there

are C-O bonds stretching, followed by the vibration of O-H bonds at 1500 cm—1 and
stretching of C=0 at 1750 cm—1.The final stretching of O-H bonds is at 3200 cm—1.
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Figure 15: FTIR of Fe-BTC MOFs.

5.2. Loading Efficiency of Fe-BTC MOFs

The loading efficiency of calcein in Fe-BTC MOFs was calculated using

equation (1) and was found to be 17.37% on average with a standard deviation of 0.54.

This relatively low efficiency could be primarily because the pores of Fe-BTC MOFs

are slightly hydrophobic compared to their hydrophilic surface. Table 4 summarizes the

loading efficiency for three trials.

Table 4: Fluorescence intensity of the mother calcine solution and the supernatant.

Trial F1 F2 Loading
efficiency %

1 32.19 26.39 18.00

2 32.19 26.71 17.02

3 32.19 26.68 17.11
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5.3.  DLS Results of Liposomes and Coated Fe-BTC MOFs

Table 5 summarizes the radius changes in coated Fe-BTC MOFs and liposomes
from three different batches. The results showed a radius increase by 12-14.6 nm which
IS acceptable since the coated Fe-BTC is still under 200 nm, which is one of the main
concerns of nano-drug carriers. Larger-sized nanoparticles can trigger and activate the

immune system, hence they will get cleared before reaching the cancer site [83].

Table 5: Radius measurements of Fe-BTC MOFs before and after encapsulation.

Trial Liposomes Coated Fe-BTC
Diameter(nm) [Polydispersityy  Diameter (nm) [Polydispersity
(Pd) % (Pd) %
1 150.9 16.0 165.5 12.5
2 149.3 14.8 161.3 11.8
3 149.8 16.9 162.5 9.0
Average 150+0.82 163.1+2.16

Figure 42 and Figure 43 in the appendix show the intensity weighted particle
size distribution, while Figure 44 and Figure 45 show the cross-correlation signals of
positive correlation indicating that the samples were stable during repetitive
measurements.

5.4. Cryo-TEM Results of Uncoated and Coated Fe-BTC MOFs

To further verify the presence of the liposomal coating, Cryo-TEM images of
the coated Fe-BTC MOFs were compared to the Cryo-TEM image of Fe-BTC MOF in
terms of diameter. Figure 16 and Figure 17 show the Cryo-TEM images of coated and
uncoated Fe-BTC MOFs. Using the obtained Cryo-TEM images, the diameters were

calculated and are shown in Table 6.

Table 6: Radius measurements of Fe-BTC MOFs before and after encapsulation.

Fe-BTC MOFs Diameter(nm) Coated Fe-BTC MOFs Diameter (nm)

155.55 169.23
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Figure 16: Cryo-TEM image of Fe-BTC MOFs.
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Figure 17: Cryo-TEM image of coated Fe-BTC MOFs.
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There is a difference of around 14 nm between the uncoated and coated MOFs,
which is anticipated as the bilayer thickness is typically around 7.5-10 nm and the
attachment of DSPEPEG2000-NH2 attributed to the extra change in the radius because
it has a long polymeric chain [84]. The cryo-TEM measurements of the sample’s
diameters agree with the DLS measurements reported earlier.

5.5. Zeta Potential Results of Unloaded Fe-BTC MOFs, Loaded Fe-BTC
MOFs and Loaded Coated Fe-BTC MOFs

The unloaded Fe-BTC MOFs showed a negative charge as shown in Table 7,
which can be attributed to the COO™ group of the Trimesic acid in Fe-BTC MOFs. This
result agrees with the literature [85]. The loaded Fe-BTC MOFs exhibited even a more
negative charge due to the calcein encapsulation. Calcein has a net negative charge due
to the unequal sharing of electrons from the oxygen atoms [86]. Hence, loaded Fe-BTC
MOFs are more negatively charged as calcein diffuses into the pores. The coated Fe-
BTC MOFs were found to be neutrally charged, due to the coating effect of the neutrally
charged lipids used to synthesize the liposomes. This confirms the coating of the Fe-
BTC MOFs. Previous studies have shown that neutrally charged MOFs can improve
the circulation time of the nanocarrier. Cancer cells tend to have a negatively charge
surface, thus a negatively charged drug carrier can be repelled due to electrostatic
forces, lowering its efficacy [87]. Figure 46 and Figure 47 in the appendix show the
charge distribution. The charge of the nanocarriers also gives an indication about the
physical stability behavior .Loaded MOFs surface charge was significantly lower than
—30 mV ,hence indicating good stability due to electrotactic repulsion .On contrast
unloaded and coated MOFs showed low surface charges which indicate that they might
agglomerate on the long term usage ,as Van der Waals attractive forces interact between

nanoparticles when surface charge is between £25mV [88] .

Table 7: Zeta potential values of Fe-BTC MOFs before and after encapsulation.

Trial |Unloaded Fe-BTC (mv)| Loaded Fe-BTC (mv) [Coated Loaded Fe-BTC (mv)
1 -14 -39 +6.76
2 -12.9 -39.8 +5.86
3 -12 -39.2 +6.07
Average -12.97+1.00 -39.331+0.42 +6.23+0.47

o1




5.6. Fluorescence Release Experiments
To determine the percentage of drug release at each time interval, the
following equation was used:

Release (%) = ]]:t;f" x 100 (23)

m ~ fo
Where
f, 1s the fluorescence intensity at the baseline?
f¢ is the fluorescence intensity at time (t) interval.
fm 1S the intensity at maximum release.

To calculate the f,,, the usage of the loading efficiency was utilized to calculate the
maximum concentration as follows:

Amount of drug encapsulated (mg) in 10 mg of MOFs = loading efficiency x
concentration of the loading solution (mM)xcalcein molecular weight (mg/mmol) x
amount of the loading medium (10 ml).

Then, the amount of calcein in 1.5 mg of MOFs was calculated:

Amount of drug encapsulated(mg) in 1.5mg of MOFs= amount of drug
encapsulated(mg)in 10 mg of MOFs x [(1.5 mg MOFs)/ (10 mg MOFs)]

To calculate the final maximum concentration was as follows:

Maximum concentration (mM)= (amount of drug encapsulated(mg) in 1.5 mg of
MOFs) / [(calcein Molecular weight (mg/mmol) xamount of the release solution
medium)].

Table 8 shows the calculated maximum calcein concentrations achieved for three

trials.

Table 8: Maximum calcein concentration (mM) calculated for three trials.

Trial Loading efficiency % Maximum concentration (mM)
1 18.00 5.40 x 1073
2 17.02 5.10 x 1073
3 17.11 5.133x 1073
Average 17.37+0.54 5.211x 1073+ 1.65 x 107
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A calcein calibration curve using distilled water at pH = 12 was established to calculate
the released calcein concentrations at time t. Distilled water a pH 12 was used in the
loading solution and as a release medium, thus it was used in the calibration curve. The
calibration curve is shown below in Figure 18. Note: The fluorescent spectrum for the

calibration curve is shown in the appendix ,Figure 48.
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Figure 18: Calcein calibration curve.

As the average maximum concentration was 5.211x 10~3 mM which is in the non-
self-quenching region. A mathematical equation that models the non-self-quenching
region was defined using MATLAB (R2019 a) software. The following equation was
chosen as the best fit of the non-self-quenching region with a coefficient of

determination (R?) of 0.99.

83.47x—1.088x1072
f= 1.26X10-3 +x (24)

Where
f is the fluorescence intensity
x is the Calcein concertation in mM

Figure 19 shows the data points and the chosen model.
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Figure 19: Calibration curve for Calcein model in the non-self-quenching region.

Based on the model, the fluorescence intensity for the maximum concentration was

calculated, and Table 9 summarizes the results.

Table 9: Maximum calcein maximum fluorescence intensity calculated for three trials.

Trial Maximum concentration (mM) fm
1 5.40 x 1073 66.04
2 5.10 x 1073 65.22
3 5.133x 1073 65.32
Average 5211x 1073+ 1.65 x 10™* 65.53+0.44

5.7.  Release Experiments of Uncoated and Coated Fe-BTC MOFs Without
Ultrasound

Controlled drug release experiments of the model drug calcein without the usage
of ultrasound were conducted on uncoated Fe-BTC MOFs and coated Fe-BTC MOFs
at the normal human body temperature of 37 °C using distilled water at pH = 12. Figure
20 compares the release profiles of both samples with three trials. The average of the
trials is shown with standard deviation error bars. The graph shows that coated MOFs
only reached around 1.2% release compared to uncoated MOFs that reached up to 4.3%
within 70 minutes. This 3% release difference further corroborates the presence of a
coating. Further release measurements after 24 hours stirring, showed a drastic change
in the release percentages for uncoated MOFs. Coated MOFs protected the drug from
being released as it increased to 1.5% release. While uncoated MOFs reached up to

10% release in 24 hours.
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Figure 20: Normalized release profiles of uncoated and coated Fe-BTC MOFs without
the use of ultrasound. Results reported are the average of three trials + standard
deviation

Note: The fluorescent spectrum for the release is shown in Figures 49 to Figure 54 in
the Appendix.

5.8. Release Experiments of Uncoated and Coated Fe-BTC MOFs with
Ultrasound

Based on the results presented in the previous section, it is clear that without the
use of a trigger mechanism, release from uncoated and coated Fe-BTC MOFs was
miniscle. Thus, the use of ultrasound was utilized to enhance the release. Acoustic
waves have been extensively used in assisting drug release from liposomes whether
based on mechanical or thermal effects. Several other methods have been reported in
literature to stimulate drug release including pH, pressure, light and magnetic fields
[89]. However, regardless of the stimulus, the release efficiency was significantly low,
and required days to reach significant release percentage. It is important to note that the
effect of ultrasound on drug release kinetics from MOFs has not been studied or

reported in literature. Table 10 summarizes some of these studies.
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Table 10: Comparison of different drug release trigger mechanisms from MOFs.

Type of MOFs | Drug Stimulus Release efficiency Reference
ZIF-8 DOX pH 100% in 10 days at pH [90]
1.4
MIL-100(Al) DOX pH 90% in 100 hours at pH [91]
gels 55
Fe-NMOF DOX Magnetic 90% in 15 days [92]
MIL-100(Fe) DOX Infrared 70.4% in 2 hours at pH [93]
radiation 5.0
(IR)

The US triggered release profiles are shown in Figure 21. Uncoated MOFs
showed an increase in release percentages with time reaching to ~50% release at 30
minutes. This can be explained by the cavitation effects generated by ultrasound near
the pores of the MOFs, hence the drug is released and some of the pores are
disintegrated. The plateau behavior of the release profile of uncoated MOFs, is
explained by the fact that they are less sonosensitive compared to coated MOFs,
consequently more exposure time or higher frequency of US maybe required to induce
more acoustic effect that can break the pore bonds.

The release of the coated Fe-BTC MOFs is lower than the uncoated MOFs up
to 30 minutes. As coated MOFs have another lipid bilayer inducing extra resistance for
mass diffusion, hence the ultrasound has to induce cavitation in the lipid bilayer, then
the MOFs surface. The gradual increase in drug release of uncoated MOFs with each
US pulsation, is attributable to the cavitation effect of US. Hence, at each pulsation
,transient pores are formed on the liposomes surface, in which the drug diffuses out
through them [70] .

The coated MOFs showed an overall higher release with time compared to
uncoated MOFs.This can be explained by several reasons. First, the addition of DSPE-
PEG2000-NH2 made the MOFs more sonosensitive according to recently reported
studies [94]. Second, the lipid bilayer used to synthesize the liposomes has a neutral
charge whereas loaded MOFs are negatively charged. Due to the electrostatic charge
interaction, the calcein is further released. The electrostatic force interaction combined

with the ultrasound cavitation effect is inducing higher drug release reaching up to 70%.

56



Furthermore, after 24 hours of stirring, uncoated MOFs showed an increase of 3% in
release, as diffusion drives the drug from inside the pores to the releasing medium. Yet,
the coated MOFs release increased up to 72%. This is mainly due to release of some

ruptured coated MOFs by the stirrer.
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Figure 21: Normalized release profiles of Uncoated and coated Fe-BTC MOFs with
the use of ultrasound at 35 kHz. Results reported are the average of three trials +
standard deviation.

Note: The fluorescent spectrum for the release is shown in the Appendix as Figure 55
to Figure 60.

5.9. Comparison of Release Experiments for Uncoated and Coated Fe-BTC
MOFs

The previous sections were comparing the release profiles of uncoated MOFs
vs. coated MOFs. This section will illustrate the impact of ultrasound on the drug release
regardless of the carriers’ type. Figure 22 indicates clearly the pronounced effect of
ultrasound triggered drug release compared to normal diffusion-driven drug release.
The ultrasound triggered release reached up to 70% compared to almost 1.2% in coated
MOFs. Even in uncoated MOFs, the maximum release obtained was 4.3%, compared
to the ultrasound triggered release that reached a maximum of 54% in the same time
period.

In addition, comparing ultrasound as a drug triggering stimulus to other
triggering mechanisms shows that acoustic waves have drastically improved the release

efficiency, and that whether coated or uncoated within the first 20 minutes, almost 45%
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of the drug is released. Other stimuli are compared to 20 minutes of ultrasound

exposure, are shown in Table 11.

80

70

60

Release(%0)
N w Iy a1
o o o o

[ERN
o

%

—o— Coated MOFs with ultrasound

—e— Unocated MOFs with
ultrasound
Coated MOFs without
ultrasound

—8— Uncoated without ultrasound

20 30 40

—C— o

50 60 70

Time(minutes)

80

Figure 22: Normalized release profiles of uncoated and coated Fe-BTC MOFs with
and without the use of ultrasound. Results reported are the average of three trials +
standard deviation.

Table 11: Comparison of different drug release stimuli from MOFs after 20 minutes

of exposure.

Type of MOFs | Drug Stimulus Release efficiency Reference
ZIF-8 DOX pH 1% in 10 days at pH 7.4 [90]
Fe-NMOF DOX Magnetic 1% [92]
MIL-100(Fe) DOX Infrared radiation | 17% [93]
(IR)
present work | Calcein Ultrasound 45% -
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5.10. Impact of Ultrasound on Fe-BTC MOFs

To determine the effect of ultrasound on the morphology and structure of Fe-
BTC MOFs, two characterization tests were performed, namely FTIR and XRD, to
identify the change in the MOFs in terms of pores, chemical composition and chemical
bonds.

5.10.1. FTIR of unloaded MOFs, loaded MOFs and loaded MOFs after US.
Applying ultrasound as a stimulus to release drug from MOFs showed that the MOFs
composition was maintained; however, some pores were lost because some chemical
bonds were broken during US. Figure 23 compares the FTIR spectrum of three samples,

namely, unloaded MOFs, loaded MOFs and MOFs after acoustic exposure.
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Figure 23: FTIR for Fe-BTC MOFs at several conditions.

The loaded MOFs showed sharper vibrations at 500 cm ™ compared to unloaded
MOFs, which corresponds to Fe-O bonds that represents the bond between the iron in
the MOFs and the oxygen within the calcein. Also, there are notable vibrations at 2300

cmtin loaded MOFs, which represents isocyanate group (N=C=0), this confirms the
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interpore binding of nitrogen from the calcein with the oxygen sites in the MOFs,hence
calcein loading into MOFs pores [95].This was followed by several vibrations from 750
cm™t to 1750 cm™! representing the trimesic acid. Some bonds of the loaded MOFs
showed similar pattern to unloaded MOFs; specifically, the stretching of O-H bonds at
3200 cm™! and the stretching of C=0 at 1750 cm™'. The MOFs after ultrasound
exposure showed similar patterns to loaded MOFs, however, several vibrations seem to
be altered, which can be explained by the fact that US alters the structure of pores,
hence breaking some of the bonds as MOFs are highly flexible. Those vibrations were
of O-H bonds at 3200 cm*and 1500 cm ™! which represent the pore bonds that seem to

alter in magnitude in the MOFs after US graph.

5.10.2. XRD of loaded MOFs and loaded MOFs after US. XRD patterns of
loaded MOFs before and after US agree well with the previously reported images in
literature, as shown in Figure 24 [80]. The difference between the loaded MOFs XRD
pattern and after US is the higher peak intensity. As the drug is released from the pore,
the diffraction pattern yields higher intensity, hence an empty pore [96],[97].Both XRD
patterns showed no change in the peaks position ,which confirms that the crystalline

structure of the MOFs is maintained .
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Figure 24: XRD for Fe-BTC MOFs before and after US.
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5.11. Statistical Analysis
Several statistical comparisons were performed to study the effect of ultrasound
on the drug release from MOFs. A standard two-tailed t-test for unequal variance
samples with alpha=0.05 was conducted.
For the t-test:
e The null hypothesis: There is no difference in release percentages with and
without ultrasound at the same time point.
e The alternative hypothesis: There is a significant difference in release
percentages with and without ultrasound at the same time point.
For each category uncoated and coated MOFs, a t-test was implemented to compare
the difference in the drug release percentage at each time point with and without

ultrasound as shown in Table 12.

Table 12: The statistical analysis (p-value) of comparing drug release of uncoated and
coated MOFs release % without and with US individually.

Type Uncoated MOFs Coated MOFs
Time (minutes) P values comparing P values comparing
release % Without US vs. release % Without US vs.
With US With US
5 1.73% 1073 1.89% 1072
10 2.38x 1076 4.00x 1073
20 2.82x 1075 3.43x 1073
30 7.81x 107° 1.35x 107
50 7.98x 107° 9.21x 10~*
70 3.91x 10°° 6.57x 10~*
P<0.01 0.01<p<0.05 _

The calculated p-values shown in Table 10 confirm the presence of a
statistically significant difference in the release profiles with and without US as
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(p<0.05). Hence, we can reject the null hypothesis and state that the use of ultrasound
has significantly improved the model drug release from MOFs.

Another statistical comparison was conducted comparing the US triggered drug release
in both categories uncoated and coated MOFs. A standard two-tailed t-test for unequal
variance samples with alpha=0.05 was conducted.

For the t-test :

. The null hypothesis states that there is no difference in release percent
for uncoated and coated MOFs under the ultrasound stimulus for drug release at the
same time interval.

. The alternative hypothesis states that there is a significant difference in
release percentages for uncoated and coated MOFs under the ultrasound stimulus for
drug release at the same time interval.

The calculated (p-values, Table 13) show that at certain time points there is no
significant difference in drug released regardless of the drug carrier type, which agrees
with the release profiles shown in section 5.8. However, with time the coated liposomes
were found to be more sonosensitive. Accordingly, more drug is released and it was
evident that there is a significant difference. Overall, the release profiles of US triggered
release tend to have similar profiles up to a point in which US becomes inefficient in
triggering more drug release from uncoated MOFs, in contrast to coated MOFs that are
constantly releasing with US.

Table 13: statistical analysis (p- value) comparing drug release of uncoated and
coated MOFs release % with US.

Time P-values comparing release % Without vs. with coating
(minutes) with US vs. With US

5 4.00x 1072 0.01<p<0.05
10 1.99% 1072 0.01<p<0.05
20
30
50 1.72x 1072 0.01<p<0.05
70 3.05x 1073 P<0.01

62



5.12. Drug Release Kinetics Mathematical Modelling

The release profiles of uncoated and coated MOFs were fitted into different
kinetic models as discussed in section 4.4. The value of the highest coefficient of
determination (R?) was the criterion used to identify whether the data fit the proposed
model. Figure 25 to Figure 33 show the modeling profiles for coated MOFs. Figure 34

to Figure 41 below show the modeling profiles of uncoated MOFs.
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Figure 25: Zero-order model for coated MOFs.
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Figure 26: First-order model for coated MOFs.

0.5 - y =0.0822x + 0.037
% 4 - R?=0.9835

V't

Figure 27: Higuchi model for coated MOFs.
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Figure 28: Korsmeyers Peppas model for coated MOFs.
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Figure 29: Hixson Crowell model for coated MOFs.
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Figure 30: Baker Lonsdale model for coated MOFs.
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Figure 31: Hopfenberg model for coated MOFs.
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Figure 32: Weibull model for coated MOFs.
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Figure 33: Gompertz model for coated MOFs.
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Figure 34: Zero order model for uncoated MOFs.
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Figure 35:First order model for uncoated MOFs.
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Figure 36: Higuchi order model for uncoated MOFs.
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Figure 37: Korsmeyer-Peppas model for uncoated MOFs.
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Figure 38: Baker-Lonsdale model for uncoated MOFs.
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Figure 39: Weibull model for uncoated MOFs.
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Figure 40: Hoffenberg model for uncoated MOFs.
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Figure 41:Gompertz model for uncoated MOFs.

The coated MOFs release kinetics were found to agree with most models and
with a high value of R2, namely Korsmeyers Peppas, Baker Lonsdale, Higuchi and
Weibull. This concludes that the release mechanism is mainly diffusion-based, as most
of these models are controlled by diffusion, hence, according to the diffusion
mechanism, drug release takes place in one dimension. There is no swelling or
degradation of the nanocarrier and we can use a constant diffusion coefficient for each
model [98].

Table 14 compares the coefficient of determination for both uncoated and
coated MOFs. Uncoated MOFs seem to fit some models but with relatively low
coefficient values. This can be explained because the release profile of uncoated MOFs
with US showed almost relatively low changes in the release and almost plateaued after

around 30 minutes. The previous models are all based on the concept that there is a
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continuous release with time. Since in uncoated MOFs the change in amount of drug
released was very small, most models were not the best fit for the data. However,
Korsmeyers Peppas and Weibull were the most suitable models for uncoated MOFs,
which are both empirical correlations that are not governed by a specific release

mechanism.

Table 14: R-Squared of the models for uncoated and coated MOFs.

Type
Uncoated MOFs (R?) Coated MOFs (R?)

Model
Zero Order 0.416 0.8347
First order 0.4805 0.9419
Higuchi 0.6700 0.9835
Korsmeyers Peppas 0.8280 0.9884
Baker Lonsdale 0.6523 0.9880
Hixson Crowell 0.6108 0.9623
Weibull 0.8413 0.9948
Hopfenberg 0.6108 0.9623
Gompertz 0.8654 0.9767
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Chapter 6. Conclusion and Future Work

Cancer is still one of the deadliest diseases ever known to mankind, and most
of the research is targeted towards minimizing the side effects of the existing treatment
methods. Drug delivery systems can significantly alter the state of cancer treatment.
The usage of small-sized particles that can selectively target cancer cells can drastically
minimize the side effects compared to the market available treatments.

In this thesis, a hybrid nanocarrier prepared from the fusion of liposomes and
Fe- BTC MOFs have been proven to be a promising candidate. This carrier can resolve
the premature release of drugs associated with MOFs, achieve a high drug loading
capacity and increase the cellular uptake by endocytosis. This hybrid nanocarrier can
also advance the fields of both active and passive targeting. The heavier the nanocarrier,
the more accumulated in cancer sites it will be and more favored to pass to cancer cells
due to enhanced permeability and retention effect. Besides, liposomes surface can be
further modified with targeting moieties to reduce the uptake by healthy cells and
especially kill cancer cells.

In this thesis the liposomal coating was verified by two aspects, the change of
the carrier size in terms of diameter using DLS and imagining techniques (Cryo-TEM).
Also, the charge difference in the surface of the nanocarriers was used, with a change
from a negative charge of 39.33+£0.42 mv for loaded MOFs to a relatively neutral charge
of 6.23+0.47 mv for coated MOFs. Release using low-frequency US at 35 kHz showed
that it could drastically improve the drug release compared to normal diffusion-based
release. As release of coated and uncoated reached up to 70% and 50%, respectively
contrast to release without US that reached up to 1% and 4.5% for coated and uncoated
MOFs respectively. This improvement was further validated with statistical analysis
using t-test, that showed a significantly difference (p<0.05). Also, mathematical
modeling of the release profiles for coated MOFs showed that they agree with several
models namely Korsmeyers Peppas, Baker Lonsdale, Higuchi and Weibull. Unlike
uncoated MOFs, that showed low correlation with the kinetic models, as the release
profile of uncoated MOFs plateaued with time.

This thesis provided the initial foundation for the coating MOFs and using US

to trigger release, however, future work needs to include:
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Optimization of the calcein drug loading into Fe-BTC MOFs, using
several parameters such as the weight of the MOFs, calcein solution

concentration and the stirring time.

In-vitro tests to compare the cellular uptake of the coated carrier against

uncoated MOFs and the prevention of the premature release of the drug.

Investigate doxorubicin as a drug since it is hydrophobic and is expected

to have a higher loading efficiency by Fe-BTC MOFs.

Study the effect of pH on the release DOX loaded Fe-BTC MOFs of
coated MOFs.

Investigate the encapsulation of other MOFs that might have a higher
loading ability such as MIL-53, ZIF-8 etc.
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Figure 42: Size distribution for coated MOFs.
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Figure 43: Size distribution for liposomes.
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Figure 45: Cross correlation for liposomes.

81



Mean (mV) Area (%)
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Result quality : See result quality report
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Figure 46: Zeta potential distribution for unloaded MOFs.

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -39.2 Peak1: -392 100.0 11
Zeta Deviation (mV): 1.1 Peak 2. 0.00 0.0 0.00
Conductivity (mS/lcm): 0.0219 Peak 3: 0.00 0.0 0.00
Result quality : See result quality report
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Figure 47: Zeta potential distribution for loaded MOFs.
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Figure 48: Calibration curve spectrum.
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Figure 49: Release without US on uncoated MOFs Trail 1.
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Figure 50 : Release without US on uncoated MOFs Trail 2 .
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Figure 51: Release without US on uncoated MOFs Trail 3.
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Figure 52:Release without US on coated MOFs Trail 1.
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Figure 53: Release without US on coated MOFs Trail 2.
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Figure 54: Release without US on coated MOFs Trail 3.
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Figure 55:Release with US on coated MOFs Traill
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Figure 56:Release with US on coated MOFs Trail 2.
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Figure 57:Release with US on coated MOFs Trail 3.
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Figure 58: Release with US on uncoated MOFs Trail 1.
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Figure 59: Release with US on uncoated MOFs Trail 2 .
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Figure 60: Release with US on uncoated MOFs Trail 3.
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