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ABSTRACT 

Cellular and Polymeric Membranes for Separation and Delivery 

Applications 

Mram Zaid Al-Yami 

 

The primary focus of this research is to utilize cellular and polymeric membranes for 

biomedical applications: 

To date, several organic and inorganic materials have been used to synthesize 

nanoparticles (NPs). The question arises as to which criteria and design principles should 

be considered while selecting the best material. Based on the results of testing, three key 

roles of NPs have been identified. First, NPs need enough circulation time to reach their 

target. Then these NPs must be able to target diseased tissue while leaving healthy tissue 

unaffected. Finally, NPs must be biodegradable and easily eliminated from the body. 

Biomimetic nanoparticles based on cell membranes have been developed as an efficient 

way to fulfill the needs of drug delivery goals and achieve targeted delivery by actively 

interacting and communicating with the biological environment. 

In the first project, genome editing machinery was delivered to particular cells using 

biomimetic cancer cell coated zeolitic imidazolate frameworks. MCF-7 cells demonstrated 

the highest uptake of C3-ZIFMCF compared to HeLa, HDFn, and aTC cells. In terms of 

genome editing, MCF-7 cells transfected with C3-ZIFMCF showed 3-fold EGFP repression 

compared to C3-ZIFHELA cells transfected with 1-fold EGFP repression. In vivo tests 
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demonstrated C3-ZIFMCF's affinity for MCF-7 tumor cells. This demonstrates the 

biomimetic approach's ability to target cells specifically, which is definitely the most 

essential step in future genome editing technology translation. In the second project, 

multimodal therapeutic nanowires (NWs D-ZIF) MCF-7 cancer cells were developed. D-ZIF 

coated NWs had higher cellular uptake and photothermal treatment efficiency than non-

coated NWs. (NWs D-ZIF) MCF accumulates in MCF-7 tumor cells and enhances 

photothermal capability. 

On the other hand, chiral separation of enantiomers is becoming more important, 

particularly in pharmaceuticals. Because enzyme activities and other biological processes 

are stereoselective, chiral drugs' enantiomers often have different metabolic effects, 

pharmacological activity, metabolic rates, and toxicities. In an attempt to address this 

issue, we decided in the final project to study the capability of chiral polyamide 

membrane for efficient and energy-free chiral separation. In particular, to separate 

essential amino acid critical to all living organisms (DL-tryptophan). 
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Chapter 1 

1. Introduction 

1.1 Membrane 

A membrane is defined as a semi-permeable barrier between two phases that enables 

the selective transit of species (liquid or gas) under the influence of a driving force. 

Concentration, pressure, temperature, or an electrical potential gradient constitute 

driving forces.1 The barrier separates a feed stream into two parts: permeate and 

retentate. A variety of compounds may be used to prepare membranes, and they can be 

classified based on the following criteria:2,3 1) Synthetic and natural membranes based on 

the source of the membrane depending on whether they are synthesized in a laboratory 

or derived from nature . Natural membranes are found in cells, kidneys, and other organs 

and can be separated into living and non-living examples. Synthetic membranes, also 

known as artificial membranes, are synthetically created membranes that are typically 

used for separation in laboratories or industries. Synthetic membranes can be categorized 

according to the materials that make up their constitution, and they can be subdivided 

into organic (polymeric or liquid), inorganic (ceramic or metal), and hybrid 

organic/inorganic membranes (also known as mixed-matrix) membranes.4 2) Separation 

mechanisms are another way to categorize membranes. A mechanism known as size 

exclusion occurs when the permeable species is smaller than the pores, but the rejected 

species is bigger than the pores. Membrane separation is also influenced by surface 

charge and hydrophilicity. Solution diffusion is the second mechanism. In solution 



23 
 

diffusion, species are adsorbing onto the membrane's surface, being absorbed into the 

polymer matrix, and then diffusing across the barrier and desorption upon exiting the 

membrane.5 3) Depending on the driving force, membranes may be classified as either 

passive or active. 4) Another example of classification is the membrane charge, which may 

be positive, negative, or neutral. The following sections briefly discuss the roles of natural 

and synthetic membranes in their respective domains of application, specifically cells and 

polymeric membranes. 

1.2 Natural Membrane 

1.2.1 Cell Membrane 

Every cell in the body is surrounded by a membrane known as the cell membrane (plasma 

membrane). The cell membrane is responsible for separating the material found outside 

the cell, known as extracellular, from the material found within the cell, known as 

intracellular. It is responsible for maintaining the integrity of a cell and controlling the 

transit of materials into and out of it. All components inside a cell must have access to the 

cell membrane (the cell's border) to exchange. 

1.2.2 Cell Membrane Compositions 

The cell membrane is a self-assembled phospholipid bilayer film with a thickness of 

around 7–8 nm. Lipids, proteins, and carbohydrates are the primary components of the 

cell membrane, in which the content of each component is about 50%, 40%, and 2–10%, 

respectively, of the composition.6,7. In addition, the cell membrane contains metallic ions, 
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water, and inorganic salts.8 The asymmetry and fluidity of the biological membrane are 

two unique characteristics of the membrane. It has been established that proteins and 

phospholipids in the bilayers are asymmetric, with some 'flip-flopping' between the inner 

and outer layers.9 It is asymmetrical due to the presence of receptors, enzymes, proteins, 

oligosaccharides, phospholipids, and other structures between the inner and outer layers 

of the cell membrane. 10 As a result, scaffolding structures on the inner surface of the 

membrane help to preserve differences between cells and their surroundings while also 

facilitating the proper functioning of signaling systems.11 

 1.2.2.1 Lipid Bilayer 

The amphipathic nature of phospholipid molecules drives the self-assembly process that 

results in the formation of cell membranes. Nonpolar phospholipid groups are 

incorporated into planar bilayers due to the hydrophobic effect. Nonpolar groups in a 

planar lipid bilayer are buried in the hydrophobic core of the bilayer, while the polar head 

areas are orientated toward the exterior aqueous phase.12,13  The phospholipid bilayer is 

the basic skeleton of the membrane. Typically, the lipid bilayer is very fluid with 

assemblies of lipids and amphiphilic proteins, which facilitate the transportation of small 

molecules, like water, oxygen, carbon dioxide, ethanol, and urea by simple diffusion into 

or out of cells. It is crucial to note that these molecules pass directly through the lipid 

bilayer or via pores created by specific integral membrane proteins, as discussed in the 

next section. Numerous biological processes occur at the cell membrane level due to 

interactions between the membrane lipids and exogenous peptides and proteins.14  
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1.2.2.2 Membrane Proteins 

Cell membranes have high permselectivity, allowing particular molecules to permeate cell 

membranes. When it comes to the molecules, they transport, membrane transport 

proteins are specialized and selective. Additionally, they often need the energy to catalyze 

passage. Furthermore, these proteins transport certain nutrients in the opposite direction 

of the concentration gradient, which requires the spending of extra energy. Cell health 

and maintenance depend on the capacity to maintain concentration gradients and, in 

some instances, to transport materials opposite them. Cells may absorb nutrients in 

higher concentrations than are found in the environment and, conversely, dispose of 

waste products due to the presence of membrane barriers and transport proteins in the 

cell (Figure 1). Water and other small molecules enter and exit cells through simple 

diffusion, enhanced diffusion, or active transport. The movement of substances across 

cell membranes, such as ions or small organic molecules, is accomplished by assisted 

diffusion or active transport utilizing protein-mediated carriers.15 The major intrinsic 

protein (MIP) family is one of the most significant families of integral membrane proteins. 

MIPs are primarily divided into two types: aquaporins (AQPs), which are solely permeable 

to water, and aquaglyceroporins (GLPs), which are permeable to small solutes like glycerol 

or urea and by passive diffusion.16,17  Although AQP1 allows water to move freely and bi-

directionally across the cell membrane through osmosis, it does not enable other small 

organic, inorganic, or protons to pass freely or bi-directionally over the cell membrane, 

and it is referred to as the "water channel".18-20 Ion pumps, on the other hand, are capable 
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of transporting ions. Ion pumps are large protein complexes that include a central channel 

component that spans the cell membrane and are involved in ion transport.21 

 

Figure 1.1 Schematic Illustration of selective transport through specialized proteins in 

the cell membrane regulate the concentration of specific molecules inside the cell. 

Reprinted with permeation, all rights received for 2010 Nature Education.  
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1.2.3 Cell Membrane Structure 

Lipids, proteins, and carbohydrates, when these three substances are conjugated on the 

membrane, constitute the barrier composition of organisms and the specific functional 

units of cells (Figure 2). Biological membrane structure was initially elucidated in 1972 

using the fluid-mosaic membrane model (F-MMM). Based on this fundamental 

framework model for bio-membranes, it was concluded that they were displaying the 

accumulated information of protein molecules, lipid structures, and the dynamics of 

these structures inside the membrane. 12 The fluid phospholipid bilayer is intercalated 

with multiple glycoproteins according to F-MMM. Several investigations have established 

the existence of phospholipids in the membrane plane as well as their lateral mobility 

within the layers of the cell membrane.22 

 

Figure 1. 2 Schematic Illustration of the cell membrane structure.   
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1.2.4 The Cell Membrane Function 

Membranes in living organisms are dynamically asymmetrical and heterogeneous. A 

biological membrane serves a variety of purposes.21,23 From the viewpoint of life activity, 

there are three major functions of cell membrane viz: 1) The biological membrane can 

provide cells with a reasonably stable environment in which various of biochemical 

processes are performed in an orderly manner. The self-assembly of lipophilic structures 

prevents them from interacting with water. At the same time, hydrophilic molecules are 

more comfortable interacting with aqueous substances, which creates the 

thermodynamic circumstances necessary for the formation and stabilization of biological 

membranes, as previously stated.  2) It can offer several enzyme attachment sites and a 

location for the reaction. 3) The cell membrane facilitates the transport of nutrients into 

the cell and the clearance of toxic substances from the cell. 4) Proteins lining the cell 

membrane allow the cell to interact with each other. From the perspective of 

nanomedicine; 1) This semi-enclosed characteristic with homing capabilities makes the 

loading of active agents inside the cells possible. 2) The lipidic skeleton, receptors, ion 

channels, and transporters are the functional units that transmit the delivery address of 

the nanoparticles to which they should be delivered. Additionally, these functional units 

aid in the proper entry of particles into the cells. 3) To improve the targeting and 

biocompatibility of the nanoparticles, also for other therapeutic advantages, the 

biological membrane has been extracted and used to coat the nanoparticles' surfaces. 

The influence of the cell membrane on nanomedicine research will be discussed in further 

detail in the following sections. 
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1.2.5 Application of Cell Membrane in Nanomedicine  

There are many different kinds of biomarkers embedded on the cell membrane that aid 

in recognition, signal transduction, and a variety of other functions. In order to potentially 

translocate the physiological capabilities of the membrane, including its extraordinary 

capacity to interface and interact with its surrounding environment, grafting an entire cell 

membrane directly onto an NP is a viable option for doing this. Using cell membrane-

based drug carriers has many advantages, including generating desired cytotoxic 

immunomodulatory effects via cell surface engineering, resulting in tumor regression, 

and providing an immune escape. Specific tumor-targeting can result in improved EPR in 

cancer therapies.24-29 Currently, several different kinds of cell membranes or fused 

membranes are being investigated for application in constructing biomimetic 

nanoparticles, as summarized in the following tables. 
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Cell membrane source 

 

               Red blood cells (RBCs)  

Properties  Immune evasion and prolonged circulation time 

 Biodegradability and biocompatibility 

 Relative targeting specificity 

Applications  Targeted drug delivery 

 Toxin nanosponge 

 Antibacterial vaccine 

 Treating autoimmune diseases 

 Combined photothermal /photodynamic 

chemotherapy 

 Tumor imaging 

Disease treated  Lymphoma 

 MRSA infection 

 Pore-forming toxins 

Strategy  Red blood cell membrane- and doxorubicin-loaded PLGA 

nanoparticles 

 RBC membrane functionalized with pore-forming α-

hemolysin fused with the surface of PLGA 

 Nanosponge made of RBC-coated PLGA 

Ref. 30-39 

 
 
Table 1. 1 The properties, applications and disease treated with Red blood cells coated 

nanoparticles.  
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     Cell membrane source 

 

                                        Platelets    

Properties  Immune evasion 

 Selective adherence to the vasculatures at sites of 

injury or inflammation 

  Specific aggregation around circulating tumor cells 

or pathogens 

Applications   Targeting metastatic tumors 

 Treating atherosclerosis 

 Targeting connective tissue disease sites 

 Treating autoimmune diseases 

Disease treated  Melanoma and breast cancer 

 Breast cancer and prostate cancer 

 Myeloma 

 Circulating tumor cells 

Strategy  Conjugated anti-programmed-death ligand 1 on the 

surface of platelets 

 Engineered platelets to express membrane-bound TRAIL 

 Bortezomib-loaded nanoparticles covered by 

alendronate-conjugated platelet membranes 

 Designed silica nanoparticles coated by TRAIL-

conjugated platelet membranes 

Ref. 40-48 

 
 
Table 1. 2 The properties, applications and disease treated with platelet coated 

nanoparticles. 
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     Cell membrane source 

 

                            Inflammatory cells  

Properties  Penetrating the vasculature and chemotaxis 

 Targeting sites of infection or inflammation 

 Targeting metastatic tumors 

Applications  Anti-inflammation 

 Antitumor 

Disease treated  Glioma 

 Circulating tumor cells 

Strategy  Neutrophils loaded with paclitaxel carrying liposomes 

 Coating neutrophil membranes on carfilzomib-loaded 

PLGA nanoparticles 

Ref. 49-54 

 

Table 1. 3 The properties, applications and disease treated with inflammatory cells 

coated nanoparticles. 
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     Cell membrane source 

 

                                 Immune cells 

Properties  Avoiding immune clearance 

 Targeting tumor cells through homotypic 

recognition 

  Absorbing specific pathogens 

Applications  Targeting solid and metastatic tumors 

 Enhanced tumor imaging 

 Photothermal cancer treatment 

 Anti-HIV therapy 

Disease treated  Autoimmunity and cancer 

 Prostate cancer 

 Circulating tumor cells 

 Gastric cancer 

 Melanoma 

 Breast cancer 

 Bacterial infection 
 lung, and colon carcinoma cancer 

 

Strategy  Direct delivery of immunomodulatory drugs via T cell 

surface-conjugated nanoparticles 

 Maleimide-functionalized nanoparticles conjugated to 

effector T cells 

 TRAIL-coated lymphocytes 

 Cytotoxic T lymphocyte membrane-coated nanoparticles 

combined with low-dose irradiation 

 Nanoporous silicon particles coated with leukolike 

vector. 
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 Melanoma peptide MHC-specific TCR-expressing T cell 

membrane-coated PLGA nanoparticles 

 Doxorubicin-loaded mesoporous silica nanocapsules 

camouflaged with macrophage cell membranes 

 Mouse macrophage cell membranes and fusing them 

with PLGA cores 

 Exosomes derived from dendritic cells 

 Monocyte cell membrane shell- and doxorubicin-loaded 

PLGA core 

Ref. 26,51,55-64 

 

Table 1. 4 The properties, applications and disease treated with immune cell membrane 

coated nanoparticles. 

 

     Cell membrane source 

 

                                       Stem cells 

Properties  Tumor-homing ability 

 Penetrating across the endothelium 

Applications  Targeted antitumor drug delivery 

combined gene-photothermal therapy 

 Treating ischemic injury 
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Disease treated  Lung adenocarcinoma and ovarian cancer 

 Cervical cancer 

 Glioblastomas 

Strategy  Engineered human MSCs with paclitaxel-loaded 

polymeric nanoparticles 

 Bone marrow derived mesenchymal stem cell 

membrane-coated gelatin nanogels loaded with 

doxorubicin 

 Bone marrow derived MSCs loaded with paclitaxel 

encapsulated PLGA nanoparticles 

Ref. 65-69 

 

Table 1. 5 The properties, applications and disease treated with stem cell membrane 

coated nanoparticles. 

 

     Cell membrane source 

 

                                      Tumor  cells 

Properties  Targeting tumor sites via homotypic binding 

 Promoting a tumor-specific immune response via 

targeting immune cells 

Applications  Tumor imaging and photothermal therapy 

  Oxygen interfered chemotherapy 
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 Anticancer vaccination and drug delivery 

Disease treated  Different type of cancer 

Strategy  Doxorubicin-loaded gold nanocages (AuNs) as an inner 

core and 4T1 cancer cell membranes (CMVs) as the 

outer shell 

 CpG-loaded PLGA with B16-F10 mouse melanoma cell 

membranes 

 MPLA modified mouse melanoma cancer cell 

membranes coated on PLGA nanoparticles 

 CRISPR/Cas9 encapsulated by ZIF-8 coated with MCF-7 

cells membrane 

 Nivolumab encapsulated by ZIF-8 coated with MCF-7 

cells membrane 

Ref. 70-80 

 

Table 1. 6 The properties, applications and cancer type treated with cancer cell 

membrane coated nanoparticles. 

Other membranes, such as bacterial membranes, have also been employed for NPs 

coating as antibacterial vaccine.81 To summarize, several researchers have investigated 

the use of different cell membranes as coating materials to develop nanoscale platforms. 

The preparation procedure is divided into three steps; separation of membranes from 
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source cells followed by the production of NPs and finally fusing of NPs with membranes 

to produce the core-shell structure of the NPs. Many biological cell membrane-coated 

nanoparticles (NPs) can evade immune recognition and enhance existing targeted 

precision treatments. Cell membrane-coated NPs can perform several roles when used in 

conjunction with the specific properties of the core particles. As a result, this innovative 

cell membrane coating technique shows significant potential for various applications such 

as targeted drug delivery, biodetoxification, immunological modulation, phototherapy, 

among others. 

1.3 Synthetic Membrane 

1.3.1 Polymeric Membrane  

Polymeric membranes have been effectively used in a broad range of large-scale 

industrial applications since their introduction in the early 1960s. Breakthrough advances 

in membrane materials, membrane architectures, and large-scale membrane 

manufacturing processes enabled the fast adoption of membranes in the industry. Since 

their introduction, membranes have been used in various applications, including gas 

separations,82,83 water purification,84,85 enrichment of food processing, 86, 87 removals of 

bacteria and viruses,88 and chiral separation.89  The broader industrial and environmental 

applications are because of the advantages of membrane separation as a lower 

environmental impact, lower capital and operating expenses, more energy efficiency, and 

better flexibility.90,91 Additional advantages include the fact that it is simple to run and 
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scale-up. A detailed discussion of the use of polymeric membranes in chiral separation 

will be provided in the following sections. 

1.3.2 Membrane Technologies for Chiral Resolution    

Chiral separation is a critical step in discovering and developing biologically active 

compounds. Enantiomeric forms of the same drug often have significantly different 

pharmacological activity, metabolic effects, metabolic rates, and toxicities because of the 

high degree of stereoselectivity of enzyme reactions and other biological processes.89,92 

Thalidomide, a racemic drug extensively used across European nations throughout the 

1960s to alleviate nausea associated with pregnancy, is an excellent instance of the 

differences in the pharmacological action of racemic drugs.93 The D-isomer of thalidomide 

is a safe sedative, but the L-isomer is associated with severe birth abnormalities and 

malformations, which is regrettable. Another example, D-Propoxyphene (brand name 

"Darvon"), is an analgesic used to relieve moderate pain caused by surgery or significant 

injuries, whereas L-Propoxyphene is an antitussive drug. In the instance of SR-

propranolol, a beta-blocking drug used to treat some cardiovascular irregularities, the S-

isomer has much more blocking efficacy than the R-isomer.94  

Pharmaceutical companies have been required to develop methods for manufacturing 

pure enantiomers since such effects have been demonstrated to assure the desired 

activity in the administration of drugs. Enantiomerically pure substances are becoming 

more critical in the pharmaceutical sector and manufacturing other chemical products, 

including agrochemicals, perfumes, and food. Consequently, the large-scale 
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manufacturing of single enantiomeric molecules is scientifically and commercially 

significant.89,95-97 It is shown via several instances using membrane technology that 

enantiomeric separation on a preparative scale is possible and feasible.94, 98-104  

 

Chemical structure 

Pharmacolo

gical 

activity 

Single 

enantiomer 

Year 

of 

launch 

Ibuprofen 

 

 Anti-
inflammatory 

(S)-(+)-ibuprofen  1994 

Ofloxacin 

 

Antibacterial (S)-(−)-ofloxacin  
1995 

Salbutamol 

 

Antiasthmatic (R)-(−)-albuterol  
1999 

Omeprazole 

  

Acid reducer, 
proton pump 
inhibitor (PPI) 

(S)-(−)-
omeprazole  

2000 

Bupivacaine 

 

Local anesthetic 
(S)-(−)-
bupivacaine  

2000 



40 
 

Cetirizine 

 

Antihistaminic (R)-(−)-cetirizine  2001 

Citalopram 

 

Antidepressant 
(S)-(+)-
citalopram  

2001 

Methylphenida

te 

 

Attention 
deficit, 
hyperactivity 
disorder 

(R,R)-(+)-
methylphenidate  

2001  

Lansoprazole 

 

Acid reducer, 
proton pump 
inhibitor (PPI) 

(R)-(+)-
lansoprazole  

2009 

 

Table 1. 7 List of racemate drugs that were introduced to the market as a single-

enantiomer (1994 and 2009). 

Cram et al. reported the first study outlining the use of membrane technology for 

enantiomeric resolution in 1980.105 Solid membranes that are either enantioselective or 

non-enantioselective can be employed to obtain chiral resolution.106,107  

Non-enantioselective membranes do not have any enantioselectivity of their own. They 

are often used to help in the separation of enantiomers by serving as ultrafiltration 
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membranes. The non-enantioselective membrane-assisted techniques, also known as 

combinatorial methods, are often used in conjunction with other chiral recognition 

technologies such as enzymatic kinetic resolution, micelle-based solution systems, and 

systems that use chiral selectors as complexing agents. Stereoselective selectors like 

bovine serum albumin (BSA) and human serum albumin (HSA) are usually applied to a 

non-enantioselective membrane, where they are allowed to attach to one of the 

enantiomers in solution while allowing the other enantiomer to pass through the 

membrane to accomplish chiral separation. 108-110 

On the other hand, enantioselective membranes can achieve selectivity by causing the 

binding of the enantiomers to different chiral recognition sites with differing affinities as 

a result of various types of interactions as hydrogen bonding, hydrophobic interactions, 

van der Waals interactions, and steric effects.111-113 Basically, chiral recognition and 

enantiomeric separation are based on interactions between enantiomers and chiral 

recognition sites. Chiral recognition is the consequence of the difference in Gibbs free 

energy of the generated complexes between the two enantiomers and the chiral 

recognition site. 114,115 As shown in figure 3 an intermolecular interaction forms a 

temporary association between the chiral recognition site and the enantiomer, which 

permits the two enantiomers to pass through the membrane at different rates due to the 

distinct stabilities of the complexes formed.116 Enantioselective membranes are often 

affordable, highly selective, and capable of rapid mass transfer as discussed in the 

following sections. 
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Figure 1. 3 Schematic Illustration of Influence of the interaction of chiral selectors with 

enantiomers on chiral separation. This figure has been reprinted from ref. 116 with 

permission from American Chemical Society, copyright 2020. 

1.3.3 Enantioselective Solid Membranes for Chiral Resolution 

Enantioselective solid membranes are divided into inherent chiral membranes and 

membranes functionalized with immobilized chiral selectors. The majority of Inherent 

chiral membranes with chiral backbones and/or chiral side chains are generated directly 

by polymerizing chiral monomers.117 The second class of solid membranes can be formed 

by functionalizing base membranes with chiral selectors such as cyclodextrin, crown ether 

derivatives, protein, antibodies, or DNA.118-123 For example, As shown in figure 4, 

polydopamine-modified polysulfone (PSf) membrane synthesized via mussel-inspired 

chemistry was polymerized in situ on the membrane substrate, and β-cyclodextrin (β-CD) 

was employed as a chiral selector included in the membrane's surface.124 The immobilized 
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chiral selectors are not stable and may become saturated, which is a disadvantage of this 

type. This emphasis on inherently chiral membranes is owing to these drawbacks and the 

fact that these non-inherent membranes are irrelevant to the research goal of 

synthesizing the inherent chiral membrane from chiral monomers. 

 

Figure 1. 4 Representative example of membranes functionalized with immobilized chiral 

selectors: (a) the formation mechanism of polydopamine. (b) procedure for preparation 

of a PSF-based enantioselective membrane from ref. 124 with permission from Elsevier, 

copyright 2017. 
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1.3.3.1 Inherently Chiral Membranes  

Over the last few years, several chiral separation membranes have been developed by 

Ingole et al.125-127 Recent work has focused on the preparation and characterization of 

chiral composite membranes employing L-arginine as a diamine monomer, which was 

achieved by interfacial co-polymerization with trimesoyl chloride in-situ.128 Exceptional 

enantioselectivity was attained for lysine, with an enantiomeric excess and separation 

factor of more than 92 % and 21%, respectively. In order to separate mandelic acid and 

p-hydroxyphenylglycine, membranes made of cellulose, sodium alginate, and 

hydroxypropyl-beta-cyclodextrin were developed and evaluated. Using the cellulose 

membrane, generating a higher enantiomeric excess for mandelic acid (89 %) was 

possible.115 Poly(methyl-L-glutamate) (PMLG) chiral main chains with achiral 3-

(pentamethyldisiloxanyl)propyl side chains were synthesized by Aoki et al. It has been 

shown that ultrafiltration using PMLG membranes that have been modified increases 

enantioselectivity and permeation rate. The asymmetric carbons in main chain were 

attributed to enantioselectivity rather than the membrane α-helix shape. This 

membrane's adsorption enantioselectivity favored D-tryptophan, while its diffusion and 

permeation selectivity preferred L-tryptophan. D-tryptophan suppression resulted in 

enantioselective permeation. As a result, the authors of this research concluded that the 

siloxane area was sufficiently tiny to interact with permeating solutes and detect the 

permeating solute enantioselectively.129 Many other examples have been reported where 

most recent were summarized in this review by Higuchi.130  
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1.3.4   Chiral Resolution Mechanism through the Membrane 

Polymeric membranes can be divided into diffusion-selective membranes and sorption-

selective membranes for the chiral separation process.131  

 Diffusion-selective membranes are often composed of an inherently chiral polymer such 

as albumin or other proteins, chiral polysaccharide chains or segments, DNA, crown ether 

derivatives, and oligopeptides. The preferred enantiomer interacts with the chiral 

recognition site and migrates through the adsorption-desorption alternative process in 

the diffusion-selective membranes. In contrast, the other enantiomer simply diffuses 

through the membrane. The maximum selectivity is always achieved at the beginning of 

the permeation process, with lower feed solution concentrations and membrane with 

small pores size. The enantioselective permeation of diffusion-enantioselective 

membranes is typically low since a concentration gradient is used as the driving force. The 

most significant drawback of this kind of membrane is the reverse relationship between 

flux and selectivity, which severely restricts diffusion-enantioselective membranes on an 

industrial scale. 132-134  

 Adsorption-selective membranes are often made by embedding or immobilizing chiral 

selectors in polymer membranes or on membrane surfaces, resulting in less-selective 

diffusion but highly selective adsorption of specific ions and molecules. Adsorption-

enantioselective membranes often exhibit strong interactions between chiral recognition 

sites and enantiomers and are frequently driven by pressure or electrical potential 

difference. Adsorption-enantioselective membrane technology may be the most 
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promising option for obtaining high flux, selectivity, efficiency, and stability, as well as for 

industrial-scale chiral resolution applications.134 It is worth noting that the intensity of the 

interaction between the enantiomer and the chiral recognition site does indeed have a 

critical influence on the membrane's separation performance, regardless of whether it is 

a facilitated or retarded transport membrane.135 
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Chapter 2 

2. Cell-Type-Specific CRISPR/Cas9 Delivery by Biomimetic Metal Organic 

Frameworks  

2.1 Introduction 

The clustered regularly interspaced short palindromic repeats (CRISPR)-associated 9 

(Cas9) system present in prokaryotes has become an attractive gene editing tool in 

various systems,136-139 including human cells,140,141 bacteria,142 model organisms,143,144and 

plants.145 After Cas9 initiates site-specific genomic DNA cleavage, endogenous repair at 

the targeted site leads to gene disruption or templated repair that can correct the 

underlying cause of genetic disorders.146 Until now, most of the CRISPR/Cas9 delivery 

systems had depended on physical or viral approaches that suffer from limited 

applicability and major immunological concerns.147-150 Most recently, synthetic delivery 

vehicles151including cationic lipid nanoparticles,152,153 gold nanoparticles,154-157 gold 

nanowires,158DNA nanoclews,159and other novel platforms have been reported for 

CRISPR/Cas9 delivery.160-163 Concurrently we have reported that metal organic 

frameworks (MOFs), namely, zeolitic imidazolate framework (ZIF-8), can serve as an 

excellent nonviral CRISPR/Cas9 delivery system.164 The huge surface area, tailored pore 

size, predesigned morphology, biocompatibility, and controlled degradability drive this 

class of propitious materials closer toward pharmaceutical and medical translation.165-167  

Biomimetic nanoparticles based on cancer cell membrane coating technology are 

promising carriers and have been employed in many areas such as cancer therapy and 
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vaccination.54,168,169 Made by fusing natural cell membranes onto synthetic cores, these 

platforms inherit the antigenic profile of the source cells. Consequently, due to the 

retained membrane composition and antigen, such a system will have superior 

characteristics such as homotypic targeting, complex antigenic profile, and low intrinsic 

immunogenicity, which is key for personalized medicine.44,72 As for any genome 

engineering technology, selectivity is of paramount importance, and identifying avenues 

for cell-type targeted delivery enables valuable possibilities to advance the application of 

safe gene editing techniques. Herein, zeolitic imidazolate frameworks encapsulating 

CRISPR/Cas9 (CC-ZIFs) are coated with a cancer cell membrane to enhance cell-specific 

gene editing selectivity entrusted by the inherent homotypic binding phenomenon of 

tumor cells. CC-ZIFs can be regarded as supramolecular assembled capsules (SACs) that 

can load a wide range of biomolecules. MOFs have been previously coated with liposomes 

and exosomes to improve their delivery profile.170,171 Porphyrin-based MOFs were also 

actively employed in photodynamic cancer therapy and targeted starvation.172 However, 

this is the first example of biomimetic cancer cell coating of MOFs to improve cell-type 

selectivity in genome editing to be reported thus far. 

CC-ZIF was prepared as previously described with slight modification.164 As for cancer cell 

coated CC-ZIF (C3-ZIF(cell membrane type)), the membrane derivation was achieved by emptying 

cells of their intracellular components using a combination of hypotonic lysing, 

mechanical membrane disruption, and differential centrifugation (a detailed description 

is included in the materials and method ).72 Human breast adenocarcinoma cells (MCF-7) 
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were used as a model cancer cell line to coat CC-ZIF. Mixing CC-ZIF with the MCF 

membrane extract under vortex stirring and then coextrusion through a 200 nm porous 

polycarbonate membrane afforded uniformly distributed C3-ZIFMCF (Figure 2.1). 

Figure 2. 1 Schematic Illustration of the Preparation and Cell-Type Selectivity of C3-ZIF. 

2.2 Materials and Methods 

2.2.1 Materials 

         All chemicals were purchased from Sigma-Aldrich and used without further 

purification. CRISPR associated protein 9 (Cas 9) incorporated with a nuclear localization 

signal (NLS). Molecular probes including (Hoechst 33342 and Alexa fluor 647), IVT sgRNA, 

cell counting kit-8 (CCK-8), EDTA-free mini protease inhibitor tablet and primers qRT-PCT 

were obtained from Thermo Fisher Scientific. The RNA extraction kit (RNeasy mini kit) and 

SYBR Green Master mix were provided by Qiagen. The human cervical tumor cell line 

(HeLa), Human breast adenocarcinoma cell (MCF-7), activated Jurkat cells (aTC) and 



50 
 

Human Dermal Fibroblast (HDFn) were purchased from ATCC (USA). Dulbecco's Modified 

Eagle's Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, trypsin and 

Dulbecco’s phosphate buffered saline (PBS) were purchased from Invitrogen (USA). 

Xenolight DiR was purchased from PerkinElmer (MA, USA). 

2.2.2 General Techniques 

        Dynamic light scattering (DLS) and zeta potential analyses were performed using a 

Malvern Nano ZS instrument at 25 °C at pH 7 in aqueous solutions. Standard deviations 

were calculated with three runs. Transition electron microscopy (TEM) images were 

recorded using a Technai 12 T (FEI Co.) microscope operated at 120 kV. For visualization 

by TEM, samples were prepared by dropping a solution of product on a copper grid 300 

mesh (Electron Microscopy Sciences, LC 300-Cu). X-ray powder diffraction (PXRD) 

measurements were performed using a Panalytical X’Pert Pro X-ray powder 

diffractometer using the Cu Kα radiation (40 V, 40 mA, λ = 1.54056 Å) in a θ – θ mode 

from 20 ° to 90 ° (2 θ). Fluorescence data were collected using a Varian Cary Eclipse 

fluorimeter. Confocal laser scanning microscopy (CLSM) images were recorded using 

CLSM (Zeiss LSM 880 AIRYSCAN FAST System). Flow cytometry data was carried out using 

BD LSR-Fortessa flow cytometry. Gene expression was calculated using the Sequence 

Detection System software, provided by the manufacturer with a 7900HT Fast Real-Time 

PCR system (Applied Biosystems). 
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2.2.3 Preparation of Cancer Cell Membrane Fragments  

Cancer cell membrane fragments were prepared as previously reported with slight 

modification.72 Typically, HeLa or MCF-7 cells were incubated in DMEM containing 10% 

FBS and 1% antibiotics (penicillin-streptomycin). To harvest membrane, cells were grown 

in T-175 culture flasks to full confluency, then detached and washed in PBS three times 

by centrifuging at 500 × g. The cells were suspended in a hypotonic lysing buffer consisting 

of 20 mM Tris-HCl pH 7.5, 10 mM KCl, 2 mM MgCl2 and 1 EDTA-free mini protease 

inhibitor tablet per 10 mL of solution and disrupted using a Dounce homogenizer with a 

tight-fitting pestle. The entire solution was subjected to 20 passes before spinning down 

at 3,200 × g for 5 min. The supernatant was stored while the pellet was resuspended in 

hypotonic lysing buffer and subjected to another 20 passes and spun down again. The 

supernatants were pooled and centrifuged at 20,000 × g for 20 min, after which the pellet 

was discarded and the supernatant was centrifuged again at 100,000 × g. The pellet 

containing the plasma membrane material was then washed once in 10 mM Tris-HCl pH 

7.5 and 1 mM EDTA. The final pellet was collected and used as a purified cancer cell 

membrane for subsequent experiments. 

2.2.4 Cancer Cell Membrane Protein Characterization  

Protein characterization was conducted using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) method reported in the literature. The cracked cancer cell 

membrane (CCM) samples in lithium dodecyl sulfate (LDS) loading buffer (Invitrogen) 

CCNPs were purified by centrifugation at 18,000 × g to collect the coated particles but not 
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free vesicles or protein. Samples were heated to 90 oC for 10 min, and 20 µL of sample 

was loaded into each well of a NuPAGE Novex 4-12% Bis-Tris minigel, using 3-(N-

morpholino) propane sulfonic acid (MOPS) sodium dodecyl sulfate (SDS) as running buffer 

(Invitrogen) in an XCell SureLock Electrophoresis System based on the manufacturer’s 

instructions. Protein staining was accomplished using Coomassie Blue (Invitrogen) and 

destained in water overnight before imaging.168 For western blot analysis, the protein was 

transferred to protran nitrocellulose membranes (Whatman) using an XCell II Blot Module 

(Invitrogen) in NuPAGE transfer buffer (Invitrogen) per manufacturer’s S4 instructions. 

Membranes were probed using antibodies against histone H3 (Poly6019, Biolegend), 

CD44 (clone 515; BD Biosciences), E-Cadherin (clone 36; BD Biosciences) and CD49e (BD 

Biosciences) followed by horseradish peroxidase HRP-conjugated anti-mouse IgG (Cell 

Signaling) as the secondary antibody. A separate blot was prepared and stained with 

HRPconjugated anti-mouse IgG only as a control. 

2.2.5 Preparation of CC-ZIF  

Cas9 and sgRNA were mixed at a molar ratio of 1:1 in a phosphate buffer saline (PBS) for 

5 min followed by addition of 2-methylimidazole solution (0.45 mL, 2.5 M, pH 7) for 10 

minutes under mechanical agitation. An aqueous solution of zinc nitrate (0.050 mL, 0.5 

M) was then slowly added at room temperature for 20 min, the clear solution turned 

opaque to obtain CC-ZIF. 
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2.2.6 Preparation of C3 –ZIFs 

 C3-ZIFs were prepared the previously reported mothed with slight modification.72,168 2.0 

mL of CC-ZIFs (0.5 mg/mL) were mixed with 1.0 mL of cracked cancer cell membrane 

dispersion (1.0 mg/mL) in deionized water. Afterward, the mixture was transferred into a 

syringe and successively extruded through 1.0 µm, 800.0 nm and 450.0 nm polycarbonate 

membrane. The obtained C3 -ZIFs NPs in solution was further purified by centrifugation 

to remove the free cancer cell membrane. C3-ZIFs were diluted in water for 

characterization or Opti-MEM medium for cell study. 

2.2.7 Cell culture 

 Human breast adenocarcinoma cells (MCF-7) , human cervix carcinoma (HeLa) cells, 

activated jurkat cells (aTC) and human dermal fibroblast (HDFn) were incubated in 

Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS) 

and 1% antibiotics (penicillin-streptomycin) at 37oC in a humidified atmosphere 

containing 5% CO2. 

2.2.8 Cell viability 

 To study cytotoxicity, cell counting kit-8 assay (CCK-8) assay was performed according to 

the manufacturer’s protocol. Unlabeled Cas9 was used for the treatment. Briefly, MCF-7 

cells (5 × 103 cells per well) were seeded onto a 96-well plate. After 12 hours, the culture 

medium was changed, and cells were incubated with different concentrations (150, 100 

and 50 µg mL-1) of bare ZIFs, CC-ZIFs and C3 -ZIFs in 200 µL of opti-MEM medium at 37 °C. 



54 
 

Media was then discarded and a culture medium containing 10 % CCK-8 solution was 

added into each well, including a negative control of culture media alone. After 3 hours 

of incubation, the absorbance was measured at 450 nm using a microplate 

spectrophotometer (xMark™ Microplate Absorbance Spectrophotometer). 

2.2.9 Release of AF-Cas 9/sgRNA via pH Trigger 

 To evaluate the release of Cas 9/sgRNA from C3 -ZIF, AF 647 labeled Cas 9 was used. 

Aliquots of hydrochloric acid were added to 600 µg/mL Cas 9/sgRNA@ZIF-8@CCM in PBS 

to reach pH of 5. PBS only was added to the sample of pH 7. The fluorescence of released 

AF-Cas 9/sgRNA was monitored by fluorescent spectroscopy (excitation/emission 

wavelength: 650 nm/668 nm). 

2.2.10 Homotypic Targeting Studies 

 Flow cytometric assay (FCA), inductively coupled plasma mass spectroscopy (ICP-MS) and 

confocal laser scanning microscopy (CLSM) were used to investigate the homotypic 

targeting ability of C3 -ZIFs coated with MCF-7 and HeLa cells membranes to obtain C3 -

ZIFMCF and C3 -ZIFHeLa , respectively . For flow cytometric analysis, AF 647 labeled Cas 9 (AF-

Cas9) was used to track the uptake of the Cas9/sgRNA. Cells were seeded in 6-well plates 

at a density of 5×105 cells per single well and cultured for 12h in 2 mL of DMEM containing 

10% FBS and 1% antibiotics (penicillin-streptomycin). After C3-ZIF (100 µg/mL) was 

coincubated with the cells for 2 and 6 h, then cells were washed three times with PBS, 

detached by trypsin and finally collected by centrifugation at 1000 rpm for 5 min. The 

bottom cells were washed three times with PBS and then the suspended cells were 
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analyzed by flow cytometry. For confocal laser scanning microscopy observation, 

different cell lines have been seeded at a density of 3×105 cells per well in 1 mL of DMEM 

containing 10% fetal bovine serum and 1% antibiotics (penicillin-streptomycin). Incubated 

at 37 oC for 12 h. The medium was later replaced with the fresh medium containing C3 -

ZIF (100 µg/mL). After 6h co-incubation, the medium was removed and the cells were 

washed several times with PBS. After further incubation in 1 mL of DMEM containing 10 

µL Hoechst 33342 for 15 min at 37 oC, the cells were photographed by CLSM. For 

inductively coupled plasma mass spectroscopy. (ICP-MS) quantitative study, the cells 

were exposed to NPs without fluorescence labeling and collected following the same 

procedures used in flow cytometry. Collected cells were then digested by using 3:1 nitric 

acid and hydrogen peroxide and then diluted by deionized water up to a final 

concentration of 0.1 mg/ml. Then, the elemental concentrations of zinc in cells were 

measured by Perkin Elmer Analyst 800 ICP-MS. 

2.2.11 Generation of the Enhanced Green Fluorescent Protein (EGFP) 

Expressing Cells 

 pENTR11 with the cDNA of the EGFP gene was cloned into the pDEST26 vector using 

Gateway® reaction (Invitrogen). Cells were maintained in MEM media (Gibco) and 

McCoy's media (Cellgro) supplemented with 10% FBS (Cellgro) at 37°C in 5% CO2. The 

EGFP-construct was then transfected into HeLa and HCT116 cells (ATCC) in their 

respective media using a calcium phosphate method as described previously.173 In brief, 

cells were cultured at a density of 1.5x105 cells/mL one day before transfection in 12-well 
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plates (Corning) using MEM media (HeLa; Gibco) or McCoy's media (HCT116; Cellgro) 

supplemented with 10% FBS (Cellgro) at 37°C in 5% CO2. The next day, the media was 

replaced with 1 mL of fresh media. In parallel 2.5 μg/mL of pDEST26-EGFP was mixed with 

50 μL of 250 mM CaCl2 first and then 50 μL 2X HEPES buffer was added. This mixture 

pipetted for ~ 30 s and then further incubated for another 30 s to allow crystals to form. 

The mixture of DNA containing crystals was slowly introduced to the cells in a dropwise 

manner and left to incubate with the cells for six hours at 37oC. Following this incubation, 

the transfection mixture was removed and the cells were washed twice with PBS (Gibco). 

A glycerol shock was performed by adding 1 mL of 10% glycerol and leaving it for one 

minute at room temperature on the cell monolayer. Cells were then washed twice with 

PBS and incubated in fresh media for two days. To select stable transfectants, cells were 

amplified for 10-14 days and then were sorted for high GFP expression using BD Influx™ 

cell sorter in the KAUST Bioscience Core Lab. Stably transfected cells were expanded and 

used for subsequent experiments. 

2.2.12 EGFP Expression Assessment by Flow Cytometry and Quantitative 

Real-Time Polymerase Chain Reaction (qRT-PCR) 

 Using a previously described method with slight modification. EGFP transfected cells 

were seeded in 6 wells plate at a density of 5 × 105 cells. Cells were cultured in RPMI 

medium containing 10 % FBS and 0.1 % penicillin-streptomycin at 37 oC in a humidified 5 

% CO2 atmosphere. After cell attachment, they were treated with CC-ZIFs or C3 -ZIFMCF 

(25 μg mL-1) dispersed in opti-MEM for 3 hours. Media containing nanoparticles was 
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replaced by fresh RPMI media. Cells were incubated for 2 days. Finally, cells were washed 

and collected for flow cytometry analysis or qRT-PCR. 

2.2.13 qRT-PCR 

 After washing, transfected cells were collected for RNA extraction. Total RNA was 

extracted using the RNeasy mini kit (Qiagen) according to the instructions of the 

manufacturer and total RNA concentration was calculated using Qubit. using the 

Sequence Detection System software, provided by the manufacturer with a 7900HT Fast 

Real-Time PCR system (Applied Biosystems). 

2.2.14 Tumor Mouse Model 

 All the experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) at KAUST. MCF7 cells were prepared in HBSS at a concentration of 5x106 cells/ml. 

6-8-weekold female or male mice were subcutaneously injected into the back of the neck 

with 0.2 mL of the preparation of MCF-7 cells (n=12). Tumors were left to grown and 

tumor volume was frequently monitored (every 3 days) with a Vernier caliper in two 

dimensions until they reached a size of 100 mm3. Tumor volumes (Tv) were calculated 

using the formula: Tv = ab2 /2 where a and b were the largest and smallest diameters 

respectively. 
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2.3 Results and Discussion 

The morphology of C3-ZIFMCF was studied by transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM), and 

powder X-ray diffraction (PXRD) (Figure 2.2). All the data were compared to the original 

CC-ZIF as a control. SEM images demonstrated the overall morphology of CC-ZIF and C3-

ZIFMCF as shown in Figure 2.3. TEM images of C3-ZIFMCF showed a rough coating with an 

average size of 120 nm (Figure 2.2a), which is in agreement with the data obtained from 

the dynamic light scattering (DLS) analyzer (Figure 2. 2). The coating of ZIF-8 by cancer cell 

membrane (CCM) was also supported by CLSM via labeling the CCM with rhodamine B 

(Rhd-B) and encapsulating fluorescein in ZIF-8 (Figure 2.3). The PXRD patterns and 

intensity of C3-ZIFMCF are similar to those of the CC-ZIF, which supports that the ZIF-8 

crystallinity was maintained after coating (Figure 2.2b). Zeta potential measurements 

validated the complexation with CCM, as the charge of the CC-ZIF dropped from 8.83 ± 

2.96 eV to −17.3 ± 2.82 eV for C3-ZIFMCF (Figure 2.2c).  
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Figure 2. 3 Characterization of C3-ZIF. (a) TEM images of cancer cell membrane (CCM), CC-

ZIF, and C3-ZIF that were negatively stained with uranyl acetate for clarity. (b) PXRD of CC-

ZIF and C3-ZIF. (c) ζ-Potential of CC-ZIF, CCM, and C3-ZIF. Bars represent mean ± SD (n = 

3). 
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Figure 2. 4 SEM images of CC-ZIFs before (a) and after (b) coating with MCF membrane. 

(c) Fluorescein encapsulated ZIF-8 was coated with Rhd-B labeled CCM where the 

colocalization of both signals support the uniform coating. 

The average hydrodynamic diameter of C3-ZIFMCF was 125 ± 3.32 nm compared to 110 ± 

3.04 nm for CC-ZIF (Figure 2. 5a).The successful functionalization was further confirmed 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by 

protein staining. The protein profile of the purified CCM closely matches the protein 

profile of C3-ZIFMCF (Figure 2. 6b), which indicated a good retention of the characteristic 

proteins inherited from the CCM. Western blot analysis was conducted on the nuclear 

protein marker histone H3 and showed that it was not detected in both CCM and C3-
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ZIFMCF, as it is crucial to remove all nuclear components of a tumorigenic cancer cell to 

alleviate the safety concerns regarding genetic material (Figure 2. 7c).72 Surface adhesion 

molecules on the cancer cells such as CD44, E-cadherin, and CD49e have been observed 

on both cell membrane extract and C3-ZIFMCF (Figure 2. 8d).  

 

Figure 2. 9 (a) DLS size of CC-ZIF and C3 -ZIF. (b) SDS-PAGE of cancer cell membrane and 

C3 - ZIF. (c) Western blot analysis for nuclear specific marker Histone H3. (d) Western 

blot analysis of proteins presents in cell membrane and C3 -ZIFMCF. 

C3-ZIFMCF was completely stable over 9 days at neutral pH and released the loaded 

sgRNA/Cas9 at acidic pH (Figure 2. 10a). To test the release of sgRNA/Cas9 from the C3-

ZIF, Cas9 was labeled with Alexa Fluor 647(AF-Cas9), and the release was monitored using 
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fluorescence spectroscopy. More than 50% of the sgRNA/Cas9 was released within 30 

min at acidic pH (pH 5, Figure 2. 11c).  

 

Figure 2. 12 Stability and pH sensitivity of C3-ZIF. (a) Evaluation of the average 

hydrodynamic radius and ζ-Potential of the C3-ZIF at pH 7 after 9 days. Results were 

expressed as mean ± SD (n = 3). (b) pH effect on C3-ZIF morphology and degradability. (c) 

pH Dependent release of AFCas9/sgRNA from C3-ZIF. 
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The cytotoxicity of C3-ZIFMCF was assessed with different concentrations of bare ZIF, CC-

ZIF, and C3-ZIFMCF. A high biocompatibility with minimum toxicity at high concentrations 

was observed (Figure 2. 13a). Then, we investigated if coating with a particular membrane 

will induce toxicity in other cell lines; however, the toxicity in all cell lines was negligible 

(Figure 2. 14b). 

 

Figure 2. 15 (a) Cell viability of MCF-7 cells incubated with free ZIF (red), CC-ZIF (blue) 

and C3 - ZIF (green). (b) Cell viability of HeLa (red), aTC (blue) and HDFn (green) at 

different concentrations. Results were expressed as mean ± SD (n = 4).  

The selective uptake of C3-ZIFMCF compared to CC-ZIF was first determined by flow 

cytometry and CLSM with sgRNA/AF-Cas9 as cargo in MCF-7 (Cas9 and sgRNA 1:1 molar 

ratio). Intracellular Zn was quantified using inductively coupled plasma mass 

spectrometry (ICP-MS) after 2 and 6 h of incubation. The uptake was significantly 

enhanced after coating and steadily increased with longer incubation time ( Figure 2. 16a, 

https://pubs.acs.org/doi/suppl/10.1021/jacs.9b11638/suppl_file/ja9b11638_si_001.pdf
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d).Furthermore, it was clear from the flow cytometric analysis that the intracellular 

delivery of AF-Cas9 was higher for C3-ZIFMCF. The fluorescence intensity of the C3-ZIFMCF at 

2 and 6 h shifted to the right (blue histogram) compared to that of CC-ZIF ( Figure 2. 17c,f). 

After 6 h of incubation, almost 97% of cells showed positive signal for AF-647. The CLSM 

also showed more AF-647 signal surrounding nuclei for C3-ZIFMCF compared to CC-ZIF ( 

Figure 2. 18 b, e).  

 

Figure 2. 19 ICP-MS analysis of the cellular uptake of CC-ZIF and C3 -ZIF incubated with 

MCF-7 cells for 2 and 6h (a, d). CLSM images (20×) of MCF-7 cells after incubation for 2 

and 6 h (b, e). Nuclei were stained with Hoechst 33342. Scale bar: 20 μm. Fluorescence 

histogram from flow cytometric analysis from CC-ZIF (green) and C3 -ZIF (blue) incubated 

with MCF-7 cells for 2 and 6 h (c,f) . 

To further support our findings, we coated CC-ZIF with HeLa cell membrane (C3-ZIFHELA), 

which showed a uniform morphology with a size of 150 nm (Figure 2. 20). C3-ZIFMCF and 

https://pubs.acs.org/doi/suppl/10.1021/jacs.9b11638/suppl_file/ja9b11638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.9b11638/suppl_file/ja9b11638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.9b11638/suppl_file/ja9b11638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.9b11638/suppl_file/ja9b11638_si_001.pdf
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C3-ZIFHELA were then incubated with MCF-7, HeLa, HDFn, and aTC cell lines. HDFn cells 

were used to model normal cells, and aTC–T lymphocyte were used to model adaptive 

immune response. 

 

Figure 2. 21 TEM (a) and SEM images (b) of C3 -ZIFHeLa. 

HDFn and aTC showed the lowest C3-ZIFMCF and C3-ZIFHELA uptake, whereas MCF-7 and 

HeLa showed the highest, respectively, as depicted by ICP-MS (Figure 2. 22 a,g). The flow 

cytometric analysis also confirmed the enhanced uptake of C3-ZIFMCF by MCF-7 and C3-

ZIFHELA by HeLa (Figure 2. 23 f,l). sgRNA/AF-Cas9 accumulated around nuclei, stained with 

Hoechst 33342, a prerequisite for gene editing. C3-ZIFHELA showed the highest 

accumulation within HeLa, while C3-ZIFMCF showed the highest accumulation within MCF-

7 (Figure 2. 24 b–e,h–k).  
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Figure 2. 25 ICP-MS, CLSM images, and flow cytometric profiles of four different cell lines 

(MCF-7, HeLa, aTC, and HDFn) incubated for 6 h with C3-ZIFMCF (a–f) and C3-ZIFHELA (g–l). 

The z-stack analysis by CLSM further confirmed our results (Figure 2. 26). Remarkably, 

HDFn exhibited a higher uptake of the CC-ZIF compared to C3-ZIFMCF, demonstrating that 

the cell membrane coating significantly reduced the nonspecific cellular internalization 

(Figure 2. 27). 

 

Figure 2. 28 (a) Z-stack of MCF-7 cells incubated with C3 -ZIFMCF. (b) Z-stack of HeLa cells 

incubated with C3 -ZIFHeLa. 
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Figure 2. 29 ICP-MS analysis of uptake of CC-ZIF and C3 -ZIF by HDFn after 2 h (a) and 6 h 

(b) incubation. 

The gene editing efficiency of C3-ZIFHELA and C3-ZIFMCF against EGFP expressed in HeLa and 

MCF-7 was then tested. Targeting the coding region of the EGFP will result in shifting the 

reading frame and consequently preventing proper EGFP expression. The C3-ZIFHELA and 

C3-ZIFMCF were incubated with MCF-7 and HeLa, and the genome editing efficiency was 

evaluated after 24 h using quantitative real time polymerase chain reaction (qRT-PCR) 

and flow cytometry. We observed a 3-fold repression in the EGFP expression when MCF-

7 were transfected with C3-ZIFMCF, and the EGFP fluorescence was also decreased by 24% 

compared to the control and ZIF-8-treated cells (Figure 2. 30 a,b,c,f). Transfecting MCF-7 

with CC-ZIF resulted in a 2-fold repression in the EGFP expression and 13% decrease in 

the EGFP fluorescence (Figure 2. 31 a,d). Treating MCF-7 with C3-ZIFHELA resulted in 1-fold 

repression in the EGFP expression and 3% decrease of the EGFP fluorescence (Figure 2. 

32 a,e). Treating HeLa with C3-ZIFHELA resulted in a 2.5-fold repression in the EGFP 

expression and ∼13% decrease in the fluorescence of EGFP (Figure 2. 33 g,k). 

Interestingly, we observed just a 1-fold repression in the EGFP expression when HeLa was 
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incubated with C3-ZIFMCF and a 4% decrease in the fluorescence of EGFP (Figure 2. 34 g,l). 

Thus, coating the imidazolate framework with cancer cell membrane reduced the off-

target genome editing by enriching the sgRNA/Cas9 within the source cell. 

 

Figure 2. 35 Genome editing by ZIF-8, CC-ZIF, C3-ZIFMCF, and C3-ZIFHELA. Quantitation of 

EGFP expression by qPCR using C3-ZIFMCF (a) and C3-ZIFHELA (g) at a concentration of 25 μg 

mL–1 for 2 days. Statistical analysis was determined using unpaired t test (***P < 0.001, 

**P < 0.01, *P < 0.1). (b–f) Flow cytometry analysis of EGFP fluorescence at day 2 at a 

concentration of 25 μg mL–1 of EGFP-transfected MCF-7 treated with different 

nanoparticles. (h–l) EGFP-transfected HeLa treated with different nanoparticles. 

The encouraging cellular uptake results paved the way for further in vivo study. Mice 

bearing MCF-7 tumors with volumes averaging approximately 100 mm3 were then 

randomized into 3 groups, each receiving a different treatment: (1) iv injection of 5 mg/mL 

C3-ZIFMCF encapsulated with Xenolight DiR (50 mg/kg; C-iv group); (2) iv injection of 5 

mg/mL CC-ZIF encapsulated with DiR (50 mg/kg; Z-iv group), and (3) direct intratumor 
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injection of 10 mg/mL C3-ZIFMCF encapsulated with DiR (50 mg/kg; C-tumor group). The 

mice were imaged under anesthesia at different times after injection (2 and 24 h) using 

the IVIS imaging system. As shown in Figure 2. 36, C3-ZIFMCF exhibited a high accumulation 

in tumors (Figure 2. 37 a C-tumor and C-iv). However, CC-ZIF was not effectively 

accumulated at the tumor site (Figure 2. 38 a, Z-iv). Even 24 h following their injection 

(Figure 2. 39b), the accumulation of C3-ZIFMCF at the tumor site was still detected, which 

further supports the efficiency of this targeting method. The biodistribution of CC-ZIF and 

C3-ZIFMCF was analyzed by ICP-MS. All mice tumors and major organs were harvested 72 

h post-iv injection. Figure 2. 40c shows that C3-ZIFMCF display a 2.5-fold higher tumor 

accumulation than CC-ZIF, which revealed that C3-ZIFMCF possess higher self-targeting 

capabilities derived from the CCM. Moreover, the CCM resulted in long-term retention of 

C3-ZIFMCF in tumor. Zn accumulation of C3-ZIFMCF and CC-ZIF in liver, lung, kidney, brain, 

and heart was comparable to that of the control (Figure 2. 41). 
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Figure 2. 42 In vivo fluorescence imaging of MCF-7 breast cancer tumor-bearing mice 

injected directly into the tumor with C3-ZIFMCF encapsulated with DiR (C-tumor), iv with 

C3-ZIF encapsulated DiR (C-iv), or iv with ZIF encapsulated with DiR (Z-iv). Images were 

taken at 2 h (a) and 24 h postinjection of CC-ZIFs (b). (c) ICP-MS analysis of Zn in tumors 

of mice injected with PBS (control), CC-ZIF, or C3-ZIFMCF. 
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Figure 2. 43 Nanoparticles biodistribution in mice 72 h after injection. A total of three 

samples were collected from each group. Single asterisks indicate P < 0.05, double 

asterisks indicate P < 0.01, and triple asterisks indicate P < 0.001, respectively, as 

compared to control. The Zn concentration  in  liver  of  mice  treated  with  C3-ZIF  was  

slightly  higher  than  that  of  the control  and  CC-ZIF.  This  is  mostly  attributed  to  the  

better  stability/retention  conferred upon  the  ZIF-8  by  the  cell  membrane  extract,  

which  resulted  in  delaying  the  C3-ZIF degradation and excretion. 
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2.4 Conclusion 

Biomimetic cancer cell membrane coating allows for a unique cancer targeting strategy 

due to the inherent homotypic binding phenomenon frequently observed among tumor 

cells. Coating CC-ZIF with CCM aided in mimicking the antigenic diversity of a cancer cell 

and incorporating unique surface functionalities that are hard to achieve using 

conventional synthetic methods. For genome editing, a 3-fold repression in the EGFP 

expression when MCF-7 were transfected with C3-ZIFMCF was observed, and the EGFP 

fluorescence was also decreased by 24% compared to 1-fold repression in the EGFP 

expression and 3% decrease of the EGFP fluorescence when MCF-7 were transfected with 

C3-ZIFHELA. In vivo results further verified our findings, as C3-ZIFMCF showed a targeted 

accumulation in MCF-7 tumor mouse models. The fabrication of ZIF-8 enriched with 

cancer antigenic materials allows for the replication of specific biological functions and 

enhances the accumulation within the source cells, which critically improves the 

targetability of any gene editing machinery. 
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Chapter 3 

3. Metal Organic Frameworks Coated Iron Nanowires for Cell-Type-

Specific Multimodal Therapy 

3.1 Introduction 

Magnetic nanoparticles (MNPs) are emerging as a significant class of biomedical 

functional nanomaterials, with applications ranging from contrast agents in magnetic 

resonance imaging (MRI),174,175 biosensors,176 theranostic platforms,177,178 to tissue 

engineering scaffolds,179 and cell separation. 178,180 The utilization of  iron-based systems 

in clinical applications has become feasible owing to their unique properties such as 

biocompatibility, exceptional chemical/colloidal stability, the ability to acquire a 

biocompatible coating, and the ease of production with low cost.181-183 Magnetic 

nanowires (NWs) with anisotropic shapes and large magnetic moments have high 

coercivities values and a high degree of freedom, resulting in remarkable magnetic and 

surface chemical tenability.184-186 Another significant characteristic of NWs is their 

capacity to undergo surface functionalization, resulting in multifunctional 

nanomaterials.187-189 Furthermore, magnetic NWs display magneto-mechanical 

destruction, which boosted the therapeutic effect for cancer therapy in the presence of a 

low frequency (a few Hertz) alternative magnetic field, causing cell death.190  Therefore, 

NWs have emerged as a promising candidate for a wide range of biological applications, 

involving cell separation and manipulation,191-196 tissue engineering,197 MRI,198,199 drug 

delivery and activation,200-202 and biosensing, and detection.203,204  
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Surface coating with various bioactive molecules,205-207 synthetic and natural 

polymers,182,208-210 inorganic compounds,211,212 and organic surfactants,213,214 has a 

significant influence on MNPs properties such as cytotoxicity redaction, enhanced Cyto- 

and biocompatibility, improved the chemical stability, prevent the MNPs 

aggregation.181,215,216 As a result, coating with new materials such as MOFs is advocated 

in order to impart new properties. 

Metal-organic frameworks (MOFs), a novel class of porous organic-inorganic crystalline 

hybrid materials, have received a lot of attention for biomedical applications. To 

efficiently encapsulate and load cargos ranging from small molecules to 

biomacromolecules while protecting them from enzymatic degradation, MOFs feature 

biocompatibility, the ability to respond to internal and external stimuli, a highly ordered 

porous structure with large specific surface area, and tunable porosities.217 For a wide 

variety of applications, introducing porous MOF functionality into MNPs by covering the 

surface of MNPs with MOFs is very appealing.218-220 Researchers recently published the 

first example of zeolitic imidazolate frameworks (ZIFs) coated magnetic nanorods with 

high catalytic activity for dye degradation and olefin hydration due to external 

magnetically actuated stirring. 221  However, it has not been employed for biomedical 

application yet. Here we aimed to biomimic this platform for combined photothermal and 

gene therapy.  

To meet the demands of drug delivery and achieve targeted delivery, biomimetic 

nanoparticles based on cell membranes have emerged as an effective means of 
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interacting and communicating with the biological environment. The surface of 

nanoparticles coated with a cell membrane conserved the parent cell membrane's 

adhesion proteins, antigens, and membrane structure.202 As a result, biomimetic 

nanoparticles have unique functionalities such as self-recognition, improved targeted 

delivery, immune evasion, and enhanced blood circulation. 75,76,222 Even though it has 

been shown to be effective, nanowires have not embraced this biomimetic technology 

for enhanced cancer therapy. 

In this work, we designed multifunctional nanorobotic platforms that integrate three 

functional layers; nanowires functionalized with ZIF-8 coated by cancer cell membrane 

(NWs ZIF)CCM , which can boost therapeutic efficacies through the combination of different 

treatments towards a specific target: 1) The first layer iron core of the nanowires (NWs) 

confer magnetic character to the wires and can be easily manipulated and actuated 

magnetically to induce magneto-mechanical and photothermal therapies; 2) The porosity 

of the   intermediate layer, which consisted of  ZIF-8  serves as DNAzyme nanocarrier to 

be utilized for gene therapy (NWs D-ZIF ); 3) The human breast adenocarcinoma cells 

membrane shell inherit the antigenic profile of the source cells enhanced the specific 

targeting ( NWs D-ZIF )MCF
  (Figure 3. 1).  
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Figure 3. 2 Schematic representation of fabrication of (NWs ZIF) MCF. 

3.2 Materials and Methods 

3.2.1 Materials 

 All chemicals were purchased from Sigma-Aldrich and used without further purification. 

FAM-labeled DNAzyme, Hoechst 33342, cell counting kit-8 (CCK-8), EDTA-free mini 

protease inhibitor tablet and primers qRT-PCT were obtained from Thermo Fisher 

Scientific. The human cervical tumor cell line (HeLa), Human breast adenocarcinoma cell 

(MCF-7), and Human Dermal Fibroblast (HDFn) were purchased from ATCC (USA). 

Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), penicillin-

streptomycin, trypsin and Dulbecco’s phosphate buffered saline (PBS) were purchased 

from Invitrogen (USA). Xenolight DiR was purchased from PerkinElmer (MA, USA). 

3.2.2 Methods 

Using the Malvern Nano ZS instrument at 25 °C and pH 7, aqueous solutions were tested 

for zeta potential. An FEI Co. Technai 12 T (120 kV) microscope was used to capture 



77 
 

transition electron microscopy (TEM) images. Dropping a solution of production onto a 

copper grid of 300 mesh was used to prepare TEM samples (Electron Microscopy 

Sciences, LC 300-Cu). X-ray powder diffraction (PXRD) measurements were performed 

using a Panalytical X’Pert Pro X-ray powder diffractometer using the Cu Kα radiation (40 

V, 40 mA, λ = 1.54056 Å) in a θ – θ mode from 5 ° to 70 ° (2θ). CLSM images were captured 

using confocal laser scanning microscopy (CLSM) (Zeiss LSM 880 AIRYSCAN FAST System). 

Flow cytometry data was carried out using BD LSR-Fortessa flow cytometry.  

3.2.3 Preparation of Cancer Cell Membrane Fragments  

Cancer cell membrane fragments were prepared as previously reported.75 Human breast 

adenocarcinoma cell line (MCF-7) was grown in Dulbecco's Modified Eagle's Medium 

(DMEM) containing 10% FBS and 1% antibiotics (penicillin-streptomycin) in T-175 culture 

flasks to reached confluence, then detached and washed in PBS three times by 

centrifuging at 500 × g. The cells were suspended in a hypotonic lysing buffer consisting 

of 20 mM Tris-HCl pH 7.5, 10 mM KCl, 2 mM MgCl2 and 1 EDTA-free mini protease 

inhibitor tablet per 10 mL of solution and disrupted using a Dounce homogenizer with a 

tight-fitting pestle. The entire solution was subjected to 20 passes before spinning down 

at 3,200 × g for 5 min. The supernatant was saved while the pellet was re-suspended in 

hypotonic lysing buffer and subjected to another 20 passes and spun down again. The 

supernatants were pooled and centrifuged at 20,000 × g for 20 min, after which the pellet 

was discarded and the supernatant was centrifuged again at 100,000 × g. The pellet 

containing the plasma membrane was then washed once in 10 mM Tris-HCl pH 7.5 and 1 
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mM EDTA. For subsequent experiments, the final pellet was collected and utilized as a 

pure cancer cell membrane. 

3.2.4 Cancer Cell Membrane Protein Characterization  

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) method was 

used to characterize the protein. (NWs ZIF)MCF-7 was purified by centrifugation at 18,000 g 

to remove the free vesicles and proteins. The cracked cancer cell membrane (CCM) and 

(NWs ZIF) MCF-7 samples were suspended in lithium dodecyl sulfate (LDS) loading buffer 

(Invitrogen). Then, heated to 90 oC for 10 min, and 20 µL of sample was loaded into each 

well of a NuPAGE Novex 4-12% Bis-Tris mini gel, using 3-(N-morpholino) propane sulfonic 

acid (MOPS) sodium dodecyl sulfate (SDS) as running buffer (Invitrogen) in an XCell 

SureLock Electrophoresis System, following the manufacturer's instructions, in a NuPAGE 

Novex 4-12 percent Bis-Tris mini gel.  Protein staining was accomplished using Coomassie 

Blue (Invitrogen) overnight before imaging, and was washed off in the water. 

3.2.5 Fabrication of (NWs D-ZIF) MCF 

Iron nanowires (NWs) are fabricated based on electrodeposition into alumina templates, 

accomplished in two anodization steps, as previously reported.198 Briefly, the surface of 

the highly pure aluminum substrate was cleaned and electropolished. Then, two 

anodization steps were carried out in 0.3 M oxalic acid at 4°C using a voltage of 40V 

created hexagonally organized nanopores that were employed as the template for NW 

fabrication. The NWs length was controlled by the deposition time, which was 1.5 h. The 

template containing the NWs was immersed in 1 1 M NaOH for 30 min to release the NWs 
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and washed with sodium hydroxide solution four times. The NWs were then collected 

with a magnetic rack and rinsed thoroughly with ethanol with sonication steps in-

between. The released NWs were suspended in 1 mL of absolute ethanol and stored at 

4°C. ZIF-8 encapsulated DNAzyme (D-ZIF) was synthesized as previously reported with 

slight modification.223 15 mg of Zn (NO3)2·6H2O and 40 μL of DNAzyme (100 μM) were 

dissolved in deionized water (1 mL). 33 mg of 2-methylimidazole was dissolved in 1 mL of 

methanol. The aqueous zinc nitrate and DNAzyme were added into the solution of 2-

methylimidazole. The mixture slowly turns turbid after 1 h of stirring at 700 rpm. The 

nanocrystals are separated from the milky dispersion and washed with fresh methanol. 

Then, the product was collected by centrifugation and washed three times with methanol. 

These solid nanoparticles were obtained by freeze-drying. D-ZIF coated NWs (NWs D-ZIF) 

were synthesized using a secondary growth strategy:  201 mg of the previously prepared 

D-ZIF were dispersed into the coating solution, which consisted of 251 mg of 

polyethyleneimine (PEI) and 20 mg of sodium bicarbonate in 5 ml water. The utilization 

of the PEI solution is to ensure that the seed crystals adhere to the support surface.224 

Then, D-ZIF coating solution and NWs solution were mixed at a weight ratio (3:1) under 

stirring for 24 h. NWs D-ZIF were collected with a magnetic rack (DynaMag™-2; Life 

Technologies, Carlsbad, CA, USA) and washed three times with ethanol. Then, 1ml of NWs 

D-ZIF (0.5 mg/ml) were mixed with 1.0 mL of cracked cancer cell membrane dispersion (1.0 

mg/mL) in PBS. Afterward, the mixture was transferred into a syringe and successively 

extruded through a 1.0 µm, 800.0 nm, and 450.0 nm polycarbonate membrane. The 

obtained (NWs D-ZIF) MCF   in solution was further purified by centrifugation to remove the 
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free cancer cell membrane and diluted in water for characterization or DMEM medium 

for cell study. 

3.2.6 Release of Fluorescein amidites-DNAzyme (FAM- DNAzyme) via pH 

Trigger 

At various time intervals, the fluorescence signal of FAM-DNAzyme was measured using 

fluorescent spectroscopy to analyze the release of FAM-DNAzyme from (NWs D-ZIF) MCF. At 

37°C, aliquots of hydrochloric acid were added to (500 mg/ml) (NWs D-ZIF) MCF in PBS to 

achieve a pH of 5.5. PBS Only was applied to the pH 7 sample (excitation/emission 

wavelengths: 493 nm/ 517 nm).  

3.2.7 Cells culture 

Cell culture human breast adenocarcinoma cells (MCF-7) , human cervix carcinoma (HeLa) 

cells, and human dermal fibroblast (HDFn) were incubated in Dulbecco's Modified Eagle's 

Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin-

streptomycin) at 37oC in a humidified atmosphere containing 5% CO2. 

3.2.8 Targeting study  

Three kinds of cells, including cervical cancer cell (HeLa), human breast adenocarcinoma 

cells (MCF-7), human dermal fibroblast (HDFn), were selected to verify the specific 

targeting of (NWs ZIF) MCF. Briefly, three kinds of cells were seeded in 6-well plates at a 

density of 5 × 105 cells per well. After overnight culture, 2 mL of (NWs ZIF) MCF solution with 

a 100 μg/mL concentration was added. The cells were incubated for different time points 
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at 37 °C. Then, cells were washed three times with PBS, detached by trypsin, and finally 

collected by centrifugation at 1000 rpm for 5 min. The bottom cells were washed three 

times with PBS, and then the suspended cells were analyzed by flow cytometry. 

3.2.9 AMF and NIR Laser treatments 

The laser and AMF investigations were carried out in the same manner as previously 

reported, with minor modifications.225 Cells were seeded in 96-well plates (4×104 cells per 

well) in 200µl of DMEM.  After a 24-hour growth period and a confluence of about 80%. 

Before applying the magnetic field for 15 minutes, nanowires were incubated with the 

cells for 12 hours. In each experiment, negative controls were provided (non-treated cells 

with and without AMF or laser). A power source was connected to an AMF generator 

(GMW 5201). (Agilent Technologies N5768A). The procedure was controlled by an in-

house developed LabVIEW (National Instruments) code that permitted modifications to 

the frequency and current (magnetic field) applied. The amplitude of the field was 100 

mT, with a frequency of 10 Hz. The power density of a near-infrared laser (PGL-VI-808 

type, infrared laser module at 808 nm, Changchun New Industries Optoelectronics 

Technology Co., Ltd.) was 0.6 W/cm2 for 15 min. 

 3.2.10 Cytotoxicity Assay  

Cytotoxicity was measured with the cell counting kit-8 assay (CCK-8) according to the 

supplier’s instructions (Life Technologies). Briefly, the culture medium was replaced with 

a CCK-8 suspension (10% in DMEM). After 4 h incubation, it was transferred to a 96-well 

plate, which was analyzed with a microplate reader (xMark™ Microplate Absorbance 
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Spectrophotometer) at a 460 nm. Viability was determined by comparison with control 

cells. All reported experimental points were done in triplicate. 

3.3  Results and Discussion  

3.3.1 Preparation and Structural Characterization of (NWs ZIF) MCF 

The initial step in preparing the medical nanorobotic platforms (NWs ZIF) MCF entailed 

fabricating iron nanowires by electrochemical deposition into alumina membranes as 

described in the methods section, with an average length of 1 to 2.5 µm and average 

diameter of 45 nm as shown in the SEM image in Figure 3. 3. Second, iron nanowires (NWs 

ZIF) were successfully coated with ZIF-8 with the assistance of PEI. the smooth surface of 

bare nanowires was changed after coating, and the thickness increased from 

approximately 45 to 100 nm , as shown by the SEM image (Figure 3. 4, a2 and Figure 3.3). 

The high resolution transmission electron microscopy (HRTEM) images (Figure 3. 5, b) and 

the EDS-mapping data (Figure 3. 6, c) revealed that the Zn, N, and C elements were all 

distributed in a wire form, confirming the successful coating of ZIF-8 crystal on Fe NWs. 

After removing the intracellular components of the cells using a combination of 

mechanical membrane disruption and hypotonic lysing, the (NWs ZIF) was mixed with the 

MCF membrane extract vortex stirring. Then co-extrusion through various sizes of porous 

polycarbonate membrane as detailed in the method section provided uniform cell 

membrane coating (NWs ZIF) MCF (Figure 3. 7, a3).  
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Figure 3. 8 Morphology, and element composition characterization: (a) SEM images of 

bare Fe nanowires, NWs ZIF, and (NWs ZIF) MCF. (b) HAADF-STEM image and HRTEM images 

at scale bare 100nm and 20nm of NWs D-ZIF. (c)  The TEM-EDS elements mapping for (Fe, 

O, C, Zn, N, and the overly of Fe, Zn, and C), respectively of NWs D-ZIF. 
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Figure 3. 9 SEM images of NW ZIF after 24h. 

Zeta potential measurements validated the coating with positively surface charge crystals 

(ZIF-8) as the negatively surface charge of nanowires has increased from -26.3 ± 5.38 to 

29.3 ± 4.69. The specific surface areas of NWs, ZIF-8, and NWs ZIF were analyzed by 

the N2 adsorption-desorption test, which reveals both samples ZIF-8, and NWs ZIF  

show type-I behavior, indicating the microporosity in nature for ZIF-8 and the integration 

of porous functionality of ZIF-8 into NWs, compared to the control sample NWs without 

coating, which does not exhibit any pore structure (Figure 3.4b). Powder X-ray diffraction 

(PXRD) analysis was used to identify the NWs ZIF components, and the results are 

displayed in (Figure 3.4c, d).  The XRD pattern of NWs ZIF nanocomposites indicated that 

the products are still crystalline and maintain their crystallinity even after coating the ZIF-

8 shell. The diffraction peaks showed a successful ZIF-8 shell formation at 2 = 7.4, 10.4, 

12.8, and 18.1°, all of which match the ZIF-8 lattice planes (011), (001), (112), and (222) 

in the NWs ZIF nanocomposites.226 A vibrating sample magnetometer (VSM) was used to 

measure the magnetization at 300K of the samples after they had been coated. These 

values were compared to bare NWs, which were utilized as a core material in this study. 
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Because of the antimagnetic ZIF crystal coating, the hysteresis loops of the NWs ZIF and 

(NWs ZIF) MCF, shown in Figure 3. 5, differ significantly from those of the Fe NWs, namely 

they showed lower saturation magnetization (Ms) 77.7 and 75, respectively (Am2/kg) than 

that of the NWs, which is similar to previous reports.221,226   

 

Figure 3. 10 Characterization of NWs, NWs ZIF, and (NWs ZIF) MCF including (a) ζ-Potential 

of bare NWs, NWs ZIF, and (NWs ZIF) MCF. (b) N2 adsorption-desorption. (c) PXRD patterns of 

ZIF-8, NWs and their composite NWs ZIF. (d) PXRD pattern corresponding to that of ZIF-8 

as seen in the composite NWs ZIF. Bars represent mean ± SD (n = 3).  
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Figure 3. 11 Magnetization curves at 300 K of NWs, NW ZIF, and (NWs ZIF) MCF. 

3.3.2 Cytotoxicity 

Toxicity is a significant issue with nanoparticle materials used in biomedical applications. 

Since Fe is an essential element found in abundance in the human body, magnetic 

nanoparticles based on Fe are generally considered to have acceptable 

biocompatibility.227 However, it is vital to study the cytotoxicity once additional surface 

modifications have been applied. The toxicity of (NWs ZIF) MCF on normal cells (HDFn) and 

cancer cells (HeLa and MCF-7) was identified using the CCK-8 assay. Figure 3.6 shows that 

after 12 hours of incubation, no significant differences in cell viability exist between the 

treated groups and the control group using various concentrations of (NWs ZIF) MCF 

nanowires.  Even in the treated group with a maximum concentration of 60 μg/mL, the 
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cell survival rate remains at 90.42 ± 2.709, 89.208 ± 7.4,and 92.431 ± 3.094  for HDFn, 

HeLa, and MCF-7 cells, respectively, which may be due to the need for cells to adapt to 

the medium environment which contains (NWs ZIF) MCF. These results indicate that the 

(NWs ZIF) MCF have no negative effect on cell viability. 

 

Figure 3. 12 Cell viability of HeLa (red), HDFn (gray), and   MCF-7 (green) incubated with 

(NWs ZIF) MCF at different concentrations. Results were expressed as mean ± SD (n = 3). 
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3.3.3 Validating Cell Adhesion Molecules and Homologous Targeting of 

(NWs ZIF) MCF 

To verify the successful functionalization of NWs ZIF with cancer cell adhesion molecules, 

the content of various proteins on the surface NWs ZIF was investigated systematically. A 

typical method for analyzing protein expression is SDS-PAGE (sodium dodecyl sulfate–

polyacrylamide gel electrophoresis).228 When an electric field is applied, proteins with 

different molecular weights migrate at different rates and separated in the gel to form 

bands. As shown in Figure 3.7, SDS-PAGE indicated that the (NWs ZIF) MCF and cancer cell 

membrane vesicles both had a comparable protein profile, this approach was utilized to 

assess if membrane protein molecules were adsorbed on the surface of NWs ZIF. The 

zeta-potential values were altered to ∼ -2.31 ± 4.42 mV from ∼ 29.3 ± 4.69 mV of NWs ZIF 

, this decrease in the surface charge is due to the coating with negatively charge cell 

membrane as shown in Figure 3. 13, this finding is in line with prior studies.44,75 After 

demonstrating the presence of adhesion protein molecules on the surface, the specific 

targeting capability of (NWs ZIF) MCF to target homologous MCF-7 human breast cells was 

evaluated. MCF-7 cells, non-tumor cells (HDFn), and other tumor cells (HeLa) incubated 

with blank medium, and (NWs ZIF) MCF for 6h and 12 hs. The findings showed that the MCF-

7 group had the greatest uptake efficiency and fluorescence intensity compared to other 

cell groups, indicating that (NWs ZIF) MCF had a specific binding capacity to protein-derived 

MCF-7 cells but no specificity to normal or other types of tumor cells (Figure 3.8). 
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Figure 3. 14 SDS-PAGE protein analysis. Samples were stained with Coomassie Blue. 

Cancer cell lysate, cancer cell membrane vesicles (CCM), and (NWs ZIF) MCF, respectively.  
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Figure 3.8 Evaluation of the specific targeting performance of (NWs ZIF) MCF. Flow 

cytometry analysis of (NWs ZIF) MCF incubated with MCF-7, HeLa and HDFn over 6 h and 12 

h. NV-ZIFMCF accumulated within MCF-7 tumors and the accumulation steadily increased 

with time, verifying the cancer targeting ability of (NWs ZIF)MCF. 
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3.3.4  In Vitro Evaluation of the Efficacy of the Magneto- Mechanical 

Treatment and Photothermal therapy of (NWs ZIF) MCF 

It has previously been demonstrated that both the magneto mechanical and 

photothermal therapies cause cell death through apoptosis. 202,229 The in vitro magneto-

mechanical and photothermal therapeutic effects of (NWs ZIF) MCF in the presence of 

alternating magnetic field (AMF) and under irradiation by near-infrared (NIR) laser at 808 

nm were investigated on MCF-7 cells to evaluate the therapeutic ability of (NWs ZIF)MCF. 

To observe the cytotoxicity of NWs ZIF and (NWs ZIF) MCF against MCF-7 cancer cells, 4 × 104 

cells per well were cultured in a 96-well for 24 h. Then, the seeded cells were randomly 

divided into four groups, including (i) control group, (ii) laser-only group, (iii) AFM only 

group, (iv) AFM + laser group. The cells in different groups were treated with the NWs ZIF 

and (NWs ZIF) MCF (20 µg/mL) dispersed in DMEM medium were added and incubated for 

12 h, followed by 808 nm laser irradiation (0.7 W cm−2, 15 min), AFM (100mT with 10 Hz 

for 15 min), or AFM +Laser, then the cell viabilities were tested using a typical CCK-8 assay.  

The CCK-8 assay showed that the cell viability of the control cells was not significantly 

affected by the nanowires in the absence of an applied field and NIR radiation, as shown 

in Figure 3. 9. The cells treated with NWs ZIF and (NWs ZIF) MCF in AFM presence caused 

about 18.5% ± 4.71, and 24.9 % ± 7.03 cell death, respectively. The viability of cells treated 

with NWs ZIF + laser decreased to 34.6 % ± 5.4, while (NWs ZIF) MCF + laser-induced up to 

45.91 % ± 6.8 cell death combining AFM + laser caused about 53.93 % ± 5 cell death when 

treated with (NWs ZIF) MCF compared to the cells treated by NWs ZIF induced 37.90 % ±8.5 
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cell death. This revealed that the magneto-mechanical and photothermal effectiveness 

were considerably boosted due to the higher intracellular concentration of (NWs ZIF) MCF, 

which can be attributed to the specific targeting of (NWs ZIF) MCF. Consequently, the 

addition of adhesion molecules derived from the cancer cell membranes to a therapeutic 

platform is favorable owing to the increased specificity, which results in fewer side effects 

and the increased effectiveness of the treatment.230,231 

 

Figure 3. 9 Cell viability study of MCF-7 treated with  NWs ZIF (grey),  (NWs ZIF) MCF (green) 

in the presence or absence of AMF and/or NIR laser , non-treated cells with AFM or laser 

alone (red). 
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3.3.5 In Vivo Biodistribution of Homologous-Targeting of (NWs ZIF) MCF and 

Photothermal Therapy Performances Enhanced by Homologous 

Targeting 

The biodistribution of NWs ZIF and (NWs ZIF) MCF in tumor-carrying NSG mice was evaluated 

using IVIS imaging. (NWs ZIF) MCF exhibited both passive and homologous active targeting 

of the EPR effect based on the cancer cell membrane coating, resulting in significantly 

enhanced tumor accumulation after 12 h injection while NWs ZIF exhibit a small amount 

of tumor accumulation after 12 hours, as shown in (Figure 3.10a). Furthermore, the tumor 

and main organs of the sacrificed mice were utilized for Fe measurement using ICP-MS to 

quantitatively investigate the biodistribution of NWs ZIF and (NWs ZIF) MCF. In comparison 

to the control and NWs ZIF groups,  (NWs ZIF) MCF exhibited significantly higher 

accumulation in the tumor and lower accumulation in the liver (Figure 3.10b), 

demonstrating that the cancer cell membrane coating endows nanoparticles with the 

capacity to target homologously.  
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Figure 3. 10 In vivo homologous targeting and photothermal efficacy. (a) In vivo IVIS 

images of the NSG mice bearing MCF-7 tumor after at 12 h after IV injection with PBS or 

PBS containing NW ZIF, and (NWs ZIF) MCF. The black circles indicate the site of tumors. (b) 

ICP-MS of nanowires biodistribution in mice 70 h after injection. 

The potential toxicity of biomaterials in vivo is always a significant concern. Therefore, 

NSG mice (n = 5) were injected intravenously with 200 µL of PBS, PBS containing ZIF alone, 

NWs alone, NWs ZIF, (NWs ZIF) MCF at a concentration of 1 mg /mL, and laser alone. 

Bodyweight fluctuation is a clear sign of in vivo toxicity. As demonstrated in Figure 3.11a, 

no deaths or significant variations in body weight were observed between the treatment 

and control groups after 33 days, suggesting that these particles had no adverse effect on 

mice in general.  Bodyweight was measured over 30 days on NSG mice with varying 808 
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nm laser exposure durations (0.6 W/cm2), as shown in Figure 3.11b. The weights of mice 

did not change a lot in all the groups indicating the laser alone cannot restrain the growth 

of the tumor. Figure 3.12 photograph images indicate the accumulation of the nanowires 

in the tumor over 28 days. 

 

Figure 3. 15 (a) Mice body-weight-change curves over a span of 34 d after i.v. injection 

with PBS (control), PBS/laser or PBS containing ZIF, NWs, NW ZIF, and (NWs ZIF) MCF (b) 

Laser irradiation safety of 808nm 0.6 W/cm2 on NSG mice. 

 



96 
 

 

Figure 3. 16 Photograph images of mice injected with different concentration of (NWs 

ZIF) MCF   over 28 day.  

Encouraged by the in vitro findings, the photothermal behavior of NWs ZIF and (NWs ZIF) 

MCF was examined as a function of body mass and tumor growth .The mice were randomly 

divided into three groups: PBS (control group), NWs ZIF, and (NWs ZIF) MCF. As evident in 

Figure 3.13, the weight of mice that received both irradiation and (NWs ZIF) MCF remained 

relatively constant while the weight of mice that received irradiation and NW ZIF reduced 

significantly (P<0.01). This was even more apparent when looking at tumor growth where 

mice that only received PBS along with laser irradiation had tumors that grew rapidly over 

time (from 90 mm3 to 901mm3) while the tumor volumes in the groups that received NWs 

ZIF or (NWs ZIF) MCF were substantially smaller. Moreover, the tumors from the group that 
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received the (NWs ZIF) MCF were significantly smaller than the tumors from the mice that 

received NWs ZIF .This implies that there is likely a preferential accumulation of the (NWs 

ZIF) MCF in the tumors as indicated in Figure 4b. Overall, these results suggest that (NWs ZIF) 

MCF were able to accumulate in MCF-7 tumors and reduce tumor size when combined with 

laser irradiation treatment. Given the characteristics of (NWs ZIF) MCF as potential 

photothermal agents, we hypothesized that tumor ablation may be enhanced through in 

vivo photothermal treatment. 

 

Figure 3. 17 (a) Photothermal performance on NSG mice injected with PBS (b) 

Photothermal performance of NW ZIF, and (NWs ZIF) MCF over 46 days. 

Utilizing the porosity of ZIFs crystals, the promising photothermal performance of (NWs 

ZIF) MCF-7 might be combined with gene therapy to produce a homologous-targeting 

multimodal therapeutic platform. DNAzymes are single-stranded DNA molecules that 

may catalyze various processes, including RNA or DNA cleavage. Recently, researchers 
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reported the DNAzyme encapsulation into ZIF-8 for gene therapy in combination with 

photodynamic treatment (PDT). 223 

In this proof-of-concept experiment, DNAzymes will serve as a model for gene therapy. 

The ZIFs zeta potential was altered from +29 ± 3.9 mV to -9  ± 6.08 mV after the 

intercalation of DNAzymes (D-ZIF) as shown in Figure 3.14 a. NWs coated with D-ZIF, as 

previously described with pure ZIF, resulted in increasing the negative zeta potential 

charge from -26 ± 1.4 mV to - 35 ± 4.08 mV (NWs D-ZIF). After cancer cell membrane coating 

(NWs D-ZIF) MCF the negatively charged raised to -44 9 mV. Figure 3.14 b compares the XRD 

patterns of pure ZIF-8, and D-ZIF. In D-ZIF sample, the signals that agree with those of the 

pure ZIF-8 used as a reference are evident, indicating the successful encapsulation. 

Furthermore, using DNA gel electrophoresis, we validate the effective encapsulation of 

DNAzyme, revealing a clear band of the DNAzyme into D-ZIF, NWs D-ZIF, and (NWs D-ZIF) MCF 

(Figure 3.14 c). The DNAzymes release behavior of (NWs D-ZIF) MCF was evaluated (Figure 

3.14 d). In 13 hours, the cumulative DNAzyme release was 87 % an acidic medium and 12 

% in a physiological medium. This demonstrates a three-fold increase in DNAzyme release 

in the acidic medium compared to physiological pH .To investigate the combined 

treatment efficacy of (NWs D-ZIF) MCF the cytotoxicity study using CCK8 assays was 

performed. In 96-well plates, MCF-7 cells (200 µL medium, 1×104 cells/well) were seeded.  

After 24 hours, the old medium was replaced with a medium containing (NWs D-ZIF) MCF, 

(NWs ZIF) MCF + laser, and (NWs D-ZIF) MCF + laser. Then, cells were washed three times with 

PBS after 12 hours of incubation. (NWs D-ZIF) MCF and (NWs ZIF) MCF + laser-induced almost 
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32% and 50% of cell death. However, the combined therapies enhanced by homologous 

targeting evident that (NWs D-ZIF) MCF + laser exhibited a strong cell growth inhibition effect 

on MCF-7 cells that reached almost 73 % cell death which comparable with that combined 

with PDT (Figure 3. 15).  

 

 

Figure 3. 18 (a) ζ-Potential of ZIF,D-ZIF, NWs D-ZIF, and (NWs D-ZIF) MCF. (b) PXRD patterns of 

ZIF, and D-ZIF. (c) DNA gel electrophoresis.  (d) Release profile of DNAzyme from (NWs D-

ZIF) MCF (at pH 5 and 7) at selected time intervals. Bars represent mean ± SD (n = 3).  
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Figure 3. 19 Cell viability of MCF-7 cells underwent different treatments of gene therapy 

(NWs D-ZIF) MCF, photothermal therapy (NWs ZIF) MCF + laser, and combined therapy.  

 3.4 Conclusion  

In conclusion, we developed cancer cell membrane biomimetic magnetic nanowires with 

multimodal functionalities (NWs ZIF) MCF for synergistically targeted therapeutic use. The 

homologous targeting capabilities of (NWs ZIF) MCF improved its therapeutic effects in vitro 

and Vivo. Cells treated with NWs ZIF+ laser were reduced to 34.6 % cell death, while cells 

treated with (NWs ZIF) MCF + laser were reduced to 45.91 % cell death. In vivo, since ICP 

measurements revealed a higher Fe concentration in the liver as compared to (NWs ZIF) 

MCF, it is possible that NWs ZIF clearance had a role in the tumor's recurrence after 28 days 

of treatment compared with (NWs ZIF) MCF +Laser induced hyperthermia in tumors resulted 
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in complete suppression, attribute to accumulation in tumors due to homologous 

targeting. Combining gene and photothermal therapies by utilizing ZIF porosity resulted 

in about 32% and 50% cell death caused by (NWs D-ZIF) MCF and (NWs ZIF) MCF + laser, 

respectively. When the combined treatments were enhanced by homologous targeting, 

(NWs D-ZIF) MCF + laser exhibited a significant cell growth inhibition effect on MCF-7 cells, 

around 73 % cell death. (NWSZIF) MCF provides efficient phototherapy combined with any 

therapy that utilizes the ZIF porosity by mimicking homologous tumor cell types for cancer 

treatment.  
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Chapter 4 

4. Chiral Polymeric Membrane for Enantioseparation 

4.1 Introduction 

Chirality is a unique feature of molecular isomers that expresses itself as mirror images. 

This feature is critical in various fields, including medical and biological sciences, food 

chemistry, and pharmaceutical manufacturing.232 Currently, chiral drugs account for over 

half of all pharmaceuticals on the market, with racemates accounting for the vast bulk of 

them.233 In an achiral environment, the enantiomers of a chiral drug have the same 

physical and chemical properties. However, in a chiral environment, each enantiomer has 

distinct biological effects; one isomer may have favorable features, whereas the other 

may be inert or have harmful impact. Because living systems are chiral, they will interact 

differently with each racemic drug and metabolize each enantiomer through a distinct 

pathway, resulting in variable pharmacological effects.234,235 For example, (S,S)-form of 

ethambutol is a tuberculostatic while (R, R)-form causes blindness, and (S)-enantiomer of 

penicillamine has antiarthritic activity, but the (R)-form is highly toxic.236,237 As many 

existing drugs are stereoisomers, chiral separation of one particular enantiomer from 

others is in demand for pharmaceutical manufacture. The most extensively used 

techniques for separating racemic mixtures are chromatography,238,239 
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crystallization,240,241 partitioning,242 and stereoselective transformation.243 However, 

most of these techniques have limitations, such as producing small quantities of optically 

pure compounds each run, taking a long time to separate, and requiring too many stages 

in the separation operation.244 Membrane separation methods have the potential to be 

a viable alternative to these technologies in the future. Membrane separation methods 

are a cost-effective alternative that provides advantages such as improved mass transfer 

efficiency, more excellent flow rates, simplicity of operation, and the capacity to cope 

with large molecules. 

A membrane-based chiral separation technique has been developed to provide a chiral 

resolution with excellent efficiency.104  In this study, we have synthesized a thin film of 

chiral polyamide (CPA) from (R,R)-1,2-diaminocyclohexane (DACH) and Trimesoyl chloride 

(TMC) by interfacial polymerization for the separation of racemic amino acid. 

 

 

Figure 4. 1 Fabrication scheme of the interfacial polymerization (IP) process and 

chemical structure of the monomers for the self-standing CPA film. 
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4.2 Materials and Methods 

4.2.1 Materials 

Methanol, ethanol, acetone, hexane, and tetrahydrofuran (THF) were purchased from 

VWR Chemicals. (R,R)-1,2-diaminocyclohexane (DACH), DL-Tryptophan,toluene,and 

isopropanol (IPA) were procured from Sigma-Aldrich. Trimesoyl chloride (TMC) was 

procured from TCI chemistry. All chemicals were used as received without further 

purification. The porous AAO support (Anodisc tm25, pore size 0.02 µm) was obtained 

from GE Healthcare Life Sciences. The porous PAN membrane was obtained from GMT 

GmbH. Deionized (DI) water used in all experiments was filtered through a Millipore Milli-

Q water purification system. 

4.2.1.1 Membrane Preparation 

Hyper-cross-linked thin-film composite membranes was created on a PAN membrane 

(GMT GmbH, Rheinfelden, Germany) as a support using interfacial polymerization.  To 

begin, PTFE frames were used to secure the supports with the appropriate area. The 

supports were impregnated for 10 minutes with 12 ml of aqueous solution of CHDA (2 

percent or 1 percent w/w) after which they were rinsed with water. It was necessary to 

clean the supports' surface with a rubber roller once the excess solution had been 

removed. Once the PAN supports were saturated, they were immersed for an extended 

period of time in the TMC solution in hexane with a 1 percent weight-to-volume 

concentration, resulting in the creation of a CPA nanofilm on the top of the PAN supports. 

Finally, the surface of the resultant membrane was washed with 20 mL of hexane to 
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eliminate any remaining unreacted TMC. All membrane preparation experiments were 

carried out at room temperature and relative humidity of 60%. 

By applying the same settings as those used in the fabrication of thin-film composite 

membranes, freestanding nanofilms were produced at the free interface between 

aqueous and organic solutions. Following the technique described in figure 1, the 

nanofilms formed may be placed on silica wafers or alumina supports after a period of 

time. 

4.2.1.2 The Chemical Structure and Thermal Characterization 

The ATR-FTIR spectra were acquired on a Nicolet iS10 spectrometer with 16 scans and a 

resolution of 4 cm-1 using an attenuated total reflection-Fourier transform infrared (ATR-

FTIR) technique. For the purpose of collecting a sufficient quantity of material for 

characterization, a silica wafer was used to constantly isolate the membrane from the 

free interface between the aqueous and organic solutions while the membrane was in 

the process of being separated. After that, the membrane material was collected and 

washed with water and ethanol for one hour each, after which it was dried at 40   ͦC under 

vacuum. The Solid state NMR, a Bruker 400 MHz AVANACIII NMR spectrometer equipped 

with Bruker 4 mm CPMAS probe (BrukerBioSpin, Rheinstetten, Germany) was used to 

record all NMR spectra. The 13C spectra (101 MHz)recorded by collecting 12k scan at 14 

kHz spinning rate using previously reported parameters. 245 Bruker Topspin 3.5pl7 

software was used to record the spectra and for data analyses.   
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Thermogravimetric analysis (TGA) was performed on the TA-Q500 with a temperature 

ramp of 5 °C min−1 and a 20 ml min−1 nitrogen flow rate. 

4.2.1.3 Morphological Characterization 

Using a Zeiss Merlin field-emission scanning electron microscope operating at 3 kV and 

100 pA with a working distance of 3 mm, scanning electron microscopy (SEM) images of 

the sample were captured. The samples were mounted to the specimen holders and then 

sputtered with 3 nm Iridium in a Quorum Q150T to confirm that they were electrically 

conductible. The membrane sample was cryogenically cracked in liquid nitrogen prior to 

SEM imaging to obtain cross-sectional images. Images taken using an atomic force 

microscope (AFM) on a Dimension ICON scanning probe microscope in tapping mode 

were acquired for this study. FESPA etched silicon probes with a scan rate of 1 Hz were 

used to capture surface morphology images and height profiles from silica wafer 

supported film samples at ambient temperature utilizing a scan rate of one hundred times 

per second. 

4.2.1.4 Membrane Nanofiltration 

 In terms of permeance and solute rejection, organic solvent nanofiltration of the CPA 

membrane was investigated using a stainless-steel dead-end filtration cell operated at 5 

bar and 25 oC. The feed solution with a dye concentration of 100ppm in methanol was 

put into the permeation cell, which was then agitated at a speed of 500 rpm in order to 

reduce the concentration polarization in the solution. The following equations were used 

to calculate the solvent permeance (P) of the solution: 
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𝐹 =
𝑉

𝐴 × 𝑡
 

𝑃 =
𝐹

∆𝑃
 

Where V is the solution volume permeating across the membrane (L), A is the effective 

membrane area (m2), t is the operation time (h), and ΔP is the trans-membrane pressure 

(bar). The units of F and P are L m-2 h -1 and L m-2 h -1 bar-1, respectively. 

The solute rejections (R) was calculated by the following equation: 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) ∗ 100% 

Where Cp and Cf are the solute concentrations of permeate and feed solutions, 

respectively. The dye concentrations in the feed and permeate solutions were 

determined by a UV-vis spectrometer (Pharo 300, Merck) at different wavelengths based 

on the solute and solvent chemistry. In order to exclude the effect of solute adsorption, 

both permeance and rejection were collected when a steady permeate flux was achieved. 

At least three membrane samples were tested in order to obtain reliable solvent 

permeance and solute rejections. 
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4.2.1.5 Membrane Chiral Separation  

The membrane was cut to the desired size using a round punch of 3 cm diameter, then 

fixed between two parts of the disc with screws. The cell was then closed from both sides 

and the chambers were filled with a stripping solution (deionized water) and feed solution 

(1mg/mL DL-Trp) simultaneously, so that the pressure was kept equal on both sides of 

the membrane. Both chambers were equipped with a magnetic stirrer and constantly 

stirred using external rotating magnets. The samples for analysis of the composition were 

extracted through septa from the feed and permeate side of the pertraction cell at regular 

time intervals by disposable sanitary syringes. The sampling was first performed from the 

stripping solution, then from the feed. While the sample was taken, another needle was 

stuck through the septum to prevent a pressure change in the chamber. Samples were 

then analysed by HPLC and analysed by high-performance liquid chromatography (HPLC). 

UltiMate3000 spectrometer (Thermo Scientific) was used, equipped with a Chiralpak 

ZWIX (+) (250× 3 mm, ID, 3 μm) column (Diacel). The mobile phase composed of 98% 

MeOH and 2% H2O, containing 50 mM of formic acid. 

The enantioselectivity is a measure of optical purity and is defined in terms of the % 

enantiomeric excess (%ee). The enantioselectivity of the membrane is calculated using 

following equation: 

% 𝑒𝑒 =
𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑒𝑛𝑎𝑡𝑖𝑜𝑚𝑒𝑟𝑠

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑒𝑛𝑎𝑛𝑖𝑜𝑚𝑒𝑟𝑠 𝑖𝑛 𝑓𝑒𝑒𝑑
 × 100 
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4.3 Results and Discussion 

4.3.1 Construction and Characterizations of the Self- Standing CPA Thin 

Films 

The self-standing CPA film was fabricated by confining the polymerization of acyl chloride 

and amine monomers at the interface between hexane and water. Figure 4.1 shows the 

optimal interfacial polymerization (IP) procedure for CPA film fabrication and the 

chemical structures of TMC/CHDA monomers. The surface morphology of CPA membrane 

obtained by interfacial polymerization were investigated in details using a scanning 

electron microscopy (SEM) and atomic force microscope (AFM). The SEM images of 

polyacrylonitrile (PAN) support shows a continuous and smooth surface without any 

identifiable pinhole or crack (Figure 4.2a) while the interfacially polymerized layer (CPA) 

on polyacrylonitrile (PAN) support has a typical ridge-and-valley morphology with 

relatively big “leaves” (Figure 4.2b). In cross-sectional SEM images, the thickness could 

not be reliably measured due to the difficulty in distinguishing the boundary between 

supports and ultrathin nanofilms as shown in, Figure4.3. Therefore, a comparable set of 

circumstances were used to construct a freestanding CPA membrane as shown in Figure 

4.1, and a different substrate was used to transfer the membrane. As illustrated in Figure 

4.4 a, the freestanding membrane with a 1-minute reaction time covered the alumina 

support then cross-sectional SEM images were captured. The thickness of the membrane 

could be readily seen in the cross-sectional image, which was around 35 nm in thickness. 

The images of the membrane on a silicon wafer captured using atomic force microscopy 
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(AFM) are shown in Figures 4.4b according to the height profile, the thinnest layer is 

around 30 nm in thickness after 1 min reaction time. The thickness of the polymerized 

layer measured by SEM is consistent with the AFM result.  

 

Figure 4. 2 Surface morphology from SEM images of (a) polyacrylonitrile (PAN) support 

(b) CPA membrane at different scale bars.  

The thickness of the membrane increased from 30 to 400 nm when the reaction time was 

extended from 1 min to 1 h, resulting from the increase in reaction time. The same trend 

was observed for the film surface roughness. The root mean square roughness of the 

membrane after 1 min reaction time is around 13 nm, which agrees with the SEM findings 

of smooth and flat film morphology. After 1h reaction an increased was observed (the 

root mean square roughness = 148.456 nm).  
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Figure 4. 3 Cross-sectional SEM images of CPA film on PAN support. 
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Figure 4. 4 (a) SEM top-view image of CPA membrane and cross-sectional SEM images of 

CPA film on an anodized aluminum oxide substrate (b) AFM image, height profiles, and 

surface morphology of the CPA membrane prepared with a reaction time of 1 min and 

1h on silica wafer. 

The chemical structure of the CPA membrane was characterized by Fourier transform 

infrared spectroscopy (FTIR) under the attenuated total reflectance (ATR) mode and solid-

state nuclear magnetic resonance (ssNMR) using free-standing polyamide membrane. 

Figure 5a displays the ATR-FTIR spectra, the stretching bands of O=C–Cl and –NH– groups, 

appear at 1760 cm-1 and 3208 cm-1 respectively.  The spectra of TMC and CHDA, are 

significantly attenuated in the membrane after polymerization. As a result of the –C=O 

bonds from the secondary amide group, a new strong stretching frequency band arises at 

1628 cm-1. Figure 4.5b displays the13C solid-state NMR spectra of CPA, the peak at 170 

ppm is assigned to the C atom in C=O moiety, while the broad peaks at 122–140 ppm are 

associated with aromatic C atoms.246  the peak 60 ppm corresponding to the C-N in amide 

bond of CPA. These findings strongly support that a polyamide membrane is formed 

successfully as a consequence of the reaction between TMC and CHDA. The 

thermogravimetric analysis (TGA) reveals that they have excellent thermal stability up to 

300 °C before it starts to decompose around 420  Cͦ as shown in Figure 4.6.  
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4.3.2 Polar and Nonpolar Solvent Transport Performance of CPA 

Figure 4.7 shows the permeances of pure polar and nonpolar solvents through CPA 

membranes. As summarized in table 4.1, ultrahigh liquid permeance may be achieved in 

ultrathin membranes because of the short transport path. To verify this, high permeances 

through the CPA thin film are achieved following the order of acetonitrile (17.5 ± 0.8 L m-

2 h-1 bar-1) > acetone (14.8 ± 0. L m-2 h-1 bar-1) > methanol (9.8 ± 0.5liters m−2 hour−1 

bar−1) > water (6.8 ± 0.4 L m-2 h-1 bar-1)  > ethanol (4.7 ± 0.5 L m-2 h-1 bar-1) > isopropanol 

(2.6 ± 0.5 L m-2 h-1 bar-1) > dimethylformamide (0.7 ± 0.1 L m-2 h-1 bar-1), which is exactly 

on the opposite order of their kinetic diameters and viscosity. Usually, the solvent 

permeances across membranes are controlled by the aperture size, the viscosity and 

polarity of the solvent, as well as the solvent-membrane interactions, among other 

factors. In general, permeance increases with increasing aperture size and decreasing 

solvent viscosity. CPA membrane might be used to purify important compounds and 

recover solvents from pharmaceutical and petrochemical industries with remarkable 

energy efficiency due to the high polar and nonpolar organic solvent permeances as 

shown in Figure 4.7. 
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Figure 4. 5 (a) ATR-FTIR spectra of CPA membranes (blue and green), TMC (in black), and 

CHDA (in red), and CPA (b) 101 MHz 13C ssNMR spectra of CPA membrane.   
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Figure 4. 6 Thermogravimetric analysis curves of CPA membrane.  

                         

Figure 4. 7 Solvent permeances of CPA membrane against the combined solvent 

property (solubility parameter, viscosity, and molar diameter). 
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Table 4. 1 Solvent permeances of CPA membrane against the combined solvent 

property (solubility parameter, viscosity, and molar diameter).  

4.3.3 Precise Molecular Sieving Effects 

One of the most significant concerns confronting mankind is the rising pollution by 

organic micropollutants in environmental and biological systems. Concerns have been 

expressed across the globe about the possible hazardous effects of organic 

micropollutants (pesticides, medicines, and dyes) on human health and aquatic 

ecosystems. Organic micropollutants released into fresh water pose substantial health 

risks since the majority of them are mutagenic or carcinogenic in nature.247 For the most 

part, porous-activated carbons and polymers have been extensively employed as 

adsorbents for the removal of organic micropollutants from wastewater up until recently. 

These materials, on the other hand, have some serious drawbacks for example, 

regeneration of used activated carbons is energy-intensive (heating to 500° to 900°C), 
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regeneration of used porous polymers necessitates soaking the spent adsorbents in 

extraction solvents for desorption, and these spent activated carbons have poor 

performance after multiple recycles.248 When compared to absorbents, membrane 

technology offers many advantages, including superior separation performance, low 

energy consumption, moderate operating temperature, cost efficiency, and the absence 

of cross contamination. As a result, determining the molecular sieving impact of CPA 

membrane in the removal of organic pollutants has significant environmental and 

industrial implications. As models of organic micropollutants, dyes with a range of 

molecular weights and dimensions were used in this study. As shown in Figure 4.8 when 

CPA membrane was exposed to dyes with molecular sizes bigger than the CPA aperture 

sizes, the CPA membrane exhibits significant rejection. CPA is capable of almost 

completely rejecting brilliant blue R, and rose bengal, acid fuchsin, and indigo carmine. 

Long-term nanofiltration experiments and ultraviolet spectra of different dyes before and 

after filtration using CPA membranes are shown in Figure 4.9 and 4.10, as well as the 

results of the long-term nanofiltration testing. According to general principles of 

rejection, the rejection is governed by a very complicated interplay between the solute 

size, the solvent viscosity, the solute-solvent interaction, and the membrane aperture 

size. During rejection of aqueous solutions, the charge interactions between the solute 

and membrane surface are very significant. However, since ionic dyes are difficult to 

dissociate in organic solvents, the charge effects may become extremely weak in these 

solutions. As a consequence, the molecular sieving effect and the shape-selective function 

are the most important factors influencing membrane rejection. 
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Figure 4. 8 The rejection ability of CPA membrane toward dyes with different molecular 

weight. 

 

Figure 4. 9 (a) Long-term permeance (b) UV spectra of dyes in methanol before and after 

filtration through the CPA membrane. (Inset) Photograph of the feed and filtrate. 
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Figure 4. 10 (a) Long-term permeance (b) UV spectra of dyes in methanol before and after 

filtration through the CPA membrane. (Inset) Photograph of the feed and filtrate. 

4.3.4 Chiral Separation 

The chiral selectivity of the CPA membrane for DL-tryptophan (a model chiral drug) has 

been investigated in this study. Separation experiments were carried out to assess the 

enantiomers separation performance by fitting the CPA membrane on Valia–Chien 

diffusion cell (VCDC) for almost two months. HPLC analysis on chiral stationary phases 

was used to determine the ee values and the rejection. The concentration-driven 

permeations of DL-tryptophan in methanol for CPA membranes were shown in Figure 

4.11a, representing the concentration of D-Trp to L-Trp on the permeate and feed sides 

over 46days. D-Trp was adsorbed into the active layer of membranes. However, it was 

observed that the level of L-Trp in the feed had reduced. The fact that the CPA membrane 

reacted differently towards each enantiomer during permeation emphasizes the critical 



120 
 

role played by the selector in the active layer in this experiment.249 The chiral recognition 

of enantiomers results in D-Trp retention in the membrane, while L-Trp passes through 

the separating material due to the chiral recognition of enantiomers. As a consequence 

of this permeation, an excess of L-Trp is present in the permeate, as seen in Figure 4.11a. 

It was found that the retention of D-Trp in the membrane material did not interfere with 

the transport of L-Trp into the permeate with the enantiomeric excess (%ee) ranging from 

almost 19% to 23% during the duration of the experiment. The rejection grew from 40% 

after three days to 73% after 46 days, with the change in rejection being significant in the 

early days of the experiment and decreasing with time as a consequence of slow flux 

owing to a reduction in the concentration gradient, which is the driving force of the 

separation as shown in Figure 4.11b. 

Generally, we understand that optical isomers can only be distinguished when they are 

exposed to a chiral environment. Therefore, all chiral separation methods made use of a 

chiral environment in either the L or D configuration, depending on the application. 

Because of this, the membrane should be in a chiral environment in order to perform 

enantioseparation by interacting with pairs of diastereomeric enantiomers that are 

present in the surrounding environment. Due to the obvious chiral character of the 

environment, the diffusion rate differed depending on the molecular orientation when 

they interacted with paired enantiomers in the same environment because of the chiral 

nature of the environment. The variation in the diffusion rate of enantiomers was the 

basis of the separation of enantiomers through the membrane. 
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Figure 4. 11 (a) D-Trp and L-Trp concentration as a function of time (b) Percentage 

rejection of DL-Trp and ee% in the feed over 46 days. 
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4.4 Conclusion  

We have successfully fabricated the enantioselective polymeric membranes (CPA) by 

reacting CHDA with TMC using an interfacial polymerization approach. These fabricated 

enantioselective composite membranes have been used to examine the optical resolution 

of DL-Tryptophan as the chiral drug model employed in the course of this research. We 

subsequently studied the change in enantiomeric concentration over time using high-

performance liquid chromatography (HPLC). From our investigation, we observed there 

is preferential sorption of D-Trp from the feed, and this could be as a result of the critical 

role a chiral selector played in the active layer for achieving the chiral identification of the 

D-enantiomer. Another important observation is that because of the exclusive nature of 

our membrane materials, the retention of D-Trp within the materials did not in any way 

block the transport of L-Trp into the permeate throughout the time of the experiment. 

We have elucidated and also examined the role of the CPA active layer/membrane in 

chiral recognition of D-Trp enantiomer and molecular sieving processes, respectively. 

Finally, this study has demonstrated that our membrane can be an effective tool for the 

separation of enantiomers. 
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Chapter 5 

5 Conclusion  

Scientists have been inspired by the unique integrated system of the cellular membrane 

structure to advance biomedical applications by creating biomimetic nanoparticles and 

artificial membranes. Ultimately, this PhD dissertation intends to use membrane 

capabilities to develop safe biomedical platforms capable of loading and delivering 

genetic material effectively to cancer cells and design artificial membrane with chiral 

characteristics for chiral separation.         

In chapter two, a biomimetic cancer cell membrane (CCM) coating was used as  a unique 

cancer-targeting technique due to the intrinsic homotypic binding phenomena often 

found among tumor cells. Using CCM coating, we were able to simulate the antigenic 

variety of cancer cells and include novel surface capabilities that are difficult to obtain 

using standard synthetic approaches. The EGFP fluorescence reduced by 24% when MCF-

7 cells were transfected with C3-ZIFMCF, compared to a 1-fold suppression in EGFP 

expression and a 3% reduction in EGFP fluorescence when MCF-7 cells were transfected 

with C3-ZIFHELA. C3-ZIFMCF was shown to accumulate in MCF-7 tumor mice models in vivo, 

confirming our findings. Cancer antigenic materials may be added to ZIF-8 to enable the 

reproduction and accumulation of certain biological activities, significantly increasing the 

gene-editing targetability. 
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In chapter three, we designed cancer cell membrane biomimetic magnetic nanowires 

with multimodal functions (NWs ZIF) MCF for targeted therapeutic application.The ability of 

(NWs ZIF) MCF to target homologous targets boosted its therapeutic benefits in vitro and in 

vivo. With a laser, NWs ZIF induced cell death to 34.6 % while (NWs ZIF) MCF + laser increased 

cell death to 45.91%. The increased photothermal efficacy was attributable to the 

increased intracellular (NWs ZIF) MCF concentration. Because ICP measurements revealed 

a higher Fe content in the liver than (NWs ZIF) MCF, NWs ZIF clearance may have contributed 

to the tumor recurrence after 28 days of therapy. Laser-induced hyperthermia in tumors 

resulted in full suppression owing to homologous targeting when treated by (NWs ZIF) MCF. 

(NWS D-ZIF) MCF and (NWS ZIF) MCF + laser caused 32% and 50% cell death, respectively. (NWS 

D-ZIF) MCF + laser inhibited cell proliferation in MCF-7 cells by approximately 73%. For cancer 

treatment, (NWSZIF) MCF provides efficient phototherapy combined with any therapy that 

employs the ZIF porosity by mimicking homologous tumor cell types. 

Although this new technique has had some success, there are still challenges that must 

be addressed in order to advance this technique. First, there is a significant gap between 

laboratory research and clinical use. A comprehensive investigation of the biology of 

membrane-coated NPs, as well as more clinical studies to assess their safety and 

effectiveness, are required. Second, many cell sources are insufficient, and large-scale 

manufacturing is challenging. If we employ patients' own cells to build nanoscale vehicles 

and then transfuse them back into the patients, we must also consider the expenses of 

producing and storing these NPs. Third, immunogenicity is a barrier when employing a 
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large number of cells from different sources for mass manufacturing. As a result, continual 

screening of cell membrane-camouflaged nanoscale devices for improved 

biocompatibility, greater selectivity, and broader applicability might be a future focus. 

In chapter four, using an interfacial polymerization technique, we effectively created 

enantioselective polymeric membranes (CPA) by reacting CHDA with TMC. These 

fabricated enantioselective composite membranes were utilized to investigate the optical 

resolution of DL-Tryptophan, the chiral molecule model used in this study. We then 

investigated the change in enantiomeric concentration over time (HPLC) using high-

performance liquid chromatography. According to our findings, there is preferential 

sorption of D-Trp from the feed, which might be due to the essential function a chiral 

selector performed in the active layer for attaining chiral identification of the D-

enantiomer. Another significant finding is that, due to the exclusive nature of our 

membrane materials, the retention of D-Trp within the materials did not impede the 

transport of L-Trp into the permeate throughout the experiment. We clarified and 

investigated the function of the CPA active membrane in D-Trp enantiomer chiral 

recognition and molecular sieving processes.  Finally, our study has shown that our 

membrane could be an excellent tool for enantiomer separation of chiral drugs in the 

future. 
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