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ABSTRACT 

Nanobots: Smart Systems to Improve Therapeutics Delivery 

Shahad Alsaiari 

With the remarkable advancement in the nanoparticles (NPs)-based drug 

delivery systems (DDS) over the past several decades, the pharmacological properties 

associated with conventional free drugs delivery are improved. In this thesis, we report 

potential candidates for the next-generation NP-based DDS.  

While natural DDS are promising as they possess exceptional delivery 

mechanisms and selective targeting, synthetic DDS are more favorable for their low 

immunogenicity. Our developed natural DDS called magnetotactic bacterial cages 

(MBC), which is based on magnetotactic bacteria (MTB) as a guidable delivery vehicle for 

DNA functionalized gold nanoparticles (AuNPs). Loading DNA functionalized AuNPs in 

MTB aided in increasing the maximum-tolerated dose of DNA functionalized AuNPs and 

tackled issues related to DNA functionalized AuNPs stability and systemic delivery. 

Natural DDS hold great advantages; however, it is difficult to make complete prediction 

about their immunogenicity and toxicity on the basis of preclinical trials. Thus, we 

assessed the efficacy of synthetic NP-based DDS.  

Using inorganic platforms, we were able to develop the first visual monitoring 

system of bacteria-NPs interaction. The system offers simultaneous sensing and 
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inhibition of bacteria in infected cells. The system is comprised of Au nanoclusters 

@lysozyme (AuNC@lys) colloids MSN loaded with antibacterial agents. The applicability 

of the inorganic DDS in the biomedical field has been limited by the high 

bioaccumulation risks.  

Hybrid materials combine the advantages of organic, inorganic and natural 

carriers, offering opportunities for enhanced stability, manipulating release behavior 

and combine two or more functions in a single platform. To further enhance the 

properties our inorganic DDS, we incorporated light-responsive organic ligands to silica-

based NPs. Plasmid DNA was loaded on the light-responsive bridged silsesquioxane 

nanocomposites (BS NPs). Light irradiation was performed to reverse the surface charge 

of NPs via a photoreaction of the organic fragments (silsesquioxane) within the NPs, that 

resulted in the release of plasmid DNA in HeLa cancer cells. Finally, we assessed a new 

class of organic-inorganic DDS composed of inorganic metal ions and organic linkers, 

zeolite imidazolate frameworks-8 (ZIF-8). These NPs showed exceptional ability to 

entrap large cargo due to their tunable porosity and structural flexibility.  
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Chapter 1. Introduction  

1. Introduction and History of Drug Delivery 

Since 1906, scientists are trying to apply the concept of the ‘magic bullet’ which 

was introduced by Paul Erlich on all newly developed drugs. Similar to the ‘magic bullet’, 

drug products nowadays are composed of various components:  

(i) The active pharmaceutical ingredient (API): the biologically active component of a 

drug product, and  

(ii) Excipients: make up the variable fraction of a drug product.  

The procedure for augmenting this mixture of components used in a drug is known as 

formulation. Excipients are intentionally included in a formulation to control the 

pharmacological action of a drug as it influences the rate of drug release rate, the 

duration and site of drug action and side-effect profile. Conventional excipients were 

structurally simple, biologically inert and of nature origin, such as sugar, wheat, corn and 

minerals.1-3 Modern excipients, such as cyclodextran, dextran and polyethylene glycol 

(PEI), have emerged as novel pharmaceutical formulation and showed their potential in 

humans at therapeutic doses.3-5 

With the development in genomics and molecular biology tools, and the use of 

modern chemical synthetic methods, new drug targets are discovered;6-7 enabling the 

synthesis of many drug candidates in a short time. However, to allow the safe, effective, 

and reliable application of these drug compounds to the patient, it is necessary to 

develop suitable delivery system. An ideal drug delivery system (DDS) ensures:  



	

					

19	

(i) Site-specific API delivery: to ensure the delivery of drug at the selected 

target and reduce systemic levels of the drug. The drug concentration at 

the site of action should be at the therapeutic range, above the minimal 

effective concentration and below the minimal toxic concentration. 

(ii) High Stability in the complex biological environment with an extended 

blood circulation to enhance drug action. 

(iii) Biocompatibility; and  

(iv) Invisible to the immune system.   

Before 1950, physicochemical and biological parameters of drugs were not 

controlled. Drugs were made into capsule or pill formulations that release payload upon 

contact with water, immediately. Thus, many physicochemical problems such as poor 

water solubility of drugs, large molecular weight of peptide, protein and drugs, and 

difficulty of controlling drug release kinetics, have come to the forefront of early stage 

of the first-generation DDS.  

After 1950s, DDS have passed through three main generations (scheme 1). 

Throughout the first-generation (1950-1980), fundamental understanding of the drug 

release mechanism was attained.8 As a result, many oral and transdermal controlled 

release formulations were introduced to the market.9-10 At this period of time, Richard 

Feynman introduced for the first time the concept of nanotechnology. His speech 

“There’s Plenty of Room at the Bottom” discussed the importance of manipulating and 
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controlling things on a small scale and how they could tell us much of great interest 

about the strange phenomena that occur in complex situations. He proposed that in 

future, small molecules will be used to make smaller machines, and these in turn will be 

used to make even smaller machines, all the way down to the atomic level.10-11 Later, 

the term “nanotechnology” was introduced in 1974 by the Japanese scientist Norio 

Taniguchi on production technology that creates objects and features on the order of 

nanometer.12 The first generation studies on the development of drug formulations and 

new nanosized particles paved the road for introducing DDS at the nano-scale in the two 

next generations. 

The second generation (1980-2010) focused on developing DDS able to 

overcome biological barriers. While complex delivery systems were synthesized and 

showed their potential in overcoming biological barriers in vitro and in vivo, developed 

technologies were not successful in pre-clinical trials.13-14 Failure of DDS in pre-clinical 

trials is mostly ascribed to the unexpected toxicity, issues related to bioavailability and 

lack of efficiency. At the last decade of the second generation (2000-2010), scientists 

focused on developing nano based-targeted DDS.15-18  

The third-generation now is tackling issues related to physicochemical and 

biological barriers to enable their conversion into pre-clinical stage.19-21 The limited 

success of the second-generation technologies needs careful analysis to make the next 

generation technologies prepared for eventual clinical application. To date, almost all 

industrialized nations created nanotechnology initiatives, leading to a worldwide 
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proliferation of DDS technologies.  

                           Scheme 1. A brief timeline for the development of DDS through three main generations.  

Nanoparticles (NPs) were defined according to the International Union of Pure 

and Applied Chemistry (IUPAC) as particles of any shape with dimensions in the 1–100 

nm range. The versatility of NPs enables tailoring of drug nanocarriers (NCs) with 

respect to the target, drug release profile, and route of administration.22-30 The 

physicochemical properties of NCs such as size, composition, shape, surface chemistry, 

and mechanical flexibility can be tuned to optimize stability, extend blood circulation, 

targeting specificity, cargo release profile, facilitate cellular uptake, and intracellular 

drug delivery into the correct subcellular compartment.  

Currently, more than 50 NPs-based therapeutics are Food and drug administration 

(FDA) approved and more than 70 products are in FDA clinical trials process.31-32 The 

first FDA approved NC is liposomes that was used to synthesize doxorubicin (Dox) 

encapsulated PEGylated liposome, sold as Doxil in 1995.33 Doxil showed its potential in 

reducing cardiotoxicity associated with free Dox delivery and enhanced the 

accumulation of Dox at the tumor sites. Neulasta® is a polymer-based NC approved by 

the FDA for the clinical use in 2002. It is polyethylene glycol (PEG)-recombinant 

granulocyte colony-stimulating factor (G-CSF) that minimize chemotherapy-induced 
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neutropenia. Neulasta® was featured in the top 10 US pharmaceutical sales list in 

2013.34 Although FDA approved materials are heavily weighted to polymeric, liposomal, 

and nanocrystal formulations, there is a trend toward the development of more 

complex materials comprising protein-based NPs, micelles, and a variety of metallic and 

inorganic particles in clinical trials.32  

2. Nanocarriers Interaction with Biological System  

With only 1% of the administrated drug reaching the target pathological site, specificity 

of current DDS and overcoming biological barriers (systemic and cellular) represent 

major challenges.21 To achieve high local drug concentration at target cells and avoid 

off-target toxicity, issues such as solubility, uptake, toxicity and responsiveness to 

certain stimuli should be addressed.  

Drug carriers at the nanoscale attracted considerable attention because of the ease of 

tailoring their physiochemical properties with respect to the cargo. Here are the main 

advantages of NCs for drug delivery: 

(i) NCs allow the incorporation of high amount of drug, in turn, enhance drug’s 

bioavailability and aqueous solubility due to their high surface to volume 

ratio. 

(ii)  The ease of manipulating NCs design to develop multifunctional platforms 

with targeting ligands that enhance the ability of crossing different biological 

membranes, or coatings that lead to prolonged circulation in the 

bloodstream. 
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(iii) The possibility of tuning their physical properties by changing their size, 

charge, and surface functionalization, resulting in achieving an active remote 

triggering of the drug release and enhance interaction of nanocarriers with 

cell membranes and proteins. 

2.1. Biological Barriers to Overcome 

The achievement of proper therapeutic outcomes of NCs is limited by complex series of 

biological barriers.35-38 Barriers a NC needs to overcome are divided into systemic and 

cellular barriers (summarized in scheme 2). Systemic barriers vary according to the 

mode of administration but generally include pressure gradients, 

hemorheological/blood vessel flow limitations and sequestration of NCs by the 

reticuloendothelial system (RES). Cellular barriers, however, are the same for all NCs and 

involve cell membrane, endosomal and lysosomal compartment escape, drug efflux 

pumps and nuclear membrane. The difficulty of crossing these barriers is controlled by 

many factors, some of which are:  

(i) Administration route (intravenous (i.v.), pulmonary or oral). 

(ii) Disease type (infection versus cancer). 

(iii) Nanodrug composition; and  

(iv) State of disease progression (early- versus late-stage cancers).  

The extensive study of pharmacokinetic profile of NCs, that is, adsorption, 

distribution, metabolism and excretion processes, will result in overcoming all 

aforementioned obstacles and will aid in the development of innovative NCs with 
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high therapeutic potential and a wide safety margin. 

 

Scheme 2. Overview of systemic and intracellular barriers newly developed DDS encounter.  

2.1.1. Systemic Barriers 

2.1.1.1. Route of Administration and Encountered Barriers  

Despite the convenience of oral mode of drug administration, the bioavailability 

of most drugs taken orally is low. When a drug reaches the gastrointestinal tract (GIT), it 

needs to resist GIT harsh conditions (low pH and chemical and enzymatic degradation), 

cross the epithelial cell membrane and mucus layer before reaching the circulation. 

Many polymeric NPs19, 39 and lipid-based NPs,40-41 enhanced the bioavailability of oral 

drug delivery. However, polymeric NPs were more effective42-43 as they showed better: 

(i) Drugs protection from the GIT environment.  
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(ii) Mucoadhesion properties of polymeric NPs prolong their residence time 

in the gut.44  

(iii) Facilitate the systemic absorption of the drug;39 and  

(iv) Permeabilizing effect of the polymer.  

The size of NCs is not very important in the oral route of administration. The major 

factor affecting NCs uptake and diffusion is the charge. Mucosa is negatively charged 

due to the glycocalyx, thus, it attracts positively charged NCs. Coating NCs with cationic 

groups or with groups bind to mucin (such as thiol and salicylic acid) increases NCs 

residence time in the GIT, however, it decreases the rate of diffusion by 20-30 times 

compared to negatively charged NCs. This issue was tackled by PEGylating positively 

charged NCs. The PEGylation effectively reduced the adhesive interactions between 

positively charged NCs and mucins, allowing penetration of NCs.45-46  

Pulmonary route forms an ideal environment of drug acting on local and systemic 

disorders. This route offers many advantages: 

(i) High surface area of the lungs. 

(ii) Less systemic side effects than oral or parental administration; and 

(iii) Few physical barriers leading to rapid absorption and circumventing the first 

pass effect. 

However, one of the major shortcomings in pulmonary drug delivery is the inability to 

control the pharmacokinetics of inhaled therapeutics beyond a few hours. The use of 
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NCs improved the pharmacokinetics of inhaled therapeutics.40, 47 Aerosolized poly-lactic 

acid (PLA) NCs were used to deliver anti-tuberculosis (rifampicin) drug directly into 

lungs. Drug was detected for 6 days following nebulization, whereas it was cleared from 

plasma within 24 h in case of oral or aerosol administration of free rifampicin.48 The 

most challenging part of developing aerosolized NCs is to maintain the critical physico-

chemical parameters for successful inhalation.  

Respiratory System 

Three main parts make up the human respiratory tract:  

• The extra- thoracic airway including the naso-oro-pharyngo-laryngeal 

region: the first defense against foreign inhaled material. 

• The tracheobronchial tree (upper airway):  includes the trachea and 

branching airways.  

• The pulmonary region (lower airway), which consists of alveolar ducts 

and alveolar sacs: where gas exchange takes place. In this part the translocation 

from alveolar epithelium to plasma takes place.   

It is worthwhile to mention that the upper section of the airway (tracheobronchial) 

is protected by a mucus layer that removes particles by mucociliary movement, while 

the lower airway (alveolar) removes the particles via macrophage phagocytosis.  

Depending on the size of aerosolized particles, particles are deposited in different 

regions of the respiratory tract. Generally, particles between 1 - 5 µm sediment in the 

tracheobronchial region and effectively deposit particles in the lung periphery.1,8 Larger 



	

					

27	

particles deposit in the oropharyngeal airways, while NPs (< 1 µm) are more likely to 

reach the alveolar region, but are not likely to deposit and thus are exhaled. 

Interestingly, NPs < 200 nm are effectively deposited in the alveolar regions following 

the air streamline; some of which penetrate the alveolar epithelium and translocated 

into the systemic circulation. Charge of aerosol NCs are deemed to be the second factor 

affecting their deposition.40, 49-51 Cohen et. al demonstrated that positively charged NCs 

deposit in lung more than neutral NCs.52 Today, Arikace® (amikacin, Insmed, Monmouth 

Junction, NJ, USA) and Pulmaquin™ (ciprofloxacin, Aradigm Corp., Hayward, CA, USA) 

are dry powder liposome based products under phase 3 trial for the treatment of lung 

infections.53-54  

Circulatory system  

The circulatory system ensures the exchange of substances between all tissues and 

external environment and from an organ to another. Thus, it is considered as the most 

important system in the body. It is comprised of vascular system and lymphatic system. 

The vascular system permits blood to circulate and transport small molecules (such as 

carbon dioxide, oxygen, amino acids and electrolytes), hormones and blood cells to and 

from the cells of the body through arteries and veins, respectively. An average of 20 

liters of blood per day circulate through capillary filtration, where plasma is removed 

while leaving the blood cells. About 85 % of the filtered plasma are reabsorbed directly 

into the blood vessels, while the 15 % remain in the interstitial fluid. The lymph system- 

involves a network of lymphatic vessels that carry clear fluid called lymph 

containing lymphocytes- major role is to provide an alternative return route to the 
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blood for the remaining three liters. The second function of the lymph system is to 

defend the body against foreign particles (viruses, bacteria, etc.) as it is the primary site 

for cells relating to adaptive immune system including T-cells, B-cells and APC. Vascular 

capillaries have small junctions; thus, they are able to transport small molecules, 

whereas lymphatic capillaries have wider junctions, therefore, they are able to transport 

both small and large molecules. 

 Depending on the parenteral route of administration, NCs can enter either 

blood or lymph (discussed in details below). The parenteral route of administration 

(intravenous, subcutaneous, intramuscular, intradermal, and intraperitoneal) is an 

effective route for unconscious patients, drugs with narrow therapeutic index and poor 

bioavailability. This route bypass both skin and mucous membranes through the direct 

injection. Most of nanodrugs exist in the market or ongoing clinical trials have been 

formulated for parenteral administration. Even though sustainable release is considered 

while designing nanodrugs, multiple injections are required to maintain therapeutic 

effective concentration that result in patient discomfort. CRLX101, undergoing phase III 

of clinical trials,55 is a camptothecin loaded cyclodextrin-PEG polymer introduced 

intravenously to patients suffer of gastroesophageal cancer on days 1 and 15 over 28 

days. Clinical studies showed a preferential uptake of CRLX101 in tumors over adjacent 

normal tissue.  

The intravenous administration results in the entry of NCs directly into the bloodstream 

and immediately distribute throughout the body. The particle size of intravenously 

administered NCs must be below 5 µm to avoid blocking of fine. It is important to note 
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that the immediate contact of NCs with a high ionic strength solution such as blood will 

lead to their aggregation, subsequently, capillary blockage and embolism. Thus, the 

physiochemical properties of NCs intended for intravenous administration should be 

highly considered. Injecting NCs through a non-intravenous route leads to their 

transportation into regional lymph nodes before reaching theb  systemic circulation,56 

allowing for slow and gradual drug release from the lymph node to the bloodstream, 

and hence, less frequent injections are required.25 The drug formulation in non-

intravenous administration route is the main factor influencing the period over which it 

releases.  

One of the greatest challenges for DDS after reaching the systemic circulation is 

the rapid clearance by the RES. Long circulating NCs reach cells by the extravasation 

from the blood through the vascular endothelium and across the interstitium, where 

high pressure (in the case of solid tumors) may also impede their movement.37 Apart 

from systemic barriers, overcoming intracellular barriers is considered also as a great 

challenge. Intracellular barriers include cellular and nuclear membranes and 

endosomal/lysosomal maturation.  

2.1.1.2. Biodistribution and Clearance 

Vasculature Permeability 

The vascular endothelium comprises a monolayer of endothelial cells lining 

blood and lymphatic vessels. It is a semi-permeable barrier that controls the passage of 

macromolecules and fluids in the interstitial space assuring tissue fluid homeostasis. 
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Different tissues have different endothelium structure divided according to the pore 

structure. Lungs have continuous endothelium with pore size of 5 nm, allowing NPs < 5 

nm to be transported across the capillary wall. Renal endothelium has slightly larger 

fenestrae, while liver and spleen have a discontinuous endothelia. Both fenestrated and 

discontinuous endothelia are associated with larger pore spaces, facilitating the uptake 

of NPs with hydrodynamic diameter up to 60 nm.36 

The passive extravasation of molecules across the endothelium occurs by diffusion 

and convection through two primary mechanisms: paracellular and transcellular routes. 

In the paracellular route, small molecules (<5 nm), such as oxygen, urea and glucose, can 

pass the endothelium barrier through junctions between cells, moving down a 

concentration gradient. The transcellular pathway instead mediates the transportation 

of large molecules (>5 nm), such as plasma proteins.57 Healthy vascular endothelium 

limits the transport of NPs into normal tissue. The large size of nano-sized anticancer 

drugs administered i.v. impede their ability to penetrate the tight endothelial junctions 

of normal blood vessels. Therefore, their concentration increases in plasma rendering 

them long plasma half-life and enhances their selective extravasation in tumor tissues 

due to their abnormal vascular nature. 

During a disease state, the organization of intercellular junctions and interactions 

between cells and extracellular matrix (ECM) is altered, creating intercellular gaps which 

allow the uncontrolled flow of plasma protein and liquids across the endothelium, 

making vessels more permeable than normal tissues. The increase in vascular 
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permeability and hydraulic conductivity makes diffusion and convection through the 

large endothelium gaps the primary pathways of drug transport across the tumor 

microvascular walls. The vascular cut-off across the endothelium is larger compared to 

normal tissue ranging from 100 to 1,200 nm in diameter.58 Other factors contribute to 

the increase in vascular permeability are the impairment of vasoactive mediator 

receptors function, especially angiotensin II and the lack of functional lymphatics. The 

extensive production of vascular mediators, such as vascular endothelial growth factor, 

nitric oxide peroxynitrite, bradykinin, prostaglandins, and matrix metalloproteinases,59 

greatly increases the permeability in tumor tissues (up to 4 μm).  

Effect of RES-NCs Interaction on Their Biodistribution and Clearance 

After systemic absorption, NCs enter the vasculature system and distribute with the 

blood flow throughout the body. Blood enhances the adsorption of proteins on the 

surface of NCs giving rise to an interface organization called “protein corona”.60-62 If 

adsorbed proteins are opsonins, NCs are phagocytosed and up taken by the RES, 

resulting in their removal from the bloodstream, limiting their bio-distribution and 

therapeutic action.63-64 The RES is a part from the lymph system and is comprised of a 

network of cells (monocytes and macrophages) and organs (BM, lung, spleen, liver and 

lymph nodes) that defend the body against foreign organisms and eliminate damaged 

cells and degraded product. The adsorption of opsonin on the surface of NCs triggers 

the phagocytic activity of macrophages, resulting in cytokines secretion and stimulation 

of systemic immune response. Consequently, NCs are sequestrated by the RES within 

minutes.63 The adsorption of plasma proteins on NCs surface affect NCs transportation 
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and clearance. Upon the formation of protein corona, the physiochemical properties of 

NCs are dramatically changed. The hydrodynamic diameter (HD) increases and the 

charge changes, decreasing NCs clearance and glomerular filtration rate and thereby 

increases the biological half time.65-71 

2.1.2. Intracellular Barriers   

Nano-carriers are highly desirable tools for the delivery of therapeutics into cells. 

However, successful delivery depends on the ability of these carriers to target specific 

cell type, enter the cell and deliver their cargo to the proper subcellular organelle. Once 

a NC bypasses systemic barrier and reach their target, they encounter another set of 

barriers known as intracellular barriers. The first significant barrier is the plasma 

membrane. Afterward, they must escape the endosome, and pass through the dense 

cytoskeletal network in route to the nucleus; the nuclear envelope represents a final 

barrier (Scheme 3).  
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Scheme 3. Schematic representation of different cellular uptake mechanisms proposed for NCs 

internalization and their fate upon internalization.  

2.1.2.1. Plasma Membrane and Endocytosis  

It is important while determining the bioavailability and pharmacological activity 

of a NCs to understand the pathway and cellular compartment involved in their delivery. 

Different endocytic mechanisms and their relevance in the uptake of NCs will be 

discussed. 

Endocytosis is the process in which cells internalize exogenous substances such as 

extracellular fluid, small molecules, debris, proteins, and even entire cells such as 

apoptotic cells and bacteria. The two main mechanisms of endocytosis are phagocytosis 
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(cell eating) and pinocytosis (cell drinking), which involves clathrin-dependent 

endocytosis (CDE), caveolin-mediated endocytosis, macropinocytosis, and 

clathrin/dynamin-independent endocytosis (CIE).72-73 During pinocytosis, fluid or 

particles should first become bound or adsorbed on the cell membrane. Subsequently, 

the cell membrane invaginates (forms a pocket) and fuses, entrapping fluid and particles 

in a vesicle that pinches off and moves to the cell interior. Receptor-mediated 

endocytosis occurs when specific receptor on the cell surface selectively binds to the 

extracellular macromolecule (the ligand). It is commonly mediated through clathrin-

coated pits and vesicles. Macropinocytosis involves cell surface ruffling and leads to the 

formation of large macropinosomes depending on actin polymerization, through which 

solute macromolecules are endocytosed.74 Clathrin-mediated endocytosis is an energy-

dependent pathway where cargo is being recognized by adapter protein complexes. 

Subsequently, these complexes recruit clathrin coats using other effector proteins. 

Invaginations, known as clathrin-coated pits, pinch off into clathrin-coated vesicles 

holding the selected cargo. Upon internalization, the clathrin is uncoated and the 

vesicles fuse together to form early endosomes.75 Then, late endosomes are formed, 

shipping to various organelles, including the lysosome. Similar to clathrin-mediated 

endocytosis, caveolae-mediated endocytosis creates vesicles 50–70 nm in diameter, 

called caveolae, through invaginations of the cell membrane. Caveolae are located in 

lipid rafts, areas of plasma membrane highly concentrated in sphingolipids and 

cholesterol. 76 These vesicles can bypass the enzymatic and acidic degradation in 

lysozyme because they are neutral. Therefore, scientists claimed that the caveolae-
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mediated endocytosis provides a safe route for cargo delivery to nucleus as they sort 

the endocytosed particles to endoplasmic reticulum (ER) or Golgi apparatus (GA) that 

reside very close to nucleus.77   

Phagocytosis initiates through the external extension of membrane in a process 

known as pseudopodia, which surrounds the target depending on actin 

polymerization.78 As the target wrapped by the extensions, it is pulled into the cell 

through a membrane-bound vesicle (phagosome). The phagosomes fuse with lysosomes 

and become phagolysosomes during maturation; this fusion exposes the phagocytosed 

matter to proteolytic enzymes and an acidic pH, which leads to its digestion.79  

Endocytosis is affected by three major parameters which are: surface charge, 

size and chemical composition of NCs. It is postulated that the surface charge is the 

primary factor affecting cellular uptake of small NCs (< 120 nm), however, the role of 

surface charge is weakened as the NPs size increases.80-84 Positively charged small NPs 

exhibit higher efficiency for cellular uptake as they electrostatically adhere to the 

negatively charged cells. The major uptake mechanism of large NCs (> 200 nm) is 

macropinocytosis, however, they express weak tendency for endocytosis compared with 

small NCs (< 120 nm).65-66 This is mostly attributed to their weak power in releasing free 

energy required for cell membrane penetration, which explains the dependence on 

energy-dependent endocytosis for their uptake.85-86 The endocytosis process also 

affected by surface properties of the NCs, including the presence of specific surface 

chemical species (e.g. ligand, sugar, and protein etc.). The probability of endocytosis 

increases with the incorporation of specific surface ligand in NCs as it will enhance the 
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interaction between the NCs and the plasma membrane.27, 71, 87-92 The most favorable 

size range for NC endocytosis is identified to be between ~50–150 nm, varied in 

different NC systems.93-99 The observation of the effect of NC’s morphological features 

on their endocytosis was quite scattered.85-86, 100 Some work found NCs with large 

surface to volume ratio (aspect ratio) associated with higher cellular uptake, for 

example, the cellular uptake of MSN was showed to be higher as the aspect ratio 

increases.82  Others reported a lower cellular uptake of NCs associated with large aspect 

ratio,17, 101 for instance, Au nanorods uptake was shown to decrease as the rods’ aspect 

ratio increased.93 It was also shown that phagocytosis of oblate ellipsoidal NCs was 

significantly higher than that of prolate ellipsoids or spheres.17, 102 Another group, 

however, reported that polystyrene rods displayed lower nonspecific uptake when 

compared to their spherical counterparts.103 The enhanced cellular uptake of NCs of 

certain shapes was attributed to their higher anchoring probability and/or easier plasma 

membrane wrapping based on simulation works. He et. al. claimed that to escape 

phagocytosis, NPs’ size should be maintained above 150 nm while charge should be kept 

below 15 mV.65 

2.1.2.2. Endosome 

The NCs entering the cell are usually delivered to early endosomes (EE), then, 

they transfer to late endosomes (LE) and lysosomes. In addition, it can be routed to the 

trans-Golgi network or recycled back to the plasma membrane through exosomes. Some 

cytosolic proteins play a vital role in the maturation of EE to LE. LEs move to the 
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perinuclear area of the cell where they fuse with each other to form larger bodies and 

eventually fuse with lysosomes.104 EE are characterized by a lower luminal pH (~6–6.5, 

necessary for the activity of endosome-specific enzymes). The pH decreases to 5 

throughout endosomal maturation.105 Low pH in endosomes has been exploited to 

trigger the release of pH responsive nanoparticles into the cytosol. Entrapment of NCs in 

endosomal vesicles impedes their successful delivery. Three mechanisms are proposed 

to escape endosomal maturation:  

(i) The use of select pathways for NC internalization, i.e. clathrin-independent 

mechanisms. 

(ii) Use endosomes as potential targets and to trigger the release of pH-sensitive 

NCs  

(iii) Escape from the endosome into the cytosol, perhaps via disruption of the 

vesicular membrane. 

The protonation of amines leads to an increase in endosomal pH, resulting in an 

increased influx of protons as well as counter ions such as chloride into the endosomal 

compartment, thus increasing its osmotic pressure.106 The osmotic gradient leads to 

water influx into the endosome, leading to its rupture and the release of its contents 

into the cytoplasm in a process known as the proton sponge effect. While the choice of 

material to induce proton sponge effect has been limited to polyamines,97, 107-108 these 

materials suffer from the poor biocompatibility and high toxicity inherent with the high 

pKa (~9) at both acidic and physiological pH. Several studies reported the protection of 

amine groups by employing acid sensitive protecting groups that cleave and expose the 
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amino groups only under the endosomal pH.108-109 Furthermore, to reduce the toxicity of 

the polyamine polymer system, scientists incorporated low pKa heterocycles as pendant 

groups.110 Alternatively, bacterial toxins were used in DDS to disintegrate endosome. 

Akin et. al developed a bacteria-based NP for DNA delivery, which takes the advantage 

of the invasive properties of the bacteria. Bacteria-based NP escaped endosomes by 

means of the pore-forming activity of the bacteria, delivering DNA effectively to the 

cytoplasm.111 

It is recommended to consider the sensitive pH responsiveness of DDS, as failing to 

respond efficiently can delay the release resulting in either transfer of endocytosed NCs 

to the hydrolytic enzymes containing lysosomes for degradation or directed to the 

plasma membrane via recycling route. It is also important to engineer a strategy for 

enodomal/lysosomal escape if the final destination is not endosome or lysosome to 

protect therapeutic agents from degradation.   

2.1.2.3. Nuclear Membrane 

While nucleus is a desirable target as the genetic information and transcription 

machinery exists there, the efficient delivery of nano-therapeutics into nucleus is still 

limited. Nuclear targeting in most studies is attained through the diffusion of the NC-

delivered cargo from the cytoplasm to the nucleus.112-115 Only NCs < 9 nm successfully 

achieved nuclear targeting.112, 116-117  

The nuclear pore complex (NPC) mediates the transportation of small ions and 

macromolecules (~ 9 nm) across nuclear envelope through passive diffusion. Large 

macromolecules (~ 39 nm) must possess oligopeptide sequences, known as nuclear 
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localization signals (NLSs), that bind specifically to nuclear receptors to facilitate their 

transportation via nuclear transport receptor mediated active transport.118 Thus, most 

of recently developed protein delivery systems couple their proteins to the NLS to 

enhance their nuclear transportation.94, 108, 119  

3. Models of Drug Delivery 

To attain the in vivo therapeutic applications, optimizing both selective and preferential 

delivery is important. Generally, two models are utilized to achieve this purpose: passive 

delivery and active delivery (scheme 4).  

 

 

 

Scheme 4. Schematic representation shows models of targeted drug delivery and triggered drug release. 

3.1. Passive Drug Delivery  

Passive delivery depends on the abnormal gap junctions (100 - 1,200 nm) in the 

endothelium of tumor for the accumulation of NCs. DDS, such as polymeric 

nanoparticles or liposomes tend to passively accumulate in the tumor.33, 107, 112 Defective 
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lymphatic drainage decreases the clearance of the macromolecules and particles from 

tumor interstitium, which results in an enhanced permeability and retention (EPR) effect 

that makes NCs accumulate and retain longer at the tumor site enhancing the 

therapeutic index.120-122 NCs stability in plasma and accumulation in tumor site during 

treatment is greatly improved by PEGylation.123-126 Doxil/Caelyx is the first PEGylated 

approved nanodrug; clinical data showed that pegylated Doxil/Caelyx accumulate 

preferentially in vascularized lesions.127 Eventhough EPR-based targeting is only passive, 

nanodrugs showed better accumulation within a tumor than free drugs. It is important 

to note that EPR effect leads to unpredictable accumulation of NCs in certain area of the 

tumor due to the inconsistency of vascular pore size within a tumor and between 

different tumor types. Moreover, the EPR effect is ineffective against non-solid tumors, 

such as leukemia.  

3.2. Targeted Drug Delivery Systems 

Active targeting strategy involves the use of targeting moiety on the surface of NCs to 

enhance the uptake of NCs by cells. Targeting molecules function as cell or tissue-

specific homing agents. They can be proteins, lipids or sugar present in on the surface of 

cells or diseased organs.90, 94, 128 By using biologically specific interactions such as ligand-

receptor interactions or antigen-antibody binding, cellular uptake of these therapeutic 

agents is facilitated through receptor-mediated endocytosis or cellular membrane 

permeation, thereby increasing the local concentration of the drug in the targeted cells 

or tissues and improving the therapeutic efficacy at lower doses.129 The two main 
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aspects to be considered while evaluating the efficiency of an active targeting system 

are the targeting specificity and the delivering capacity. Targeting specificity is 

determined by the biodistribution of the ligand-functionalized NP, and how the 

conjugated ligand and NP system interact with off-target molecules and cells.130 

Whereas, the delivering capacity is related to the NPs structure and properties.131-132 

Currently, a combination of active and passive targeting are envisioned as a promising 

strategy for efficient targeted delivery system.129, 133  

4. Triggered Release of Therapeutic Agents 

Repeated switch on and off release behavior of DDS is desired in newly developed NCs. 

These NCs are synthesized from materials sensitive to a wide range of stimuli.134-137 The 

sources of a stimulus could be external such as light, ultrasound (US), electrical or 

magnetic fields, or internal like pH, Redox, enzyme or receptor mediated (scheme 4). 

The responsiveness conferred by these materials allows the cargo release to be 

triggered only on demand and remotely by a physician or patient, thus they are 

considered as smart materials.  

4.1. Externally Triggered DDS 

Hyperthermia (HT): is the rise of body or tissue temperature. The elevation in 

temperature results in the activation of some cell damaging and apoptosis signaling 

pathways. Thus, it is used in combination with other chemotherapeutics in cancer 

treatment.  HT treatment is defined as heating malignant tissue at specific area while 
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sparing benign tissue. The heat should exceed the threshold of 42 ◦C for 30 min to 

properly destroy tumor.  

While whole-body hyperthermia showed enhance chemotherapeutics activity, the 

temperature should not exceed 41.8 ◦C.138-139 Alternatively, NPs can induce local heat 

generation with temperature reaching 50 ◦C at the tumor site while maintain normal 

systemic temperature.140-142 The two modalities adopted for hyperthermia therapy are:  

(i) Treatment at temperatures of 42 – 45 ◦C for up to few hours. Such range of 

temperature is used in combination with other chemotherapeutic agents for 

reliable damage of tumor cells.143-144  

(ii) Thermoablation aims for the thermal killing of tumor cells by inducing the 

generation of high temperature (at least 50 ◦C) in the tumor region for at 

least few minutes.145-146  

Properties of ultrasound (US), alternative magnetic field (AMF), and US- and AMF- 

responsive NPs can be adjusted to achieve proper hyperthermia treatment.  

4.1.1. Light-Triggered DDS  

Light is electromagnetic radiation detected by human eyes. The wavelengths visible to 

humans occupy a very narrow spectral window range from ~ 700 nm for red light down 

to ~ 400 nm for violet light. The spectral regions adjacent to the visible band are often 

referred to as light also, infrared at the one end and ultraviolet at the other. Absorbed 

light affects both endogenous and administrated compounds by enhancing chemical 

changes through photochemical reactions such as photoswitching or photocleavage, or 
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through the generation of singlet oxygen from O2 in photodynamic therapy (PDT).147 

Absorbed light is emitted as one of two forms:  

(i) Different wavelengths (for instance, fluorescence), leading to diagnostic uses 

(fluorescence imaging and photoacoustic imaging).148-149  

(ii) Energy transfers into another form (for instance, heat or acoustic waves), 

leading to therapeutic uses (photodynamic and photothermal therapy).150-152  

Light-emitting diodes (LED) and lasers are commonly used to activate photo-

responsive therapeutics. Although LED is safe and easy to use, it does not emit 

monochromic light that limit the activation of some therapeutics.153 Lasers produce high 

energy monochromatic light, thus, most photo-triggered systems are responsive to 

lasers.150-151 Light responsiveness is conferred to a NC through the incorporation of 

some chemical groups, such as o-nitrobenzyl, 7-nitroindoline derivatives, p-

hydroxyphenacyl and coumarin-4-yl-methyl.136, 154 The photolabile group will be cleaved 

if the light energy is high enough. 

 Visible light and ultraviolet (UV) have sufficient energy to break covalent bonds, 

however, they poorly penetrate skin. Wavelengths within near infrared (near infrared 

(NIR), 650 nm – 900 nm) window can effectively penetrate tissues with a depth at 

centimeter scale, however, the photon energy is usually low for photochemical reaction. 

Therefore, studies are focusing on combining the high energy of UV and effective tissue 

penetration of the NIR.155-156  

PDT is gaining increasing attention because of the multitargeted nature of the 

photosensitization process, resulting in nonspecific mechanism of action.157 In PDT, a 
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photosensitizer is incorporated within a NC to either enhance the production of reactive 

oxygen species (ROS) after UV or NIR exposure, or interact with noble metals to produce 

heat in an effect known as photothermal effect.150-151  

4.1.2. Ultrasound-Triggered DDS 

US is the transmission of pressure waves through a medium such as air or water 

at frequencies above hearing (> 20 kHz). US physically affect biomolecules and cells 

through the compression (at high pressure) and expansion (at low pressure) of moving 

molecules. US induces cavitation which is the formation of gas-filled bubbles in a 

medium while medium is compressing and expanding. Cavitating gas bodies are the 

mediators through which the energy of non-interactive pressure waves is concentrated 

to produce forces that permeabilize cell membranes and disrupt the vesicles that carry 

drugs.158 US offers non-invasive method of energy transfer into the body, hence, it has 

been employed extensively in diagnostic imaging,159-161 tissue heating or HT,162-165 

“melt” drug-containing NC163, 166 or enhance the uptake of NCs. Munshi et al.167 and 

Husseini et al.168 have reported that a combination of US and Pluronic P105-

encapsulated Dox markedly increased Dox cytotoxicity. The enhanced toxicity was 

ascribed to the release of Dox from micelles after US exposure. Koning et al.169 reported 

the augmentation of antitumor activity using the US-induced HT, in which heat 

accelerated the release of Dox from long-circulating liposomes.  

4.1.3. Magnetic fields-Triggered DDS  
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Magnetically triggered DDS attracted considerable attention due to the excellent 

penetration properties of the AMF. A frequency of 0.1 MHz (maximum frequency) leads 

to a depth of penetration of > 1 mm, which is enough for all potential targets in the 

human body.170 Superparamagnetic NPs (such as SPIO) and other magnetically activated 

NPs (MNPs) were incorporated in DDS polymer,135, 171-172 liposomes173-174 and metal 

organic frameworks (MOFs)175 to achieve:  

(i) Magnetic contrast agent in magnetic resonance imaging (MRI).  

(ii) Hyperthermia agent, magnetically responsive NPs absorb power when placed 

in an oscillating magnetic field; power absorption results in the release of 

cargo and generate heat at the surrounding medium. MNPs heating can be 

selectively induced using a high-frequency alternating magnetic fields (>10 

kHz). 

(iii) Magnetic vectors. MNPs movement can be directed by means of magnetic 

field gradient toward their target.  

(iv) Mechanical disruption of the drug-biomaterial matrix using low frequency 

(13.3 Hz) or static magnetic field. 

Magnetic HT: SPIO are single domain particles; the total magnetic moment of MNP can 

be regarded as one giant magnetic moment. When MNPs exhibiting superparamagnetic 

properties are exposed to external MF, the spin moments align into one giant magnetic 

moment. The AMF induces the rotation of magnetic moments, which return back to 

equilibrium by dissipating thermal energy through dipole rotation and Brownian 

relaxation.176  
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4.2. Internally Triggered DDS 

Internally triggered DDS are responsive to the change in physiological conditions of 

normal cells. Unlike externally triggered DDS, internally triggered DDS do not require 

sophisticated equipment setup to trigger cargo release. While various internal stimuli 

have been investigated (discussed below), pH- and redox- responsive NCs were the most 

studied.177-178  

Differences related to redox potential and pH between intra- and extracellular 

environment, as well as normal and tumor cells, provide an exceptional opportunity to 

design a NC with selective release properties.  

4.2.1. pH-responsive nanocarriers 

Generally, three strategies are adopted to develop pH-sensitive DDS. The first 

strategy involves conjugating cargo to NCs through acid labile linker.137, 179-180 This 

strategy was used to conjugate Dox to a PEGylated gold nanoparticles (Au NPs) via an 

acid labile linker (hydrazone linker). The Dox-Hyd@Au NPs formulation showed a 

preferential Dox release at acidic pH and reduction in systemic toxicity.181. Another 

study on the delivery of transcription factors incorporated acetal linkage in DNA 

assembled recombinant transcription factor to trigger transcription factor release at low 

pH.94   

The second strategy is the use of polycationic polymer such as PEI,15, 137, 182-183or 

Polyaspartamide derivative, poly(N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide) 

(PAsp(DET).108, 184 Polycationic polymers have high buffering capacity (pKa) that is an 

important feature allows for endosomal escape. At low pH, the amine groups at the 
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backbone of the polymer protonate, increasing the influx of protons and counter ions 

(Chloride) into endosomal compartment. Consequently, the osmotic pressure and water 

influx increase leading to the rupture of endosomal membrane and the release of its 

content in the cytoplasm. This strategy is widely adopted by scientists, especially for 

targeting intracellular bacteria reside in phagolysosome.185 Recently, researchers started 

to optimize the intracellular delivery of CRISPR/Cas9 protein 

(clustered regularly interspaced short palindromic repeats/ CRISPR associated protein 9) 

using synthetic carriers. Even through first trials of the protein complex delivery did not 

use PEI or PAsp(DET) as a main carrier, they were used to enhance endosomal escape, 

which in turn, leads to successful cytosolic delivery of the CRISPR/Cas9 protein.88, 97, 108, 

115, 119  

Charge-reversal technique is the third strategy of developing pH-sensitive DDS. The 

charge-reversal NPs are negatively charged at neutral pH, however, their charge rapidly 

changes into positive at acidic environment.186 Xu et. al.18 reported the development of 

Dox loaded targeted charge reversal NPs (TCRN) that is composed of folic acid 

functionalized polycaprolactone-block-PEI (PCL- PEI/amide). TCRN are negatively 

charged under physiological condition but they become rapidly positive at acidic pH. The 

charge-reversal was attained by converting all amines within PEI into amides. The 

amides are stable and negatively charged because of the b-carboxylic acid groups, 

however at a low pH, the amides hydrolyze to regenerate the amine groups that carry 

cationic charges. In vitro experiment shows better antitumor activity of TCRNs/DOX than 

free Dox.  
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4.2.2. Redox-responsive nanocarriers 

Redox potential can also be used to trigger cargo release. Glutathione (GSH) gained 

considerable attention to enhance cargo release because it plays a dominant role as an 

electron donor in cellular redox control. GSH intracellular concentration (~ 2 - 10 mM, 

depending on the cell type) is 100 - 1000 times higher than it is in extracellular space, 

creating a reducing environment inside cells and oxidative environment outside cells.187-

188 The intracellular concentration of GSH increases even more in cancer cell.189 This 

variation in GSH concentrations between normal and tumor cells provides an excellent 

opportunity to design NCs that selectively release cargo in response to the change in 

GSH concentration. Thiol-disulfide bond is widely used for developing redox-sensitive 

nanocarriers.135, 190-193 Ideally, cargo will be retained within NC under physiological 

conditions. However, at elevated GSH concentration the disulfide bond cleaves and 

cargo releases. Diselenide bond was also used to develop a reduction-sensitive gene 

carrier.134 Micelles formed by polymers containing diselenide bonds were stable under 

physiological conditions, but sensitive to reductive stimuli.  

4.2.3. Other stimulus-responsive nanocarriers 

Disease (cancer, infection, inflammation, diabetes, etc.) development is associated with 

cellular metabolic changes and signaling pathways alternation. Some of these changes 

were utilized to develop stimuli responsive nanocarrier. Changes associated with 

disease progression were utilized to trigger cargo release involves: high glucose level,39, 

194  hypoxia,195-196 enzymes197-198 or combined triggers.152, 199-200  
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5. Scope of this thesis 

The aim of our research is to encapsulate therapeutic agents within NCs to allow 

efficient loading of drug molecules inside the NCs thereby reducing systemic toxicity 

associated with drugs. We focused on the synthesis methods, drug loading, drug release 

mechanism and in vitro cellular response of drug loaded NCs in natural (bacteria-based 

carrier), inorganic (mesoporous silica NPs (MSNP)), hybrid (periodic mesoporous 

organosilica (PMO) and zeolite imidazole framework (ZIF8)) (summarized in scheme 5). 

The developed drug-loaded NCs were triggered by one of the following stimuli: pH, light 

and HT. In the successive chapters, we will discuss the impact of cargo encapsulation by 

NC on cargo delivery.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5. Scheme summarizes the pros and cons of our developed natural and synthetic DDS. 
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Chapter II. we report the use of unmodified magnetotactic bacteria as a guidable 

delivery vehicle for DNA functionalized Au NPs. The naturally bio-mineralized 

magnetosomes, within the bacteria, induce heat generation inside bacteria through 

magnetic hyperthermia. Upon incubation with THP-1 cells, the magnetotactic bacterial 

cages (MBCs) adhere to the cell wall and are directly engulfed through the phagocytic 

activity of these cells. Applying magnetic hyperthermia leads to the dissociation of the 

bacterial microcarrier and eventual release of cargo.  

Chapter III.  We design and fabricate a smart antibacterial mixed-matrix 

membrane coating comprising colloidal lysozyme-templated gold nanoclusters as 

nanofillers in poly(ethylene oxide)/ poly(butylene terephthalate) amphiphilic polymer 

matrix. Mesoporous silica nanoparticles–lysozyme functionalized gold nanoclusters 

(AuNCs) disperse homogenously within the polymer matrix with no phase separation 

and zero NPs leaching. This mixed-matrix coating can successfully sense and inhibit 

bacterial contamination via a controlled release mechanism that is only triggered by 

bacteria.  

Chapter IV.  We present a work on the design of a bacteria-responsive vehicle for 

theranostic application using lysozyme templated AuNCs -MSN that responds to 

multivalent interactions between the protein molecules on lysozyme–Au NCs and Mtb. 

We were particularly interested in the effectiveness of lysozyme–Au NC for inhibiting 

the cellular growth of mycobacteria tuberculosis (Mtb), the ability of tetrahydrolipstatin 

(THL) to interfere with the metabolic pathway of Mtb by inhibit lipid estrases and the 

synergy between lysozyme and THL. AuNCs was anchored to the openings of the MSNPs 
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and was utilized to encapsulate a high amount of THL (34 wt%) within the porous 

channels. Once the AuNCs cap interacts with Mtb, the nanopores open and cargo 

release. NPs-Mtb interaction is monitored through the quenching of AuNCs fluorescence. 

Chapter V.  We describe the synthesis of bridged silsesquioxane nanocomposites 

with tunable morphologies incorporating o-nitrophenylene-ammonium bridges. The 

hybrid composition of silsesquioxanes with 50% of organic content homogenously 

distributed in the nanomaterials endowed them with photoresponsive properties. Light 

irradiation was performed to reverse the surface charge of nanoparticles from +46 to -

39 mV via the photoreaction of the organic fragments within the particles, as confirmed 

by spectroscopic monitoring. Furthermore, such NPs were applied for the first time for 

the on-demand delivery of plasmid DNA in HeLa cancer cells via light actuation. 

Chapter VI. we report the first example of CRISPR/Cas9 encapsulated by 

nanoscale ZIF-8 with a loading efficiency of 17% and enhanced endosomal escape 

promoted by the protonated imidazole moieties. The gene editing potential of 

CRISPR/Cas9 encapsulated by ZIF-8 (CC-ZIFs) is further verified by knocking down the 

gene expression of green fluorescent protein by 37% over 4 days. The nanoscale CC-ZIFs 

are biocompatible and easily scaled-up offering excellent loading capacity and 

controlled codelivery of intact Cas9 protein and sgRNA. 

Chapter VII. We reflect on the work presented in this thesis.  
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Abstract: In spite of the huge advances in the area of synthetic carriers, their efficiency 

still poorly compares to natural vectors. Herein, we report the use of unmodified 

magnetotactic bacteria as a guidable delivery vehicle for DNA functionalized gold 

nanoparticles (AuNPs). High cargo loading is established under anaerobic conditions 
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(bacteria is alive) through endocytosis where AuNPs are employed as transmembrane 

proteins mimics (facilitate endocytosis) as well as imaging agents to verify and quantify 

loading and release. The naturally bio-mineralized magnetosomes, within the bacteria, 

induce heat generation inside bacteria through magnetic hyperthermia. Most 

importantly after exposing the system to air (bacteria is dead) the cell wall stays intact 

providing an efficient bacterial vessel. Upon incubation with THP-1 cells, the 

magnetotactic bacterial cages (MBCs) adhere to the cell wall and are directly engulfed 

through the phagocytic activity of these cells. Applying magnetic hyperthermia leads to 

the dissociation of the bacterial microcarrier and eventual release of cargo. 

Keywords: magnetotactic bacteria; magnetosomes;  microbots; hyperthermia.  

1. Introduction  

Designing synthetic carriers has been heavily pursued to resolve the intrinsic issues 

associated with bioactive molecules delivery such as hydrophobicity, unwanted toxicity, 

and most importantly poor stability.  Despite numerous systems that have been 

fabricated based on polymeric vesicles (Uhrich et al. 1999; Gupta, Vermani, and Garg 

2002; de Las Heras Alarcon, Pennadam, and Alexander 2005; Zhang et al. 2014), 

liposomes (Li et al. 2014; Yoshimoto, Kozono, and Tsubomura 2015; Bertrand et al. 

2010), and mesoporous silica nanoparticles(Slowing et al. 2008; Gimenez et al. 2015; 

Cauda et al. 2009; Zhao et al. 2014), major limitations still exist.  Reproducibility in the 

preparation of a synthetic carrier is key for eventual scale-up and commercialization and 

thus systems that require multi-step synthesis are not feasible. Moreover, the type and 
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amount of agents that could be loaded is a crucial design requirement that synthetic 

carriers have mainly suffered from due to their variable loading efficiency and 

constriction on the size and charge of the loaded agent.  

Natural carriers or vectors such as bacteria and viruses are very attractive, as they 

possess their own delivery mechanisms by which they induce disease. Copying nature’s 

designs, researchers have produced many bioengineered and biomimetic drug delivery 

carriers (Yoo et al. 2011). Virus-like particles and virosomes based vaccines are already 

FDA approved and available commercially such as Gardasil (Merck)(Group 2007; Einstein 

et al. 2009), Cervarix (GlaxoSmithKline)(Paovonen et al. 2009; Boxus et al. 2014), and 

Epaxal (Crucell)(Bovier 2008a; D'Acremont, Herzog, and Genton 2006; Bovier 2008b). 

However, these systems are limited by their potential immunogenicity when used for 

non-vaccine delivery (Leroux-Roels 2010; Waelti et al. 2002; Datta et al. 2008; Wu et al. 

2009). On the other hand, no successful bacterial candidate has made it to market so 

far. Bacterial carriers are divided into 3 major categories including recombinant bacteria 

(non-pathogenic bacteria that are genetically modified to produce and deliver 

biologically active proteins), microbots (bacteria that carry nanoparticles on their 

surface), and bacterial ghosts (bacteria that have all its plasma components 

removed)(Akin et al. 2007; Kudela, Koller, and Lubitz 2010; Zhang, Gao, and Zhao 2010; 

Zhu et al. 2013; Chen et al. 2014; Park et al. 2013). The first two take advantage of the 

invasive properties of bacteria to deliver their cargos in cells while ghosts, as the name 

implies, are dead bacteria that adhere to cell wall and are readily taken up by 

macrophages. Recombinant bacteria and microbots suffer from major safety concerns 
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associated with attenuated bacteria in addition to their release mechanism that include 

pumping the body with antibiotics to kill the bacteria and eventually release their 

contents. Bacterial ghosts have natural selectivity toward cancer cells due to their 

bioadhesive structures like fimbriae but are limited by their potential immunogenicity, 

which in this case is due to membrane lipopolysaccharide. Thus, designing a bacterial 

carrier that is safe, selective to various tissues, and can easily and reproducibly load 

different types of cargos (without the need for genetic modification or surface 

modification) is highly desirable. 

Magnetotactic bacteria (MTB), also known as bacterial magnetosomes,(Schuler and 

Frankel 1999; Faivre and Schuler 2008)are a unique class of bacteria that provides an 

alternative approach to deliver and release nanoparticles to their site of action. Since 

their serendipitous discovery by Richard Blackmore in 1975 (Blakemore 1975), these 

aquatic anaerobes gained plenty of attention due to their “built-in” magnetosomes, 

which are motorized by flagella to provide an efficient propulsion and steering 

system(Bazylinski and Frankel 2004).  Recent studies (Chen 2013; Martel et al. 2009; 

Simmons, Bazylinski, and Edwards 2007; Simmons and Edwards 2007; Mann, Sparks, 

and Board 1990; Farina et al. 1983) have demonstrated that MTB could be viewed as 

self-propelled natural micronanobots that are propelled by their own flagella and could 

be accurately displaced by their magnetosomes through magnetic field. MTB have been 

detected in marine habitats so far mostly in costal environments, although some studies 

indicate their apparently widespread occurance in the ocean down to depths of 3000 m 

(Lisy et al. 2007). 
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Herein, MTB are employed as a safe delivery vehicle for on demand cargo delivery. 

The designed system is represented in figure 1 where AuNPs conjugated with cargo 

were readily taken up by bacteria. AuNPs were used in this study to act as 

transmembrane proteins (TPs) mimics, which increased the loading efficacy and most 

importantly to image this system during agents loading and release41-44. Magnetosomes 

were used to enhance heat production after exposing the vehicle to magnetic 

hyperthermia. Due to the microaerophilic nature of MTB, exposing the system to air 

upon in vitro testing will kill bacteria, however, the cell wall stays intact. Immunological 

testing further proofs the safety of utilizing this cargo loaded magnetotactic bacterial 

cages (MBCs) in cell uptake studies. Upon incubation with THP-1 cells, MBCs readily 

attach to cells due to their bio-adhesive nature followed by phagocytosis. Applying 

magnetic hyperthermia lead to the dissociation of the bacterial vessel and consequent 

release of AuNPs. 

2. Experimental Section 

2.1. AuNP synthesis. To make surfactant-coated AuNPs, the well-documented seed 

mediated procedure developed by El Sayed1 was employed.  

2.2. AuNP-DNA conjugation. Cy3-DNA (17.7mM) 

(cy3aaaaaaaaaaaaaaaaaaaaaatgcggccagatttgacgagcagatggccagagtcaggc) was 

introduced to Citrate-stabilized AuNPs (750 pM) in a molar ratio (Cy3- DNA to 

AuNPs) of 500. Then, it was incubated overnight at room temperature. 

Afterward, particles were washed three times in Phosphate buffered saline (pH 
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6.9) through centrifugation (13,200 rpm, 20 min) to remove unconjugated 

particles. Finally, the resulting conjugates were re-suspended in 100μL 

Phosphate buffered saline (pH 6.9). 

2.3. Gel electrophoresis. Gel loading dye and cyber gold were added to the 

conjugates. The solution was loaded into 0.8% agarose gel and it was 

electrophoresed at 100V for 20 minutes in TBE buffer. Bands were visualized on 

a UV-trans illuminator.   

2.4. Cell culture. HeLa cells were cultured in EMEM with glutamax-1 medium  

supplemented with 10% fetal bovine serum (FBS), streptomycin, and antibiotics 

(penicillin and streptomycin). Cells were seeded at a density of 5 x 105 cells/well 

in a 6-wells plate.  

2.5. Loading Mechanism. Actively growing Magnetospirillum gryphiswaldense was 

purchased from DSMZ. In an anaerobic chamber, 25 µl AuNPs were introduced 

to 200 µl MTB (O.D: 0.25) and incubated for 2 hours. Then, it was washed three 

times by centrifuging it off at 13,000 rpm for 1 min, and adding 1 mL of MTB 

special media described by the manufacturer.  

2.6. Loading efficiency. Loading efficiency was calculated after washing the sample 

thrice by centrifuging it off at 13,000 rpm for 1 min, and 1 mL media was added 

each time. The supernatant was collected and tested by UV-Vis. This method 

gives an approximate estimation of the amount of loaded AuNPs. The initial 
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concentration of AuNPs was determined to identify the amount of loaded 

AuNPs. Afterward, the AuNPs concentration was calculated by equation.  

                    Cn=(Ab530*d)/(e0*b)                                                                                                         

The concentration of the free particles was subtracted from the initial 

concentration to obtain the concentration of loaded particles.  

2.7. Tomography. The sample was imaged using a Titan CT (FEI Company) operating 

at 300 kV equipped with a 4 k x 4 k CCD camera (Gatan). Tilt series for 

tomographic reconstruction were acquired using the Xplore 3D tomography 

software (FEI Company). The sample was tilted typically from -65° to +65°. 

Images were captured at 2° intervals between 0° and 50° and every single 

degree between 50° and 65°. Tilts series were aligned and tomograms were 

generated using IMOD (Kremer et al., 1996; Mastronarde, 1997). 3D rendering 

models were generated with the segmentation tools implemented in Avizo.  

2.8. Cell Counting Assay (CCK-8). The effects of MTB on cell viability and 

proliferation were evaluated using a CCK-8 kit, according to the manufacturer’s 

protocol. HeLa cells were seeded on 96-well plates at a density of 2 × 104 

cells/well per 100 μL. The next day, different concentrations of MTB suspensions 

were added to the culture (200 μL/well). Untreated and blank groups were set 

as controls. After 24 hour exposure, the CCK-8 solution was added to the wells, 

and the plate was incubated for an additional 3 hours in a CO2 incubator at 

37°C. The absorbance was measured at 450 nm, using a microplate 
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spectrophotometer (Biorad Instruments, USA), and adjusted for each 

corresponding blank.    

2.9. Cell culture. The human acute pro-monocytic leukemia (THP-1) cells were 

cultured in RPMI 1640 with glutamax-1 medium  supplemented with 10% fetal 

bovine serum (FBS), streptomycin, and antibiotics (penicillin and streptomycin). 

Monocytic differentiation into Macrophage-like cells was induced with 2 nM 

PMA overnight. THP-1 were seeded at a density of 5 x 105 cells/well in a 24-wells 

plate. After 24h, old media was removed, cells were washed twice and 900μL 

media was added. 

2.10. Infection protocol. All experiments were done in triplicates. LPS 

transfection was carried out to be used as a positive control. Bacterial infection 

was mediated in activated THP-1. 1mL of MTB (OD: 0.2= 40×106) centrifuged at 

3,500 rpm for 10min and re-suspended in 5ml fresh antibiotic free RPMI media, 

separately. A 1000 μL of the resulting transfected media was added into the 

corresponding well. The final bacterial concentration in each well was 8×106 

cells.  Infected cells were Incubated at 37°C in the presence of 5% CO2 for 24 

hrs.  Cells were collected by scraping and centrifuged (5min, 2000 rpm).  

2.11. IL Expression. According to the manufacturer, add 50 μL of the Standard 

Diluent Buffer to zero wells. Wells reserved for chromogen blank should be left 

empty. Add 50 μL of standards, samples or controls to the appropriate 

microtiter wells. Pipette 100μL of biotinylated anti-IL-12 (Biotin Conjugate) 

solution into each well except the chromogen blank(s). Tap gently on the side of 
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the plate to mix. Cover plate with a plate cover and incubate for 2 hours at room 

temperature. Thoroughly aspirate or decant solution from wells and discard the 

liquid. Wash wells 4 times by adding 400 μL wash buffer and discard it. Add 100 

μL Streptavidin-HRP Working Solution to each well except the chromogen 

blank(s). Cover plate with the plate cover and incubate for 30 minutes at room 

temperature. Thoroughly aspirate or decant solution from wells and discard the 

liquid. Wash wells 4 times. Add 100 μL of Stabilized Chromogen to each well. 

The liquid in the wells will begin to turn blue. Incubate for 30 minutes at room 

temperature and in the dark. After 20 to 25 minutes, add 100 μL of Stop 

Solution to each well. Tap side of plate gently to mix. The solution in the wells 

should change from blue to yellow. Read the absorbance of each well at 450 nm 

having blanked the plate reader against a chromogen blank composed of 100 μL 

each of Stabilized Chromogen and Stop Solution 

2.12. Bacteria staining and MBC stability. MTB were incubated with 20 μL of 

30 μM DiOC2 (3 μM final concentration) for 5 mins at an anaerobic condition. 

Pellet the cells by centrifugation. Re-suspend by gently flicking the tubes. Add 

500 μL antibiotic free media (RPMI).  

2.13. Confocal Laser Scanning Microscope and flow cytometry analysis. THP-1 

cells were seeded in CLSM dish and cultured in antibiotic free RPMI medium 

containing 10% FBS at 37 °C in a humidified 5% CO2 atmosphere. After cell 

attachment, medium was replaced with DiOC2 stained MTB infected medium. 

After 24h incubation, cells were 3 times washed with DPBS. Cargo release was 
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tested by placing cells in magnetic hyperthermia for 45minutes followed by 

45minutes incubation at 37 °C in a humidified 5% CO2 atmosphere. Finally, cells 

were fixed by 4% paraformaldehyde for CLSM (Zeiss LSM 710 upright confocal 

microscope). Cells were harvested by trypsinization and resuspended in 500 μL 

of PBS for flow cytometry analysis using the FACS canto2 flow cytometer (BD 

Biosciences). Data shown are the mean fluorescent signal for 10 000 cells. Cells 

that were not treated with nanoparticle solutions were used as a control. Data 

was analyzed using the FlowJo software. 

2.14. ICP-MS. THP-1 cells (5 x 105 cells/well) were treated with 2 mL of DNA-

AuNPs loaded MTB for 24h. Then, cells were washed 3x with PBS, trypsinized 

with trypsin and analyzed.  The same ratio of MTB: DNA-AuNPs was maintained 

(8:1) but the quantity was increased. MTB (O.D600: 0.252, 1200 μL) and DNA-

AuNPs (7.5 pM, 150 μL). 

2.15. Release. The release experiment was performed in MEM media at room 

temperature. Two comparative behaviors of release, with and without 

treatment of magnetic hyperthermia, were observed. The release process was 

performed in a quartz micro-cuvette as follows: 500 μL DNA-AuNPs loaded MTB 

were mixed with 1 ml of media and the supernatant was taken to test the 

absorbance. Then, cargo release was triggered by magnetic hyperthermia (470 

kHz, for 45 min), and absorbance at 530 nm was measured every 20 mins.  

3. Results and Discussion  
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Gold nanoparticles (AuNPs) have recently established themselves as promising TPs 

mimics due to their high lipid bilayers penetrating ability and thus they can effectively 

shuttle the designated cargo into MBCs. AuNPs were also used to image the system 

during agents loading and release, and for future possibility of imaging. Positively 

charged AuNPs with aspect ratio of 5 nm were synthesized according to a published 

procedure (Nikoobakht and El-Sayed 2003), and their optical properties were confirmed 

by TEM and UV-vis spectroscopy (Figure S1).  

ssDNA was used as a model cargo. Attaching negatively charged cy3 labeled ssDNA 

was successfully achieved through electrostatic interactions and confirmed by UV-Vis 

absorption spectra and gel electrophoresis (Figure S2). The concentration of bound DNA 

(32.8 ng/µL) was calculated according to a previously published procedure(Hurst, 

Lytton-Jean, and Mirkin 2006). A red shift was observed in both longitudinal and 

transverse absorption peaks of the ssDNA-AuNPs conjugates UV-Vis spectrum, which is 

mostly related to the medium refractive index that was changed upon binding. As 

expected, the absorbance of AuNPs after conjugation with ssDNA decreased due to the 

attractive interactions between the oppositely charged moieties (Figure S2a).  Gel 

electrophoresis was also carried out to confirm the conjugation of AuNP to ssDNA. The 

DNA mobility decreased in the gel upon conjugation, which is seen directly in the 

retardation of the band of conjugation in the gel (Figure S2b). Uniform aqueous 

dispersion of DNA-AuNPs (7.5 pM, 25 µL) was added drop wise to actively cultured MTB 

(OD: 0.252, 200 µL) in an anaerobic chamber. Investigating the cargo uptake using TEM 

shows that ssDNA-AuNPs are readily endocytosed with the uptake complete in 2 hrs. 
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Figures 2a-c represent TEM images from different tilt angles (0°, 30° & 50°, respectively, 

Figure S3), which confirms the position of loaded versus free DNA-AuNPs. Moreover, the 

co-localization of cy3 (signal from DNA) and DAPI (signal from MBCs) signals using 

confocal microscopy confirms the entry of DNA to the bacteria through AuNPs (Figure 

2d- f). The bacterial cell wall clearly projected to uptake the ssDNA intercalated gold 

nanoparticles (Figure 3a-c). The loading efficiency was high as the particles directly 

surrounded MTB when added (Figure 3a) and then were completely taken up in 2hrs 

(Fig. 3b) through active endocytosis (Fig. 3c). Using electron tomography and sub-

tomogram averaging, 3D reconstruction of DNA AuNPs loaded MBCs was obtained 

where the cargo was indicated in purple (Figure 3d-f). The ICP-MS data revealed that 

2.85 pM of DNA-AuNPs were up taken by the bacteria. It was reported that microbots 

(Akin et al. 2007) carry 1-3 particles on its surface however; our MBCs carry several tens 

of AuNPs inside it without the need for removing the plasma components or any 

modification or functionalization.  

Before testing MBCs as a delivery vehicles in-vitro, their cytotoxicity was evaluated by 

incubating them (four different concentrations were used: 4.8×108, 2.4×108, 1.2×108 and 

6×107) with HeLa cells for 24 h followed by standard CCK-8 assay. At a concentration of 

4.8C108 cell/ml, cells have >70% viability, while the viability values increase with 

decreasing MBCs concentration (Figure 4a). As potential immunogenicity is one of the 

major concerns when employing bacterial vectors as delivery vehicles, immunogenicity 

assays were conducted on MBCs. Supernatants from triplicate THP-1 cells were frozen 

at −80°C until the cytokine content was determined using ELISA for IL6 & IL-8. Samples 
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were thawed only once for the analysis. THP-1 cells were then stimulated with MTB 

(2mL, O.D: 0.2). LPS stimulation was also carried out as a positive control at a 

concentration of 10 ng/mL. It is known that both ILs are important mediators of the 

innate immune system response and required for the resistance against bacteria. 

However, IL-8 is considered as an early marker for bacterial infection, as its production 

precedes the production of IL-6. Compared with the IL levels of un-stimulated cells, LPS 

highly induced the production of both ILs over 24h (Figure 4b). The secretion of IL-8 

proteins was almost 80 times higher after LPS stimulation cells while it was 26 times 

higher after MTB stimulation. Cytotoxicity and immunogenicity assays revealed that the 

origin of MTB immunogenicity is due to their foreign nature; cells recognize them as 

non-self. However, it has way lower immunogenicity compared to LPS and other 

previously used nanoparticles(Deng et al. 2011; Kim et al. 2013). To study the stability of 

the cell wall to maintain DNA-AuNPs until they are subjected to HT, a membrane 

potential responsive dye was used. Diethyloxacarbocyanine  (DiOC2)- cationic dye- 

diffuse laterally within the cell wall in response to membrane potential and membrane 

potential changes. MTB were stained with DiOC2, which has high affinity to bacterial cell 

(Figure S4a). MBC stability was investigated anaerobically by monitoring DiOC2 signal 

over 2 days. The increase in the DiOC2 fluorescence is induced by bactberial dye uptake, 

which is the principal reason for the observed emission enhancement for more than 2 

days (Figure S4b). Bacterial dye uptake is an indication of the integrity of the cell wall. 

The kinetics of changes induced upon the emission of DiOC2 (3 μM) by MTB (2´10
6 cell 

mL
-1

) in RPMI media at 37°C was carried out to study the effect of magnetic 
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hyperthermia, HT (470 kHz, for 45 min) on MBCs cell wall destruction and release. 

Under ideal conditions, we recorded the DiOC2 fluorescence enhancement induced by 

the bacterial cells. The change in the fluorescence intensity is attributed to the change 

in the cell wall permeability and integrity. The fluorescence intensity decreases as the 

cell wall is being destructed. The decrease in DiOC2 fluorescence was gradual and 

reached the plateau phase after 10h (Figure S4c). In accordance, the hyperthermic 

effect of magnetosomes enhanced cargo release. Au release profile was performed in 

RPMI media (pH 7) at 37°C in aerobic condition. After exposing MBCs to HT, the solution 

was analyzed using UV-vis (absorption maximum at 530 nm) to determine the 

concentration of released AuNPs. The absorbance of released AuNPs was converted to 

concentration using a calibration curve (1–25 pM) (Figure S5) and the concentration of 

released AuNPs was monitored gradually over 8 hours (Figure 5a).  After 200 minutes 

exposure to HT, 50% of the AuNPs were released from MBCs, while a negligible amount 

of AuNPs <5% was released during a long period of time in the absence of HT. Cell wall 

destruction due to HT was initiated after 100 min of exposure where MBCs’ membrane 

started swelling (Figure 5b).  

After 180 min, most of the membrane completely swollen (Figure 5c) and then it 

disappeared after 250 mins where only cytoplasmic content could be seen (Figure 5d). 

The MBCs cell wall destruction occurs as temperature rises inside the bacteria due to 

the innate magnetosomes, resulting in a substantial DNA-AuNPs release. It was reported 

(Alphandery et al. 2011) that heat produced from magnetosomes within MTB (whole 

bacteria) is lower than that produced by extracted chains of magnetosomes. This finding 
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makes the use of whole MTB more advantagous as neighboring cells will not be affected 

by excessive heating. There was no burst release of AuNPs without external HT 

application demonstrating the high stability of the system while a complete destruction 

of the cell wall occurred after 250 mins of the exposure to HT. MBCs could be easily 

maneuverable using an external magnet where bacteria clearly aggregated toward the 

magnet source (Martel et al. 2009; Taherkhani et al. 2014; Chen et al. 2014). The cellular 

internalization of MBCs and accumulation were tested by Confocal Laser Scanning 

Microscopic Microscopy and flow cytometry. DiOC2 stained MBCs were incubated with 

THP-1 cells for 24 h at 37 °C. Uptake was also tested on HeLa cells (Figure S6). The in 

vitro release was tested by placing cells in the magnetic hyperthermia for 45 min 

followed by 45 min of relaxation at 37 °C. High signal intensity was observed inside the 

THP-1 cells (Figure 4c) before HT treatment, Z-stack also confirmed the uptake of MBCs 

by THP-1 cells (Figure S7). The intensity of the signal decreases after exposing cells to HT 

(Figure 4c), indicating the destruction of MTB cell wall. Fluorescence-activated cell 

sorting (FACS) was also used to confirm the accumulation of MBCs in THP-1 cells by 

taking advantage of the fluorescent emission of DiOC2. The same sequence of unlabeled 

DNA was used to study the uptake by CLSM and FACS. The data shown in Figure 6a 

demonstrates the accumulation of DiOC2 in cells as indicated by an increase in the 

fluorescence intensity versus the non-treated cells by flow cytometry. However, the 

fluorescence intensity shapely decreased after HT treatment (Figure 6b). The 

complementarity of the two methods, qualitative fluorescence and quantitative flow 

cytometry, proved to be a useful tool for the study of the cellular uptake of MBCs. To 
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test their effectiveness as a gene delivery vehicle, cy3 labeled DNA was used in an 

unstained MTB and treated as described above. FACS histogram in Figure 6c shows high 

cy3 signal in comparison with the untreated cells, indicating that DNA was successfully 

delivered to THP-1 cells. To quantify the amount of released AuNP in THP-1 cells, 

quantitative analysis by coupled plasma mass spectrometry (ICP-MS) was performed. 

ICP-MS showed that 13.9 pM of AuNPs were released from MBCs into cells after 

exposure to HT (100 mins). This represents >80% of the loaded cargo.  

4. Conclusion 

We employed natural vectors for cargo delivery can overcome many of the traditional 

challenges that face synthetic carriers. Cytotoxicity and immunogenicity assays of MBC 

confirm that it is safe to use for delivery purposes with high efficiency. As cargo loading 

takes place when bacteria is alive, maximum loading capacity can be guaranteed 

through endocytosis. Moreover, MBCs can be easily guided by an external magnet, 

which will further improve their therapeutic advantages. Currently, we are investigating 

this system in-vivo and with different cargos to assess its capabilities and limitations. 
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Figure 1. Schematic representation of design and operation of MBCs. (a) ssDNA-AuNPs 

are endocytosed by live MTBs under anaerobic conditions. (b)Upon air exposure, dead 

MBCs attach themselves to the cell wall and are readily uptaken. (c) Application of 

hyperthermia radiation leads to the destruction of MBCs and the release of cargo. 
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Figure 2. Characterization of DNA-AuNPs loaded MTB. (a), (b) & (c) TEM characterization 

of DNA-AuNPs loaded  MTB from different tilt series, 0°, 30° & 50°, respectively. Scale 

bar: 100 nm. (d), (e) & (f) CSLM images of Cy3 labeled ssDNA-AuNPs loaded MTB. MTB 

were labeled with carboxyfluorescein succinimidyl ester (CFSE) . Confocal images 

showing the co-localization of Cy3 and CFSE signals, which indicates the entry of ssDNA 

to MTB through AuNPs. scale bar: 5 μm. 
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Figure 3. HR-TEM characterization of AuNPs loaded MTB. (a) AuNPs uptake by MTB after 

30 minutes of incubation. (b) & (c) AuNPs uptake by MTB after 2 hours of incubation. 

(d), (e) & (f) 3D reconstructions of AuNPs loaded MTB, obtained using electron 

tomography and sub-tomogram averaging. Top (gray) and side (green) views of MTB’s 

cell wall (green), showing clusters of AuNRs (purple) within the cell.  
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Figure 4. In-vitro biocompatibility. (a) Cell viability was measured by the cell counting 

kit-8 assay after transfection. Hela cells were plated on a 96-well plate and treated with 

different concentrations of MTB for 12h. Results are presented as the mean of four 

determinations. (b) ELISA of interleukin-6 (IL-6) or interleukin-8 (IL-8) in culture 

supernatants of THP-1 stimulated for 24 h with lipopolysaccharide (LPS) (10 ng/ml) or 

MTB (2ml, OD: 0.2), presented relative to baseline expression in unstimulated cells. Data 

are presented as the mean of three representatives. (c) CSLM images of ssDNA-AuNPs 

loaded MTB. MTB were labeled with DiOC2. Cellular accumulation of DiOC2-labeled MTB 

in HelTHP-1 cells after 24 hours incubation and imaged before and after HT. 
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Figure 5. In-vitro controlled release of ssDNA-AuNPs by magnetic hyperthermia (HT). (a) 

The results demonstrate that the release of ssDNA-AuNPs is enhanced by HT. (b, c, d) 

Effect of HT on MTB cell wall integrity over time (10, 20 and 50 min, respectively) Scale 

bar 500 nm.  
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Figure 6. In-vitro controlled release of ssDNA-AuNPs. Flow cytometry showing (a) signal 

of DiOC2 stained MTB before HT (b) after HT. (c) DNA expression in THP-1.  
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Figure. S1. Characterization of AuNPs. (a) TEM image of AuNPs. Scale bar: 50 nm. (b) UV-

visible spectrum of AuNP.  
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Figure. S2. Characterization of the conjugation of ssDNA and AuNPs. (a) Visible spectra 

of DNA-AuNP Conjugates. The surface plasma band decreased upon conjugation. DNA 

reduce gold ability to absorb certain wavelength. (b) agarose gel electrophoresis of 

ssDNA-AuNP conjugates. Lane 1, free AuNPs; lane 2, AuNP-ssDNA. 
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Figure. S3. TEM characterization of AuNPs loaded MTB. MTB from different tilt series. 
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Figure. S4. MBC stability was measured in respect to DiOC2 signal. (a) DiOC2 stained 

MTB. (b) MBCs stability confirmed in respect to the increase in DiOC2 signal. (c) Kinetics 

of the change of DiOC2 signal upon HT exposure. 
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Figure. S5. Calibration curve of AuNPs. Different concentrations were used to generate 

the curve (0.062 pM, 0.185 pM. 0.5 pM, 1.6 pM, 5 pM, 15 pM). Their absorption 

maximum at 530 nm was plotted against their concentration.  
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Figure. S6. In vitro biocompatibility. CSLM images of ssDNA-AuNPs loaded MTB. MTB 

were labeled with carboxyfluorescein succinimidyl ester (CFSE). Cellular accumulation of 

CSFE-labeled MTB in Hela cells after 6 hours incubation. Cells nuclei were stained with 

4',6-diamidino-2-phenylindole (DAPI) and cell membrane was stained with Orange 

Plasma Membrane Stain. 
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Figure. S7. Serial confocal sections of THP-1 after 24h incubation with DiOC
2 

stained 

MTB. The representative confocal images were taken every 1 μm section from the top to 

bottom. 
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Abstract: Alternative treatment for tuberculosis (TB) is mandatory to reduce the 

emergence of multidrug resistant forms of the mycobacteria. We demonstrated a new 

potential strategy for TB treatment. We have employed mesoporous silica nanoparticles 

(MSN) equipped with lysozyme stabilized gold nanocluster (AuNC@Lys) nanogates to 

release tetrahydrolipstatin (THL) in response to mycobacteria or low pH. THL (34 wt%), 

was loaded in positively-charged ammonium-functionalized MSN (MSN-NH3
+) and the 

negatively-charged AuNC@Lys electrostatically-attached onto MSN-NH3
+, affording 

highly loaded pH and mycobacteria-responsive MSN-AuNC@Lys. We were particularly 
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interested in the ability of lysozyme–Au NC to inhibit the cellular growth of Mtb, the 

ability of THL to interfere with the metabolic pathway of Mtb by inhibit lipid estrases, 

and the synergy between lysozyme and THL. We have demonstrated that the co-

delivery of THL and AuNCs@Lys by MSN kill M. marinum within macrophages 

significantly more effectively than an equivalent amount of free THL. These novel 

theranostic nanoparticles can potentially be useful for the simultaneous detection and 

inhibition of mycobacteria. 

 

 

 

 

 

  

 
Keywords: gold nanoclusters; controlled release; mesoporous silica nanoparticles; 

antibacterial surfaces; bacteria-responsive nanoparticles.  

 

1. Introduction 



	

					

114	

114	

The alarming increase in the number of HIV infected patients has brought back 

Mycobacterium tuberculosis (Mtb) into the limelight. HIV associated tuberculosis (TB) 

contributes substantially to the burden of TB associated morbidity and mortality. The 

World Health Organization (WHO) estimated that one third of the world's population is 

infected with Mtb, and that 16.2 million people currently have TB.1-2  

Mtb - the causative agent of TB- replicate inside the alveolar macrophages (MÆ). 

The host immune system responds toward Mtb infection by quarantine the tubercle 

bacilli in a granulomatous structure. Granuloma- associated Mtb, however, can switch 

to a non-replicative “dormant” state and evade immune response for decades after 

infection. The metabolic events that permit tubercle bacilli to enter host cells and revive 

from states of persistence suggest that lipids are utilized as carbon source, which is 

confirmed by the extensive accumulation or degradation of triacylglycerides (TAG) in the 

bacilli during the entry into or exit from dormancy state.3-4   

With the advancement in the structural bioinformatics-based approaches, the high-

resolution structure of mycobacteria gene products (usually mycobacterial enzymes) are 

progressing and new potential drug targets are identified. Mtb lipases are crucial to 

maintain the carbon and energy sources in the form of TAG within the bacilli. Thus, they 

are considered as attractive targets because targeting them will interfere with the 

metabolic pathway of mycobacteria, reducing Mtb survival rate and regrowth within 

infected host. Low et. al.3 reported that tetrahydrolipstatin (THL) reduces total lipases 

activity, prevents breakdown of TAGs and blocks the growth of mycobacteria upon 

resuscitation with air. However, introducing free THL will inhibit other pancreatic lipases 
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and activate caspase-3 (promoting cells apoptosis). Thus, modalities allowing selective 

delivery of THL to Mtb infected MÆ are needed.  

Nanoparticles (NPs) are attractive therapeutic vectors for TB treatment because 

they can selectively target phagocytic cells and deliver high concentration of drugs, 

avoiding off-target toxicities associated with free drug treatment. Most importantly, 

bacteria cannot easily develop resistance toward NPs because they target multiple 

components in the bacterial cell. The dual-target antimicrobials emerged as a promising 

strategy for the combat of resistant pathogens.5 Recently, AuNCs showed their potential 

in killing both Gram-positive, Gram-negative and MDR-bacteria by inducing reactive 

oxygen species production and damaging bacterial cell wall.6-7 Other NPs including 

SPIO8, Ag NPs,9-10 PLGA NPs11 and MSN12 have been successfully employed for Mtb 

antibiotic delivery and proven their therapeutic efficacy.  

Here we describe the design of a bacteria-responsive vehicle for theranostic 

application using lysozyme templated gold nanoclusters-mesoporous silica 

nanoparticles (MSN- AuNC) that responds to the multivalent interactions between the 

protein molecules on lysozyme–Au NCs and Mtb. We were particularly interested in the 

dual target antimycobacterial activity of lysozyme–Au NC (AuNC@Lys) for destructing 

the peptidoglycan layer of cell wall and the ability of THL to interfere with the metabolic 

pathway of Mtb by inhibit lipid estrases and the synergy between lysozyme and THL. 

AuNC@Lys was anchored to the openings of the MSNs and was utilized to encapsulate a 

high amount of THL (34 wt%) within the porous channels. Once the AuNC@Lys cap 

interacts with Mtb, the nanopores open and cargo release. NPs-Mtb interaction is 
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monitored through the quenching of AuNC fluorescence (Scheme 1). As a proof-of-

principle experiment, M. marinum was utilized as representative bacteria for AuNC 

digestion. The opening of the capped system is tested by measuring the stimuli-

triggered THL release from the MSNs. The following points summarize the uniqueness of 

our MSN-AuNC drug delivery system: (1) The preparation method is straightforward, as 

it requires non-covalent protein-MSN electrostatic interactions. (2) The system is robust 

in serum with less than 5 % of drug leakage after 10 days thanks to the dense coating of 

lysozyme, which was also selected to reduces the immunotoxicity of MSN. (3) 

AuNC@Lys nanogates are applied to not only nuclear staining (λem MAX = 645 nm) but 

also to enhance the anti-mycobacterial activity of THL. (4) Using THL and lysozyme as 

antimycobacterial agents reduce the exposure to antibiotics and consequently reduce 

resistance development. (5) Mycobacterial metabolic pathway targeting is new way to 

revert MDR-Mtb. (6) targeting different pathways of mycobacteria impede their ability 

in drug resistance.  

2. Experimental Section  

2.1. Preparation of THL-loaded MSN-AuNC@Lys.  

2.1.1. Preparation of MSN.34 CTAB (0.80 g) was stirred in deionized water (384 mL). 

Next, a concentrated solution of NaOH (2.8 mL, 2 M) was added, and the 

temperature of the solution was set to 80 °C. After 30 min, TEOS (4 mL) 

added by dropwise while stirring and the sol-gel process was conducted for 2 

h. Finally, the MSN-CTAB suspension was cooled down to room temperature, 
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centrifuged for 15 min at 14000 rpm, washed with deionized water and 

methanol, and dried under vacuum for few hours. 

2.1.2. Preparation of MSN-NH2.35-36 Non-extracted MSN-CTAB (200 mg) were 

suspended in anhydrous toluene (30 mL), APTES (100 µL) was added to the 

mixture, and the solution was refluxed for 24 h. Then, the solution was 

cooled down to room temperature, centrifuged at 14000 rpm for 10 min, 

washed several times with EtOH, and dried at room temperature overnight. 

The resulting amino functionalized NPs were refluxed for 16 h in a mixture of 

methanol (80 mL) and concentrated HCl (1 mL, 37 %), filtered and washed 

extensively with water and ethanol. Two other extractions were carried out 

via ammonium nitrated ethanol solutions (6 g L-1), followed by ethanol 

washings to ensure the complete CTAB removal. The resulting surfactant-free 

MSN-NH2 were dried under vacuum for few hours. 

2.1.3. Preparation of AuNC@Lys. AuNC@Lys were synthesized according to a previously 

reported procedure.37 In a typical synthesis, 10 mL of Lysozyme (from chicken) with 

15 mg/mL concentration was stirred at 37 ◦C. To Then, aqueous solution of 

HAuCl4.3H2O (10 mM, 10 mL) was added.  Subsequently, ascorbic acid (0.35 mg/mL, 

100 µL) was added drop wise. Finally, NaOH solution (1 M, 1 mL) was added 

dropwise to initiate the formation of NCs. The mixture was continuously stirred at 

37 ◦C overnight. Meanwhile, the color of the dispersion turned to dark yellowish 

brown and the dispersion showed bright red fluorescence under UV light irradiation 

suggesting the formation of Au nanoclusters. The NCs were purified by dialysis for 
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24 h with water change after every 8h. The NCs were freeze-dried to obtain 

powders and stored at 4 ◦C until use. 

2.1.4.  Preparation of MSN-AuNC@Lys. MSN-NH2 (20 mg) were dispersed in PBS (10 

mM,  20 mL, pH 7.4), and the solution was sonicated for one minute. The as-

prepared AuNC@Lys solution (5 mL) was then added into the MSN-NH2 solution and 

the mixture was stirred at room temperature for 12 h. Finally, the resulting MSN-

AuNC@Lys product was collected by centrifugation (4000 rpm, 10 min) and washed 

with PBS several times. 

2.1.5. Preparation of THL-loaded MSN-AuNC@Lys. MSN-NH2 (50 mg) were dispersed 

in PBS (25 mL, 10 mM, pH 7.4), mixed with THL (100 mg) in MeOH, and stirred at 

room temperature for 6 h. The ratio of PBS: MeOH was 2:1. AuNC@Lys dispersed in 

PBS (25 mL, 10 mM, pH 7.4) were added to the former solution for 12 h. The THL-

loaded MSN-AuNC were then collected via centrifugation (4000 rpm, 10 minutes), 

washed three times with deionized water, and dried under vacuum for few hours. 

The amount of loaded THL was determined by generating a standard curve of 

different THL concentrations using high performance liquid chromatography (HPLC). 

The loading capacity was assessed by:  LC % = ([mDRUG LOADED / (mNPs)] × 100) 

2.1.6. Physiologic Stability Assay. To test the physiological stability of the THL@MSN-

AuNC, the conjugates were exposed to cell culture medium (RPMI 1640 with 10% 

FBS) for 10, 15, and 30 days at 37°C and then isolated by centrifugation... The 

supernatant was collected for HPLC analysis.  

2.1.7. Release behavior. The release experiment was performed in PBS solution at room 

temperature. Two comparative behaviors of release, pH-triggered and bacteria 

triggered were conducted. The release process was performed in a quartz micro-
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cuvette as follows: PBS solution with pH of 5 or 7 or 7H9-containing M. marinum 

solutions were carefully added to 250 μg mL-1 of THL@MSN-AuNC. The supernatant 

was collected every 13 minutes and analyzed by HPLC.  

2.2.  In-vitro Antimycobacterial activity studies.  

2.2.1. THP-1 culture and bacterial infection. THP-1 cells will be grown in RPMI 1640 

supplemented with 10% FBS. THP-1 cells, plated in 6-well flat-bottom plates 

at a concentration of 3 × 106 cells per well, were treated with 50 nM phorbol 

myristate acetate (PMA) overnight followed by three times washing. Cells 

will be rested for at least 6 hours following chemical differentiation to ensure 

that they are reverted to a resting phenotype before infection.  

2.2.2. M. marinum preparation. Cultures of wild-type M. marinum kindly provided 

by Prof. Wilbert Bitter from the VU university at Amsterdam, Netherlands. 

Frozen cultures were grown to log phase in Middlebrook 7H9 broth. Prior to 

infection, 1ml culture of M. marinum will was pelleted for 2 min, 

resuspended in RPMI 1640, vortexed for 1 min, and sonicated for 4 min to 

ensure the well dispersion of M. marinum. Following sonication, dispersed 

bacterial suspensions was allowed to stand for 5 min, and the upper 500 μl 

were used in subsequent infections. 

2.2.3. Assessment of antimycobacterial activity by SEM. The destruction of the cell 

wall by was assessed via SEM. M. marinum (OD600: 0.3) were incubated without 
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or with either 50 µg mL-1 of THL@MSN-AuNC, 22 µg mL-1 THL or 85 µg mL-1 

AuNC@Lys for 1 h or 2 h. Subsequently, cells were washed three times and fixed 

with 2-2.5% glutaraldehyde and 1% osmium teteroxide. Bacterial cells were 

dehydrated through ethanol gradient, then transferred into a 1:2 solution of 

HMDS: 100% ethanol solution for 20 minutes. Cells were mounted and coated 

for SEM imaging.  

2.2.4. TG lipase assay. M. marinum cells were washed twice with PBST and 

resuspended in lipase buffer (100 mM glycine, 19 mM sodium deoxycholate; 

pH 9.5). Cell homogenates were prepared by subjecting the cells to three 

cycles of 1 min of bead beating separated by 3-min intervals on ice. The 

resulting cell homogenates were stored at - 80°C until analysis. Fluorescent 

lipase assay kits were purchased from Marker Gene Technologies, Inc. 

(Eugene, OR). Measurement of TAG lipase activity was performed according 

to the manufacturer’s protocol. Briefly, 50 µg of lysate was incubated with a 

fluorescent TG substrate, 1,2-dioleoyl-3-pyrenyldecanoyl-rac-glycerol. TAG 

lipase activity was measured by monitoring the formation of PDA (excitation 

wave- length, 341 nm; emission wavelength, 377 nm), which is released from 

1,2- dioleoyl-3-pyrenyldecanoyl-rac-glycerol upon enzymatic degradation, 

over a 30- min period. TAG lipase activity was determined by determining the 

increase in the number of relative fluorescence units of PDA over a fixed 

period of time. A blank without any protein was used as a control. 2.2.5. 

Thin-layer chromatography (TLC). Dried lipid films were resuspended in 300 
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µl of chloroform-methanol (1:1, vol/vol). Ten-microliter portions of the 

resuspended lipid extracts were spotted onto Silica Gel 60-coated glass 

plates (20 by 20 cm; Merck, Darmstadt, Germany). The plates were 

developed using hexane- diethyl ether-formic acid (45:5:1, vol/vol/vol) as the 

solvent system. Iodine vapor was used to reversibly stain the lipids. Triolein 

(Sigma Chemicals, St. Louis, MO) was used as a standard for TGs. Defined 

amounts of triolein were spotted to obtain calibration curves using 

densitometry (Image J v1.37; National Institutes of Health, Bethesda, MD).  

2.2.5. Cell Counting Assay (CCK-8). The viability and proliferation of non-infected THP-1 

treated with different concentrations of free THL, THL@MSN-AuNC or AuNC@Lys 

were evaluated using a CCK-8 kit, according to the manufacturer’s protocol. PMA 

differentiated THP-1 cells were seeded on 96-well plates at a density of 2 × 104 cells 

per well. The next day, different concentrations of free THL, THL@MSN-AuNC or 

AuNC@Lys were added to cells. Untreated and blank groups were set as controls 

After 24 hour exposure, the CCK-8 solution was added to the wells, and the plate 

was incubated for an additional 3 hours in a CO2 incubator at 37 °C. The absorbance 

was measured at 450 nm, using a microplate spectrophotometer (Biorad 

Instruments, USA), and adjusted for each corresponding blank. 

2.2.6. LDH cytotoxicity assay. THP-1 cells were seeded as described in the CCK-8 assay.     

Next, cells were incubated with different concentrations of free THL, THL@MSN-

AuNC or AuNC@Lys at 37 
o
C in 5% CO2 for 24 hours.LDH levels were assayed using 

the LDH cytotoxicity assay Kit (Thermo Scientific).  
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2.2.7. CD 86 staining. THP-1 cells were treated as described in the THP-1 culture 

protocol, then different NPs were added and stained with PE-CD 86 mAb (Thermo 

Fisher) according to the manufacturer’s protocol.   

2.2.8. M. Marinum killing assay. PMA-differentiated, human macrophage-like THP-1 

cells were infected with M. marinum at a ratio of 10 bacteria per cell for 90 min at 

33 °C, 5% CO2. Extracellular bacteria were removed by washing extensively, and 

fresh medium with or without nanoparticles and free THL was added. Infected THP-

1 cells were incubated for 3 days (in the continued presence of the nanoparticles or 

free THL), washed and lysed with 0.1% SDS. Culture supernatant and lysed THP-1 

cells were combined, serially diluted in 7H9 medium with 10% oleic acid-albumin-

dextrose-catalase (OADC) enrichment and 0.05% Tween 80, and plated on 7H11 

agar. Bacterial CFU were enumerated after 3 days of incubation at 30 °C in a 5% 

CO2–95% air atmosphere.  

3. Results and Discussion 

3.1. Construction of Bacteria-Responsive NPs 

We have previously developed bacteria-responsive platforms based on MSN.13  

The MSN were prepared according to the sol-gel method,14 which have attracted 

scientists for their biocompatibility15-16 and controllable structure. The surface 

functionalization of the nanocontainers was carried out with aminopropyltriethoxysilane 

affording MSN-NH2 (+25 mV) (figure S3 a). The transmission electron microscopy (TEM) 

micrograph showed defined spherical NPs with an average diameter of 200 nm and 

well-ordered hexagonal mesostructure (figure S1 a, b). Nitrogen adsorption-desorption 
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isotherm measurements of MSN-NH2 depicted a large surface area (1032.68 m2 g-1) 

(figure S1 c). The successful amine-functionalization of MSN was validated by the 

Fourier transform infrared (FTIR) spectrum composed of the stretching vibration modes 

of aliphatic C–H bonds from 2950 to 2850 cm−1 and the N–H bending at 1535 cm−1 

(figure S3 c).  

The AuNC@Lys were subsequently prepared according to a previously published 

procedure.14 and applied for their well-known red-NIR photostable emission, high 

quantum yield,15 and bacteria responsiveness. TEM micrograph showed AuNC@Lys with 

an average diameter of 2.5 nm. They also showed a strong broad emission of the 

clusters from the red to the NIR (550 <  λem< 800 nm, λmax = 645 nm) (Figure S2).  

We then investigated the physical entrapment of the hydrophobic THL in the 

MSN-NH2 using AuNCs as a capping agent. We previously reported the use of AuNCs as a 

pore capping agent due to its strong electrostatic interactions with protonated amino 

groups as well as their high biocompatibility.16 Scheme 1 illustrates the design principle 

of MSN-AuNC NPs. Negatively charged AuNCs@Lys were attached to the surface of 

positively charged MSN-NH2
+ by immersing MSN in MeOH containing THL for 6 h. Next, 

AuNCs@Lys dispersed in 10x PBS solution was added to the previous mixture at a ratio 

of 1:2 (MeOH: PBS) for 12 h. The supernatant was collected by selective centrifugation 

for THL loading capacity (LC) assessment. Standard curves of different THL quantities 

were generated by HPLC (Figure S4 a,b). The LC % ([mDRUG LOADED / (mNPs)] × 100) found to 

be 34 wt %, corresponding to a 38 % encapsulating efficiency (Figure S4 c). The 

supernatant of THL free MSN-AuNC@Lys was collected and dried to quantify the 
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amount of AuNCs@Lys attached to MSN surface; about 1.7 mg of AuNC were attached 

to 1 mg MSN (figure S3 b). The successful capping of the MSN with AuNC@Lys is 

confirmed visually via TEM (figure 1 a-c), which showed a rough particle surface typical 

of protein-coated MSNP. STEM image (figure 1 d) clearly show the complete coverage of 

MSN surface with AuNCs@Lys, where we can see that some AuNCs@Lys grew into 

AuNPs due to their exposure to the electron beam. The existence of Au atoms was also 

verified using energy-dispersive X-ray (EDX) spectroscopy (figure 1e). Figure 1f shows 

that the fluorescence characteristic of the NPs under UV is conferred by AuNC@Lys 

because the THL loaded MSN did not show any fluorescence in the absence of 

AuNC@Lys. The FTIR analysis depicted the appearance of several vibration modes of 

AuNC@Lys on the spectrum of MSN-AuNCs, such as the νC=O (1674 cm-1), δN-H arom (1545 

cm-1), and δN-H (1230-1380 cm-1) of lysozymes (Figure S2). THL vibration modes were 

also seen at νC=O (2950-2850 cm-1) on the spectrum of THL loaded MSN-AuNCs (figure S3 

c). The zeta potential measurements validated the complexation of the AuNC@Lys (−30 

mV) with MSN-NH2
+ (+25), as shown by the resulting negative charge (−10 mV) of THL-

loaded MSN-AuNCs (see figure S3 a).  

We then evaluated the stability of MSN-AuNCs encapsulating THL in 

physiological conditions (pH 7.4) over 30 days. After one-month storage at 4 °C, the 

amount of THL released into the neutral solution remained low (less than 10 %) 

confirming the stability of MSN-AuNCs complexation (figure S5). The slight leakage is 

due to the fact that molecules within the buffer solution are susceptible to interact with 

the electrostatically-assembled MSN-AuNCs particles. The release of THL was first 
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demonstrated in acidic pH. The AuNCs@Lys become protonated and thus detach from 

the MSN-NH3
+ surface leading to the release of THL. The progressive release of THL at 

pH 5 was monitored by HPLC (figure 2a, b) and demonstrated a total release of 43 % 

over 120 minutes. Mycobacteria responsiveness was also determined in THL@MSN-

AuNCs@Lys by introducing NPs to M. marinum (model mycobacteria) in 7H9 media. The 

supernatant was collected every 15 minutes. The HPLC spectrum showed a signal of free 

THL detected at retention time between 6 minutes and 8.6 minutes. The signal was 

detected for 30 minutes, then, it was lost (figure 2c,d). The presence of THL in the media 

for the first 30 minutes is explained by the leaching of THL from NPs upon their 

interaction with mycobacteria. After 30 minutes, new signals at different retention time 

appeared, confirming the degradation of the THL due to its interaction with M. 

marinum.  

3.2. M. marinum- THL@MSN-AuNCs interaction  

To determine whether our NPs are taken up efficiently by M. marinum, we 

stained M. marinum with calcein that is known to stain viable bacteria and incubated 

bacteria with MSN-AuNCs. Figure S6 shows the successful uptake of MSN-AuNC by M. 

marinum, which was indicated by the detection of AuNC@Lys fluorescence in bacteria. 

It should be noted that some MSN-AuNCs will internalize into bacteria, thus, the 

fluorescence of AuNC@Lys is detected (figure 3a, b). CLSM images of control sample 

show a high fluorescence intensity of calcein, while the intensity decreases and 

completely lost after 60 minutes and 120 minutes treatment, respectively. The decrease 

of calcein intensity was associated with increase in the number of bacteria expressing 
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AuNC@Lys signal, indicating the efficient uptake of MSN-AuNCs by M. marinum. The 

fluorescence intensity of AuNC@Lys was the highest at 60 minutes. Afterward, it started 

to quench, revealing that the AuNC@Lys fluorescence depended on the lysozyme 

catalytic activity.  

SEM and TEM analysis corroborated the CLSM data. Untreated M. marinum cells 

displayed smooth and intact surface (figure 3c). The surface of 1 hour treated cells 

contained many blisters and the cytoplasm started to leak out of cells (figure 3d). After 2 

hours treatment, the cell membrane collapsed with some dimples on the membrane 

(figure 3e). Moreover, many spheroplasts were observed, indicating the complete 

removal of the cell wall. We also studied the effect of each of THL and AuNCs@Lys on 

M. marinum. AuNCs@Lys treated cells showed destructed cell wall with deep craters 

and cytoplasmic content coming out of cells (figure S7 a,b). Whereas, THL treated cells 

showed dimples and collapsed cells after 2 hours (figure S7 c). These results show that 

THL and AuNCs@Lys worked in synergy to completely lyse cells. 

3.3. Mechanism of Toxicity  

THL has been shown to have bactericidal effect on some mycobacteria due to 

weakening their cell wall or inhibiting extracellular lipases.17-18 The effect of THL on 

bacterial cell wall and its synergy with lysozyme was investigated by SEM (figure 3, S7). 

The objective of interfering with mycobacteria lipid synthesis is because of its 

importance in composing mycobacterial envelope, their role in cell wall permeability, 

the susceptibility to antibiotics and the virulence of mycobacteria.17, 19-20 TAG lipases 

activity and the reduction in total TAG were investigated by fluorescent lipase assay and 
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thin layer chromatography (TLC). Both free THL and THL@MSN-AuNCs reduced the total 

TAG (figure 4 a, b). Measuring the total TAG lipase activity of M. marinum treated with 

free THL and THL@MSN-AuNCs showed a decrease in total TAG lipase activity in 

response to THL (Figure 4a). However, the use of MSN-AuNCs as nano-carrier improved 

THL activity, which is shown in the drop of lipases activity level compared with the free 

THL. The reduction of total TAG extracted from M. marinum was observed in TLC by the 

disappearance of one of the TAG bands when bacteria were treated with THL@MSN-

AuNCs, whereas two bands were detected when M. marinum were treated with free 

THL (figure 4b). These results suggest that bacilli down-regulate their lipase activities in 

response to THL delivery. Although an equivalent concentration of THL was used, 

encapsulating THL showed better activity toward lipases. This is mostly related to the 

successful delivery of THL into bacteria resulting in overcoming limitations associated 

with its high hydrophobicity, low absorption, and poor metabolic stability of free THL.  

3.4. Cytotoxicity, Immunogenicity and In Vitro Efficacy of THL@MSN-

AuNC in Killing M. marinum   

The cytotoxic effect of THL, MSN, MSN-AuNCs and THL@ MSN-AuNCs were 

evaluated by CCK-8 and LDH assays, whereas the immunogenicity was assessed by 

staining the CD 86 (expressed on the surface of activated MØ) using PE-CD 86 mAb.  The 

viability of THP-1 cells were first assessed by CCK-8 assay. MSN-AuNCs and THL@ MNS-

AuNCs were biocompatible at least up to 200 μg ml-1 (figure 5a). The viability slightly 

decreased by 20 % when concentration > 200 μg ml-1 was used. Encapsulating THL 

within MSN-AuNCs reduced its toxicity (figure 5b). The cytotoxicity of an equivalent 



	

					

128	

128	

concentration of the loaded THL was tested and compared to the loaded THL. Figure 5b 

shows that encapsulating THL within MSN-AuNCs improved its biocompatibility. At 

concentration of 44 μg mL-1 of free THL, 60 % of cells were not viable. The viability of 

cells increased by 90 % after encapsulation. Lactate dehydrogenase (LDH) assay 

measures the amount of LDH enzyme released from cells if the membrane is damaged. 

LDH leakage was found to be gradually increased in a dose-dependent manner (figure 

5c). LDH leakage increased by 4-folds at concentration of ≥ 44 μg mL-1 of free THL 

compared with encapsulated THL. The LDH leakage of THL@ MSN-AuNCs treated cells 

decreased below 20 % at concentrations < 100 μg mL-1. Cells treated with MSN and 

MSN-AuNCs slightly stimulated the release of LDH at concentrations ≤ 100 μg ml-1. At 

high concentration (300 μg ml-1), MSN and MSN-AuNCs induced the release of LDH to a 

level similar to THL@MSN-AuNCs at the same concentration. These results suggest that 

THL loading slightly affected the toxicity of THL@MSN-AuNCs at concentration ≤ 100 μg 

ml-1. According to CCK-8 and LDH data, concentrations < 100 μg ml-1 are safe to be used 

in in-vitro studies as they exhibited good biocompatibility and low LDH toxicity (< 20 %). 

To validate CCK-8 and LDH results, the expression of CD 86 on THP-1 cells was assessed. 

CD 86 is expressed on activated MØ in early immune response. To exclude the effect of 

phorbol myristate acetate (PMA) on the activated MØ, PMA differentiated MØ were 

stained with PE-anti CD86 mAb. The percentage of PMA differentiated MØ expressing 

CD 86 was found to be 3.7 %, which increased after LPS stimulation to be 35 %. LPS was 

used as a positive control. Free THL at concentration of 44 μg mL-1 induced the CD 86 

expression by 35 %, and the percentage decreased to 15 % after encapsulation (figure 
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5d). Immunogenicity results corroborated the cytotoxicity results in which 

concentrations < 100 μg ml-1 are suitable for in-vitro studies.  

To assess the efficacy of our NPs, we infected differentiated THP-1 MØ like cells 

with M. marinum and either not treated or treated with increasing concentrations of 

free THL, MSN-AuNC or THL@MSN-AuNC for 3 days. At the end of treatment period, the 

number of viable bacilli remaining MØ was determined to evaluate the M. marinum 

killing effect exerted by each treatment. With no treatment, M. marinum grew 2 logs 

over 3 days. Similar results were observed when MØ were treated with MSN, indicating 

that MSN alone do not possess any bactericidal activity (figure 6b). The amount of M. 

marinum killing in MØ treated with free THL and THL@MSN-AuNCs increased in a dose-

dependent manner (figure 6a). With drug loading of 35 % (w/w), 25 μg ml-1 of MSN-

AuNC carried 12.5 μg ml-1 of THL and killed 2 log of M. marinum, better than 1 log killing 

of M. marinum achieved by free THL at 12.5 μg ml-1 (figure 6a). The improvement of 

antimycobacterial activity is not only attributed to the improved delivery of THL but also 

due to the antimycobacterial activity of AuNC@Lys that was observed on SEM images 

(figure S7). This study demonstrates that THL delivery by the MSN-AuNCs nano-carrier is 

more effective than free THL in killing M. marinum in infected MØ.   

4. Conclusion  

We have shown that THL@MSN-AuNCs displayed a new concept in combating 

mycobacteria that could achieve both sensing and killing activities. The as synthesized 

NPs showed an excellent antimycobacterial activity through inhibiting two different 

virulence factors of bacteria. While lysozyme within AuNCs@Lys worked on hydrolyzing 
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the peptidoglycan layer of bacterial cell wall, THL inhibited mycobacteria lipases 

affecting the metabolic activity of the bacteria. We believe that Au ions also contribute 

in antibacterial activity of the AuNC@Lys through the generation of ROS. Results 

revealed that encapsulating THL within a NP improved its activity, stability, and showed 

a synergy with AuNC@Lys in inhibiting mycobacterial growth. Our vehicle was 

remarkably robust since less than 10 % of loaded drug leaked out after one month of 

incubation. This smart NP is responsive to bacteria and low pH to deliver THL, reducing 

the probability of inhibiting pancreatic lipases by THL. Furthermore, the strong 

fluorescence of the AuNC@Lys was found to be an indicator of bacteria-NP interaction. 

These theranostic NPs can potentially be useful for the simultaneous detection and 

inhibition of mycobacteria.  
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Scheme 1. Representation of the theranostic activity of THL@MSN-AuNCs. The 

fluorescence of AuNC@Lys quenches upon its interaction with M.marinum, resulting in 

THL release and bacteria destruction due to AuNC@Lys and the synergy between THL 

and AuNC@Lys is shown in the SEM images. 
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Figure 1. TEM image of (a) MSN, (b,c) THL@MSN-AuNCs. (d) STEM image of 

THL@MSN-AuNCs. (e) EDX spectra of THL@MSN-AuNCs. (f) Photographs of THL@MSN-

AuNCs and MSN under UV.  
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Figure 2. THL release. (a, b) In vitro release and degradation of THL in response to 

different pH. (c, d) In vitro THL release of THL in response to M. marinum. 
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Figure 3. (a, b) TEM micrographs of the uptake of THL@MSN-AuNC at (a) low 

magnification, (b) high magnification. (c, d, e) SEM micrograph of M. marinum cell wall 

destruction of (c) untreated cells (control). THL@MSN-AuNC treated cells for (d) 1 hour, 

cells show blisters on their surface (red arrows), (e) 2 hours, some deep craters (yellow 

arrows), completely lysed cells (orange arrow) and many spheroplast are found.  
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Figure 4. TAG metabolism in M. marinum (a) Lipases activity in response to free THL and 

encapsulated THL. (b) TLC analysis of TGs in M. marinum after treatment with free THL 

and THL@MSN-AuNCs.  
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Figure 5. THP-1 cells viability 24 h after incubation with (a) THL@MSN-AuNCs, 

MSN-AuNCs and MSN (b) THL@MSN-AuNCs and equivalent concentration to the 

encapsulated THL of free THL (176 µg mL-1, 88 µg mL-1, 44 µg mL-1 and 22 µg mL-1) 

determined by CCK-8 assay. An equivalents concentration of encapsulated THL was used 

in the free THL. (c) LDH assay (to evaluate immunogenicity) of THL@MSN-AuNCs, MSN-

AuNCs, MSN and free THL. (d) CD86/ THP-1 activation. 
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Figure 6.  (a) Killing of M. marinum in human macrophages by free THL and the 

25, 12.5 and 6.25 μg mL-1 THL@MSN-AuNCs. THP-1 macrophages were infected with M. 

marinum and treated with various concentrations of NPs. (b) Killing of M. marinum in 

human macrophages by 25, 12.5 and 6.25 μg mL-1 of MSN. 

  



	

					

141	

141	

Supporting Information  

Targeting Lipid Esterases in Mycobacteria Marinum Using Activity-based 

Profiling with Gold Nanoclusters- Tetrahydrolipstatin loaded Mesoporous 

Silica Nanoparticles 

Shahad K. Alsaiari,‡ Haneen W. Omar,† Ohoud Alharbi, ¶ Habeeb Muhammed, † Arnab 

Pain,§  Niveen M. Khashab.†*  

 

 

†Smart Hybrid Materials Laboratory (SHMs), Advanced Membranes and Porous Materials Center, King 
Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia. 
 
§Pathogen Genomics Laboratory, King Abdullah University of Science and Technology (KAUST), Thuwal 
23955-6900, Saudi Arabia. 
 
¶Imaging and Characterization Core Lab, King Abdullah University of Science and Technology (KAUST), 
Thuwal 23955-6900, Saudi Arabia. 
 

 

 

 



	

					

142	

142	

0.0 0.2 0.4 0.6 0.8 1.0

200

400

600

800

Vo
lu

m
e 

A
ds

or
be

d 
(c

m
3 /g

)

Relative pressure (P/P0)

MCM-41

ba

c

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. TEM micrographs of MSN at (a) low magnification, (b) high magnification. (c) 

Nitrogen adsorption-desorption isotherms of MSN.  
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Figure S2. TEM micrograph (a) and fluorescence spectra (b) of AuNC@Lys.  
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Figure S3. (a) Zeta potential analysis of AuNC@Lys, MSN and THL@MSN-AuNCs. (b) 

mass of loaded AuNC@Lys. (c) FT-IR analyses of MSN-NH2, THL@MSN-AuNCs and free 

THL.  

  



	

					

145	

145	

y	=	14751x	+	37898	

0	

100000	

200000	

300000	

400000	

500000	

0	 5	 10	 15	 20	 25	 30	

Ar
ea
		

Concentra8on	(ug	mL-1)	Concentration (mg mL-1)

y	=	2.3684x	+	245.65	

0	

400	

800	

1200	

1600	

2000	

0	 100	 200	 300	 400	 500	 600	 700	 800	

0	

5	

10	

15	

20	

25	

6.5	 7	 7.5	 8	 8.5	

75	μg	mL-1	

150	μg	mL-1	

350	μg	mL-1	

500	μg	mL-1	

700	μg	mL-1	

Concentration (μg mL-1)

Ar
ea

a

b

c

3.4 3.5 3.6 3.7 3.8 3.9
0

20

40

60

80

100

120

140

160

Supernatant

6.86.76.66.56.4

m
A

u

Time (min)
6.3

Free THL

160	

140	

120	
100	
80	

60	

40	

20	

0	

m
Au

	
Vo

lta
ge

 (m
Au

)

Time (min)

Actual loaded THL
34  wt %

0	

20	

40	

60	

80	

100	

10	 15	 30	

TH
L	
le
ak
ag
e	
%
	

Days	

 

 

 

 

 

 

 

 

Figure S4. THL calibration curve at microgram (a) and milligram scale (b). (c) THL loading 

as determined by HPLC.  

 

 

 

 

 

 

 

                                       Figure S5. Stability of THL@MSN-AuNCs over 30 days. 
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Figure S6. Confocal laser scanning microscope (CLSM) images of M. marinum untreated 

and treated with THL@MSN-AuNCs for 30 and 60 minutes. Calcein was used to stain 

viable mycobacteria and monitor their interaction with THL@MSN-AuNCs. The red 

fluorescence of AuNC@Lys is detected in both 30 and 60 minutes. Some M. marinum 

show the overlap of both signals, indicating the interaction between THL@MSN-AuNCs 

and bacteria. The antimycobacterial activity of the THL@MSN-AuNCs is detected 

through the reduction in the number of calcein stained mycobacteria.   
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Figure S7. TEM micrographs of cell wall destruction by AuNC@Lys (a, b, c), free THL (d). 
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ABSTRACT: Healthcare-associated infections affect patients receiving treatments in a 

medical facility, bacterial infections being the most common. Prototypes of coating 

materials for medical devices incorporating antibacterial agents have been designed, 

but the leaching of active agents and their poor dispersion remain a major concern. 
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Herein, we fabricated a smart antibacterial mixed-membrane coating comprising gold 

nanoclusters@lysozyme colloids gating mesoporous silica nanoparticles loaded with 

antimicrobial agents, together acting as nanofillers in a polymer coating material. The 

nanofiller was dispersed homogenously within the polymer matrix without phase 

separation and particle leaching. The process could be easily scaled-up with excellent 

uniformity. The particles were shown to be bacteria-responsive for the controlled 

release of antimicrobial agents and the mixed-matrix coating successfully inhibited the 

bacterial contamination. A radiographic dental imaging device prone to oral bacterial 

contamination was then coated with the antimicrobial material. The device 

performance remained unchanged with a drastic decrease of bacterial contamination 

which promises further applications on various medical devices without compromising 

their utility. 

KEYWORDS: gold nanoclusters; controlled release; mesoporous silica nanoparticles; 

antibacterial surfaces; mixed matrix membranes 

 

1. Introduction  

The spread of healthcare-associated infections is very challenging to control due to 

the ability of microbes to survive, grow and colonize on hospital surfaces and patient 

care devices. In the past twenty years, these infections have increased by 36 %, 

escalating the urgency to develop antibacterial surfaces to prevent bacterial growth and 

biofilm formation.1 Antimicrobial coating materials have thus been designed to protect 

surfaces prone to bacterial contamination. One of the most used antimicrobial 
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ingredients in clinical technologies is nanoscaled silver (Ag) particles due to their ability 

to slowly release antimicrobial silver ions.2-5 For example, Ag nanoparticles (NPs)-doped 

polyethyleneimine constituted an effective antibacterial surface coating material.6-9 

Nonetheless, the extensive exposure of bacteria to Ag-containing membranes endowed 

the development of Ag-resistant microorganisms.10-12 Recent reports also revealed that 

the leaching of Ag NPs from packaging and storage products remains a major health 

concern.13 Other biocidal agents were incorporated into coating matrices to enhance 

their antibacterial properties, such as zinc oxide particles,14 triclosan15-17 and eugenol18-

19 molecular agents, as well as antibiotics,20 but again the leaching remained their major 

drawback. These studies were mainly focused on the optimization of the antibacterial 

activity of the coating matrices without sensing the bacterial contamination which is 

important for its control.21-24 

The simultaneous sensing and inhibition of bacteria; contamination has been 

investigated in several studies.25-28 Dam et al. specifically targeted and detected 

infections caused by gram-positive bacteria using fluorescently labeled vancomycin.26, 29 

Jenkins et al. described a thin film functionalized with vesicles to detect and inhibit the 

bacterial growth by a selective release of antimicrobial agents only in the presence of 

pathogenic bacteria.30 Lysozyme functionalized gold nanoclusters (AuNCs) were used to 

detect bacteria through the multivalent interactions between lysozyme and N-

acetylglucosamine on the peptidoglycans on bacterial cell walls.31-33 Nonetheless, the 

development of a biocompatible coating material for medical devices which could 
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simultaneously detect and inhibit bacterial growth without leaching of the antimicrobial 

agent remains challenging to this day. 

Herein, we report the fabrication of a smart antibacterial polymer coating containing 

gold nanoclusters-lysozyme (AuNC@Lys) colloids capping kanamycin (Kana)-loaded 

mesoporous silica nanoparticles (MSN) as antimicrobial nanofiller, applied on a medical 

device for safer X-ray dental imaging. The electrostatic self-assembly of negatively-

charged and fluorescent AuNCs onto positively-charged aminated MSN provided 

bacteria-responsive nanofillers into the coating for the detection and inhibition of 

bacterial contamination. Upon encountering bacteria, AuNC@Lys detached from the 

MSN surface due to the interaction of lysozyme with the bacterial cell wall, and the 

release of entrapped Kana antibacterial cargos occurred. Concurrently, the loss of the 

red fluorescence of AuNC@Lys was efficiently detected affording a qualitative bacterial 

sensing platform. The MSN-AuNC@Lys nanofiller was then uniformly dispersed into 

poly(ethylene oxide)/poly(butylene terephthalate) (PEO–PBT, of commercial name 

polyactive) coating material without particle leaching (Scheme 1). This biocompatible 

mixed-matrix membrane was successfully scaled-up with high uniformity and 

reproducibility. In order to highlight a real life application this system was spin-coated 

on dental imaging plates since such reusable dental care products are at high risk of oral 

bacteria contamination. This smart coating efficiently detected and inhibited bacterial 

infections while maintaining the X-ray dental imaging performances. 

2. Experimental Section  
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2.1. Preparation of cargo-loaded MSN-AuNC@Lys.  

2.1.1. Preparation of MSN.34 First, CTAB (0.80 g) was stirred in deionized water 

(384 mL). Then, a concentrated aqueous solution of NaOH (2.8 mL, 2 M) was 

added, and the temperature of the solution was set to 80 °C. After 30 min, 

TEOS (4 mL) added by dropwise while stirring and the sol-gel process was 

conducted for 2 h. Finally, the MSN-CTAB suspension was cooled down to 

room temperature, centrifuged at 14000 rpm for 15 min, washed with 

deionized water and methanol, and dried under vacuum for few hours. 

2.1.2. Preparation of MSN-NH2.35-36 Non-extracted MSN-CTAB (200 mg) were 

suspended in anhydrous toluene (30 mL), APTES (100 µL) was added to the 

mixture, and the solution was refluxed for 24 h. Then, the solution was 

cooled down to room temperature, centrifuged at 14000 rpm for 10 min, 

washed several times with EtOH, and dried at room temperature overnight. 

The resulting amino functionalized NPs were refluxed for 16 h in a mixture of 

methanol (80 mL) and concentrated HCl (1 mL, 37 %), filtered and washed 

extensively with water and ethanol. Two other extractions were carried out 

via ammonium nitrated ethanol solutions (6 g L-1), followed by ethanol 

washings to ensure the complete CTAB removal. The resulting surfactant-free 

MSN-NH2 were dried under vacuum for few hours. 

2.1.3. Preparation of AuNC@Lys. AuNC@Lys were synthesized according to a 

previously reported procedure.37 Briefly, an aqueous solution of HAuCl4 

solution (5 mL, 10 mM) was added to a lysozyme solution (5 mL, 50 mg mL-1) 
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under vigorous stirring at 37 °C. After 10 minutes, an aqueous solution of 

NaOH (500 mL, 1 M) was introduced, and the mixture was incubated at 37 °C 

for 12 h. The final solution was stored at 4 °C. 

2.1.4. Preparation of MSN-AuNC@Lys. MSN-NH2 (20 mg) were dispersed in PBS (20 

mL, 10 mM, pH 7.4), and the solution was sonicated for one minute. The as-

prepared AuNC@Lys solution (5 mL) was then added into the MSN-NH2 

solution and the mixture was stirred at room temperature for 12 h. Finally, 

the resulting MSN-AuNC@Lys product was collected by centrifugation (4000 

rpm, 10 min) and washed with PBS several times. 

2.1.5. Preparation of cargo-loaded MSN-AuNC@Lys. MSN-NH2 (100 mg) were 

dispersed in PBS (25 mL, 10 mM, pH 7.4), mixed with RhB or Kana cargos 

(200 mg), and stirred at room temperature for 24 h. The RhB-loaded or Kana-

loaded MSN-NH2 were then collected via centrifugation (4000 rpm, 10 

minutes), washed once with deionized water, and dried under vacuum for 

few hours. The AuNC@Lys PBS solution was mixed with cargo-loaded MSN-

NH2 and stirred for 6 h, followed by centrifugation and repeated washings 

with PBS. The amount of loaded kanamycin was determined by the Beer–

Lambert law, A= εcl, where A is the optical density (255 nm) at sample 

concentration c, l is the path length of the sample cell (10 mm) and 3 is the 

molar absorptivity of the kanamycin (143.40 M_1 cm_1).  

2.2. Bacterial studies  
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2.2.1. Bacterial viability determination. E. coli or Bacillus safensis were cultured in 

LB medium at 37 oC on a shaker bed at 200 rpm for 4−6 h. Then the 

concentration of bacteria, corresponding to an optical density of 0.2 at 600 

nm for 1.6 ´ 108 CFU mL-1 diluted with LB medium, was measured by using 

UV-visible (UV-VIS) spectroscopy (Novaspec™ Plus Visible 

Spectrophotometer). Bacterial suspension (20 μL of 1.6 ´ 108 CFU mL−1) was 

added into LB medium for each well. Then, different concentrations of NPs 

(20, 80, 120, and 200 μg mL-1) were separately added into 24-well plates and 

shaken at 37 �C on a shaker bed at 200 rpm for 3 h. A NPs free solution was 

used as a positive control. The bacterial viability was determined by OD600nm. 

Each concentration was prepared and measured in triplicate, and all 

experiments were repeated at least twice in parallel. Then, solutions of the 

control (10 µL), RhB-loaded MSN-AuNC@Lys (10 µL), and Kana-loaded MSN-

AuNC@Lys (10 µL) of a concentration of 20 μg mL-1 were plated on LB agar 

and incubated at 37 °C overnight to count the number of bacterial colonies.  

2.2.2. Dual activity of AuNC@Lys and Kana. Kana release was monitored the by UV-VIS 

at 255 nm38. Kana-MSN-AuNCs@Lys (200 μg mL-1) were incubated with E.coli (1.6 ´ 

108 CFU mL-1) at 37 °C under gentle shaking. The amount of kanamycin released was 

calculated by Beer–Lambert law. The loss of AuNCs fluorescence was detected by 

fluorescence spectrophotometer at 580 nm.  

2.3. Polymer coating.  

2.3.1. Pristine polymer coating. The PEO-PBT polyactive copolymer (3 wt%) was 
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dissolved in THF (4 mL) and refluxed overnight. The resulting polymer 

solution was transferred into a glass Petri dish and then dried under air for 

24 h at room temperature to ensure a slow evaporation process. Finally, the 

composited membrane was placed in a vacuum oven to evaporate potential 

water residues. 

2.3.2. Composite coating. Kana-loaded MSN-AuNC@Lys were dispersed in 

deionized water at a concentration of 20 mg mL-1. A fraction of this solution 

(1 mL) was then diluted in THF (4 mL) and the resulting mixture was 

sonicated for 1 h. Then, the PEO-PBT polyactive copolymer (3 wt%, 150 mg) 

was added and the solution was refluxed overnight. The same evaporation 

procedure used for the pristine film was followed to obtain the composite 

coating. 

2.3.3. Coating of the dental device. The previous composite solution was spin-

coated on PSP plates with a controlled thickness. The coated dental plate 

was dried under air for 24 h at room temperature to ensure a slow 

evaporation process. Finally, the composited membrane was placed in a 

vacuum oven to evaporate potential water residues. 

2.3.4. Live/dead assay. The Kana-loaded MSN-AuNC@Lys-Polyactive membrane 

was completely immersed into a bacterial suspension (5 mL) in a sterile 15 

mL conical tube. The membrane was incubated at room temperature for 8 h. 

The live-dead assay was performed by immersing the membrane in the 

live/dead assay reagent, which was prepared according to the manufacturer. 
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Then, two washings were performed with PBS. The membrane was mounted 

on a slide and imaged by laser scanning confocal microscopy. 

2.3.5. Cell culture. MCF-7 and HCT-116 cells were seeded at a density of 5×103 cells per 

well. Cells were cultured in EMEM medium containing 10 % of FBS and 0.1 % of 

penicillin–streptomycin at 37 °C in a humidified 5 % CO2 atmosphere. The media of 

MCF-7 was supplemented with 0.01 mg mL-1 insulin. 

2.3.6. MTT Assay. The cell viability was tested by the MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5 diphenyltetrazolium bromide, Life Technologies, Carlsbad, CA, USA) assay 

following the instructions of the manufacturer. Briefly, MCF-7 and HCT-116 cells 

(5×103 cells per well) were seeded onto a 96-well plate. On the following day, the 

culture medium was changed, and cells were incubated with different 

concentrations (200, 100, 50, 25, 12.5 and 6.25 μg mL-1) of Kana-loaded MSN-

AuNC@Lys in 200 μL of fresh medium at 37 °C for 24 h. After 24 h, the medium was 

discarded, and a prepared culture medium containing 12 mM MTT solution was 

added to each well, including a negative control of culture media alone. After 3 h 

incubation, the medium was removed from the wells. Then 50 μL of DMSO was 

added to each well and mixed thoroughly for 10 minutes. The absorbance was 

measured at 540 nm using a microplate spectrophotometer (xMark™ Microplate 

Absorbance Spectrophotometer).  

2.3.7. Trypan blue dye exclusion assay. The membrane was cut into 1 cm pieces. Each 

piece was placed in a well of the 24 well plate. membrane free wells were used as 

positive control. HCT-116 cells were seeded at a density of 5×103 cells per well in 

EMEM medium at 37 °C in a humidified 5 % CO2 atmosphere for 2 days. The media 

was changed every 12 h. At the end of the culture period, the medium was removed 
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from the culture dish, cells were collecting by adding trypsin and centrifugation 

(1000 rpm, 5 minutes). Cells were washed with PBS twice and trypan blue staining 

of the cells was performed by adding 50 µL trypan blue (4%) to 50 µL cell 

suspension. A hemocytometer was filled and the cells were observed under an 

inverted microscope for total and viable cell counting. Viable cells were gray and 

dead cells were blue. 

2.3.8. ICP-MS particle leaching experiments. The experiments were performed on the 

mixed matrix coating in three media: in deionized water at pH 7, in deionized water 

at pH 5, and in a saline solution. We studied the leaching of Au from the coating for 

10 days. The resulting solutions were analyzed every 24 h for 10 days with an 

inductively coupled plasma mass spectrometry (ICP–MS, Elan DRC II, PerkinElmer) to 

quantify the concentration of gold. The membranes were then digested and the 

results were presented in terms of percentage of Au released compared to the total 

amount of Au in the membrane. The results revealed the absence of Au release in 

the three media, as the Au quantification yielded percentages below the accuracy 

limits of the instrument. 

3. Results and Discussion 

3.1. Fabrication and characterization of the MSN-AuNC@Lys 

nanofillers. The gold nanoconjugates were first synthesized according to a 

previously published procedure37 and applied for their well-known red-NIR 

photostable emission and high quantum yield.39-40 The synthesis of AuNC@Lys 

involved the reduction of Au(III) ions in the presence of lysozyme at 37 °C 

upon the addition of sodium hydroxide. The AuNC@Lys nanoconjugates were 
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characterized by transmission electron microscopy (TEM) which displayed 2 

nm nano-objects (Figure S1a), and fluorescence spectroscopy showed the 

typical broad red emission of the clusters centered at 680 nm (Figure S1b). 

The charged of AuNC@Lys was negative (-7 mV) in neutral conditions 

according to Zeta potential analyses (Figure S1c). The MSN-AuNC@Lys 

nanofillers were then prepared, starting with the sol-gel synthesis of 

mesoporous silica nanocontainers34 which have attracted tremendous 

attraction for their biocompatibility41-43 and controllable structure.35, 44-46 In 

order to electrostatically bind the negatively-charged AuNC@Lys to MSN, the 

surface functionalization of the nanocontainers was carried out with 

aminopropyltriethoxysilane affording MSN-NH2 (+24 mV). Fast Fourier 

transform infrared (FTIR) spectroscopy confirmed the preparation of 

aminated silica particles with the �Si-O and �N-H stretching vibration modes at 

1089 and 1385 cm-1, respectively (Figure S2). In order to meet the 

requirements a drug release carrier nanofiller (Figure 1), the designed 

particles had to be non-aggregated and porous. The porosity was confirmed 

by the type IV N2-adsorption-desorption isotherm typical of mesoporous 

materials, the high Brunauer-Emmett-Teller (BET) surface area of 684 m2 g-1, 

and the pore size distribution of MSN-NH2 centered at 2.3 nm according to 

the Barret-Joyner-Halenda (BJH) theory (Figure 1e). The absence of 

aggregation was shown by TEM which displayed well-dispersed MSN-NH2 150 

nm-large carriers with a long-range mesoporous order (Figure 1b). The 
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preparation of MSN-NH2 containers capped with AuNC@Lys was then 

investigated. Note that both AuNPs and AuNCs have been reported as pore 

capping agents due to their strong electrostatic interactions with protonated 

amino groups as well as their high biocompatibility.36, 47-48 The preparation of 

MSN-AuNC@Lys was clearly confirmed visually via TEM which showed a 

rough particle surface typical of protein-coated MSN (Figure 1c).36 This 

successful capping was further supported by FTIR which depicted the 

appearance of several vibration modes of AuNC@Lys on the spectrum of 

MSN-AuNC@Lys, such as the �C=O (1674 cm-1), �N-H arom (1545 cm-1), and �N-H 

(1230-1380 cm-1) of lysozymes (Figure S2). The presence of gold atoms was 

also directly confirmed by high-resolution X-ray photoelectron spectroscopy 

(XPS) with the presence of the Au 4f5/2 and 4f7/2 peaks (Figure 1d).   

The loading of the pores of MSN-NH2 with Kana bacteriocidal agents followed 

by their capping with AuNC@Lys nanoconjugates was then performed (Figure 

1a). The size distribution of the pores (~2 nm) of the particles was well-suited 

for the loading of the drugs (~1 nm), and the subsequent pore capping with 

AuNC@Lys (~2 nm). The Kana loading inside NH2-MSN was carried out in 

phosphate buffer saline (PBS) at room temperature for 24 h followed by the 

addition of AuNC@Lys. The amount of loaded kanamycin was detected by UV-

VIS and it was found to be 350 mg g1. It was calculated via analyses of drug 

supernatants: [massdrug loaded / (massNPs)] x 100). The rhodamine B (RhB) violet 

dye was also used as a control cargo to verify the proper operation of the 
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system by monitoring the fluorescence. Photographs of cargo-free and cargo-

loaded particle suspensions before and after centrifugation supported the 

stable loading of the cargos in the particles (Figure S3). 

3.2. Sensing and antibacterial properties of MSN-AuNC@Lys 

nanofillers. The sensing and antibacterial properties MSN-AuNC@Lys 

associated with the controlled release application of the system were then 

tested in the presence Escherichia coli (E. coli) bacteria (Figure 2a). E. coli was 

selected as a model bacterium to study the antibacterial activity of Kana-

loaded MSN-AuNC@Lys as it is a well-characterized and a medically-relevant 

bacterium. Bacillus safensis was used as a model bacterium for gram-positive 

bacteria. All antibacterial activity tests were performed in triplicates and were 

carried out at different times to ensure the experimental reproducibility. The 

mechanism of the drug release system involved the adsorption of the 

particles in the bacteria upon bacterial contamination, followed by the 

degradation of the bacterial cell wall by lysozyme which would in turn quench 

the gold fluorescence (Figure 2a). Experimental observations showed that the 

fluorescence of AuNCs did gradually quench over time (Figure 2b), which 

revealed that the fluorescence depended on the lysozyme catalytic activity. 

Beginning with the model dye cargo, RhB-loaded MSN-AuNC@Lys were then 

incubated with E. coli (1.6´108 CFU mL-1) at 37 °C under gentle shaking to 

assess the bacteria-responsiveness of the particle. The particles depicted a 

controlled release of RhB in bacteria growing media Luria broth (LB) and no 
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release was detected in the absence of E. coli (Figure 2c). Similar conclusions 

were observed for Kana-loaded particles (Figure 2d). Interestingly, the release 

of both cargos was delayed for about 20 minutes. This was consistent a study 

Li et al. which suggested that nanomaterials-bacteria interactions are initiated 

in 10 minutes and that the cell wall destruction starts in 30 minutes.33 

3.3. Biocompatibility of MSN-AuNC@Lys nanofillers. The biocompatibility 

of AuNC@Lys-capped Kana-MSN nanofillers was then tested in two different 

cell lines MCF-7 and HCT-116. Their cytotoxicity was assessed by the 3-(4,5-

dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay and the 

results were compared with the controls. The data obtained proved that the 

MSN-AuNC@Lys nanofillers were biocompatible even at the high 

concentration of 200 μg mL-1 in the two different cell lines (Figure S4). 

3.4. MSN-AuNC@Lys bacterial inhibition kinetics. The E. coli inhibition 

kinetics in response to its interaction with cargo-loaded MSN-AuNC@Lys at 

the concentration of 20 μg mL-1 were studied over 3 h (Figure 2e). The 

antibacterial activity was related to the activity of AuNC@Lys. Compared to 

the control point (OD600: 0.2 = 1.6×108 CFU mL-1), the E. coli viability 

decreased by 50 % in 170 minutes when the RhB inactive cargos was used due 

to the activity of AuNC@Lys (as discussed later with Figure 3c). Incorporating 

the antibacterial Kana drugs into the pores of the nanofillers, however, 

decreased the viability by 50 % in only 50 minutes, and by about 80 % in 170 

minutes (Figure 2e). The efficacy of the antibacterial activity of Kana-loaded 
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MSN-AuNC@Lys was further investigated at various particle concentrations 

(20, 80, 120, and 200 μg mL-1) for up to 3 h (Figure 3a). Kana-loaded MSN-

AuNC@Lys were able to inhibit the growth of E. coli by more than 96 % at a 

concentration of 200 μg mL-1 over a short period of time. A concentration of 

20 μg mL-1 resulted in inhibiting 73 % of bacteria over the same period of 

time. Photographs of Petri dishes containing E. coli bacteria grown on LB agar 

also showed that Kana-loaded MSN-AuNC@Lys were more efficient to inhibit 

bacterial growth than cargo-free NPs and the E. coli control (Figure 3b-d). The 

nanofiller antibacterial activity toward Bacillus safensis was also very effective 

(Figure S5). Note that, this design showed a faster response against bacteria 

and better antibacterial properties when compared to other reported systems 

employing lysozyme.33 

3.5. Detection of E. coli bacteria. The loss of AuNC@Lys fluorescence was 

correlated qualitatively to E. coli concentration. E. coli 4×103 to 4×107 CFU mL-

1 were mixed with 300 μg mL-1 of Kana-loaded MSN-AuNC@Lys and incubated 

for 3 h. The fluorescence intensity was detected at λmax 580 nm. The 

fluorescence intensity of AuNC@Lys decreased linearly with the increase in E. 

coli concentration over this range. The calibration function for the E. coli 

analysis is I = 0.12848c + 64.7947 (with a good linearity r2 = 0.948) where I is 

the fluorescence intensity and c is the concentration of E. coli (Figure S6). 

3.6. Fabrication and characterization of the mixed matrix coating. The 

antibacterial MSN-AuNC@Lys nanofillers were then mixed with the PEO/PBT 
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copolymer (also known as polyactive) which is a promising flexible, 

environmentally friendly, biocompatible, and cost-effective polymer for 

manufacturing membranes.49-52 Polyactive is amphiphilic and soluble in 

tetrahydrofuran (THF) which allows a homogenous mixture with an aqueous 

dispersion of MSN-AuNC@Lys to avoid phase separation or precipitation 

during the membrane preparation. Mixed membranes of 50 μm in thickness 

were fabricated employing a THF/H2O mixture (80:20, v:v) of polyactive with 

or without 10 wt% of MSN-AuNC@Lys NPs via a slow evaporation process of 

the solvent at room temperature (Figure 4a-b). The presence of the MSN-

AuNC@Lys nanofiller was confirmed by comparing scanning electron 

microscope (SEM) images of the pure and mixed membrane coatings (Figure 

4c-d). Atomic force microscopy (AFM) images correlated these results with a 

significant increase of the surface roughness from 17 nm in the polyactive 

membrane coating to 116 nm in the polyactive-nanofiller coating (Figure 4e-

f). In order to visualize the particles, SEM and TEM of a cross-section of the 

mixed membrane were then performed and showed the incorporation of the 

nanofillers (Figure 4g-i). High magnification TEM micrographs also revealed 

that the hexagonal porosity of MSN was intact (Figure 4i). Thermogravimetric 

analysis (TGA) of the nanofillers, the nanofiller-free membrane, and the 

membrane-nanofillers verified the incorporation of about 15 wt% of 

nanofillers (Figure S7). The thermal of decomposition of the polymer matrix 

started at 400 °C while the nanofillers decomposed in two steps: a minor 
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fraction from 250 to 500 °C and the major fraction at around 550 °C. This 

analysis also demonstrated that the presence of the nanofillers did not 

decrease the thermal stability of the polyactive polymer. 

3.7. Drug release and biocompatibility of the mixed membrane. The E. 

coli bacteria-responsiveness of the mixed membrane was first tested. The 

release of Kana drugs was obtained in the presence of bacteria while the 

drugs remained loaded in LB broth (Figure 5a-b). As observed with the cargo-

loaded MSN-AuNC@Lys nanofillers, the release of the Kana cargos (�abs = 255 

nm, Figure 5b) from the mixed membrane was also delayed for approximately 

50 minutes. The biocompatibility of the mixed membrane coating was then 

evaluated by the trypan blue dye exclusion assay.53 The number of viable cells 

was counted using a hemocytometer and the percentage of viable cells was 

correlated to the number of cells in the control. A section of the membrane 

with a diameter of 10 mm was soaked in methanol for 5 minutes, washed, 

and then placed into a 24-well plate. A solution of HCT-116 cells was added to 

each well containing the membrane for 2 days and membrane-free wells 

served as positive controls. Two days after cell culturing on the membrane, 

their viability rate was determined. The viability of the cultured cells was 86 % 

which is remarkably low despite the high content of the membrane in this test 

(Figure 5c). 

3.8. Antibacterial activity of the mixed membrane. E. coli bacteria were 

then poured on the membrane and left for 8 h (3 mL, OD600: 0.6 = 4.8 × 108). 
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As shown in Figure 5d which compares the membrane with or without 

nanofillers, the fluorescence of AuNC@Lys was sharply quenched in the 

presence of E. coli which indicated the lysozyme activity and the kanamycin 

release. In order to confirm the antimicrobial properties associated with the 

release of the drug, live-dead assay were performed. In this assay, the viable 

and dead bacteria were respectively stained in green by calcein and in red by 

ethidium bromide (EtBr) (Figure 5e-f). Using only polyactive membranes, most 

of the bacteria remained viable as shown with green calcein color (Figure 5e). 

Conversely, employing the MSN-AuNC@Lys mixed membrane coating, the 

image was covered with red dots indicating high bacterial death (Figure 5f). In 

the absence of the bacteria the nanofilllers remained in the coating after 10 

days in various fluids (H2O pH 5 and 7, saline) as shown by inductively-coupled 

plasma-mass spectrometry (ICP-MS) analysis (see Table S1). Differential 

scanning calorimetry was also carried out as a quality control verification of 

the thermal stability of the composite membranes before and after exposure 

to bacteria (Figure S8). The DSC data showed minor shifts in the crystallization 

temperature peaks with the presence of nanofillers and no other peaks were 

detected, which implied that there was no phase transition in the composite 

membrane even after exposure to bacteria which supported the proper 

stability of the membrane for the targeted application. 

3.9. Coating X-ray dental imaging plates. The mixed membrane was then 

applied as a protective smart coating of X-ray dental image plates. A 
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photostimulable phosphor (PSP) plate was coated with the developed smart 

membrane. Such imaging plates are usually inserted into a plastic sleeve or a 

“barrier envelope” prior to insertion into the mouth of the patient to acquire 

X-ray dental images. A major limitation of the PSP plates, however, is the 

possibility of transferring contaminated material to patients when the 

protective envelope of the plate is damaged. Coating the PSP plate with MSN-

AuNC@Lys mixed membrane coating showed a bright red color in the 

absence of bacterial contamination (Figure 6a, see photograph in Scheme 1d). 

At low bacterial contamination (4´103 CFU mL-1), the antibacterial nanofillers 

could quickly inhibit the bacterial infection and a decrease in red fluorescence 

was observed (Figure 6b, see photograph in Scheme 1e). However, only a blue 

color was obtained in the case of high bacterial contamination (4´107 CFU mL-

1) as shown in Figure 6c. Most importantly, the designed smart coating did not 

jeopardize the quality of the dental images obtained with the PSP (see Figure 

6c-d). The bacteria-responsive MSN-AuNC@Lys-polyactive coating thus 

provides a safer practical application of PSP medical devices with a 

straightforward optical detection test to assess their antimicrobial 

effectiveness. 

4. Conclusions  

A smart dual-functional membrane with sensing and antibacterial properties was 

developed for the coating of X-ray dental imaging devices. These two properties were 

garnered into the polymer coating material via the incorporation of drug-loaded 
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mesoporous silica nanoparticles capped with gold nanoculsters@lysozyme colloids 

which have an intense red fluorescence in the absence of bacteria. In the presence of E. 

coli bacteria, however, the red fluorescence was quenched as the clusters were 

detached from the silica particles while releasing the antimicrobial drugs. The absence 

of fluorescence on the surface of the plate led to a blue color under UV light and 

indicated the bacterial contamination; conversely, a red fluorescent surface signaled a 

bacteria-free environment. The MSN-AuNC@Lys-polyactive smart coating was 

characterized with multiple techniques including electron microscopies and 

spectroscopic methods, and the sensing and bacteria-triggered drug release features 

were demonstrated in-vitro. The practical utility of this coating was then showcased on 

X-ray dental imaging plates which are prone to oral bacteria contamination. The system 

showed a reproducible detection and inhibition of the bacterial growth with high-quality 

X-ray dental images which proved its promising real-life applicability. This coating 

strategy could be further expanded to include the monitoring and inhibition of bacterial 

contamination on hospital surfaces, medical equipment, and other radiographic patient 

care devices. 
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Scheme 1. Fabrication of the polyactive copolymer-doped with Kana-loaded MSN-

AuNC@Lys nanofiller (a) for the coating of an X-ray dental plate device (b). The coating 

material provides antimicrobial (c-d) and contamination detection (d-e) features to the 

device. The contamination can be assessed by the naked eye simply by the color change 

of the dental plate exposed to UV light, providing a practical medical device. 
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Figure 1. (a) Representation of the preparation of Kana-loaded MSN-AuNC@Lys; TEM 

micrographs of MSN-NH2 (b) before and (c) after coating of AuNC@Lys. (d) Nitrogen 

sorption isotherm of MSN-NH2 NPs. (e) XPS of Kana-loaded MSN-AuNC@Lys in the 4f 

gold region.  
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Figure 2. (a) Schematic illustration of the bacteria-triggered cargo release from MSN-

AuNC@Lys NPs. (b) Fluorescence emission spectra of AuNC@Lys: as the activity of 

lysozyme increases, the fluorescence of AuNCs decreases. (c-d) Release profiles of RhB-

loaded (c) and Kana-loaded (d) MSN-AuNC@Lys in the presence of E. coli bacteria or in 

LB. (e) Kinetics of the antibacterial activity of MSN-AuNC@Lys loaded with RhB and Kana 

(20 g.mL-1) in LB broth at initially fixed bacteria concentration. 
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Figure 3. (a) Antibacterial activity of different concentrations of NPs over time towards 

E. coli (1.6×107 CFU mL-1). (b-d) Photographs of Petri dishes showing the (d) 

antimicrobial activity of Kana MSN-AuNC@Lys against E. coli compared with an E. coli 

control (b) and the activity of AuNC@Lys (c). A portion of the LB broth bacterial 

suspension was streaked on LB agar. A system free of E. coli was used as a control to 

compare the bacterial growth. 
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Figure 4. (a-f) Representation of the polymer coating without (a) and with (b) the 

antibacterial nanofillers and the corresponding SEM (c,d) and AFM (e,f) micrographs. 

The roughness (R) observed on the membrane by AFM varied and supported the 

particle doping of the polyactive membrane. (g) Representation of a cross section of the 

membrane on which (h) SEM and (i) TEM analyses were performed to verify the uniform 

dispersion of the mesoporous particles into the membrane. 
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Figure 5. (a) Kana release profiles from the mixed membrane in the presence of E. coli 

bacteria or in LB broth. (b) Absorption spectra of Kana over time in the membrane 

supernatants displayed the release of Kana drugs. Inset: cartoon of the Kana-release 

form the membrane. (c) Cell viability assay of the membrane showing the non-

significant cytotoxicity of the device coating. (d) The nanofiller-free and nanofiller-doped 

membranes was immersed (or not) with E. coli containing broth. The AuNC fluorescence 

was quenched upon the E. coli exposure. (e,f) CLSM images of E. coli stained with a 

fluorescent cell viability marker (live/dead assay) for the nanofiller-free (e) and 

nanofiller-doped (f) membranes. Viable bacteria appeared as green dots and non-viable 

as red dots. 

  



	

This	chapter	includes	results	from	a	previously	published	paper	by	Alsaiari	et.	al.	Adv.	Healthc.	Mater.,	
2017,	6(6).	Reprinted	with	permission.		 					

181	

181	

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a-b) Representation of a PSP dental plate without (a) or with (b) the smart 

bacteria-responsive coating. (c-d) X-ray radiographic dental images using the uncoated 

(c) and the coated PSP plate (d). Both coated and uncoated plates provided high-

resolution images. 
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Figure S1. (a) TEM micrograph of AuNC@Lys along with its (b) fluorescence spectrum 

and (c) zeta-potential over different pHs. 
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Figure S2. FTIR analyses of MSN-NH2, AuNC@Lys, and the resulting MSN-AuNC@Lys 

after pore capping supporting the formation of the nanofillers. 
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Figure S3. Photographs of (a) AuNC@Lys (pink); (b) MSN-AuNC@Lys (light pink); (c) 

Kana-loaded MSN-AuNC@Lys (beige); (d) RhB-loaded MSN-AuNC@Lys (pink). 
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Figure S4. Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (MTT) after transfection. MCF-7 and HCT-116 cells were 

plated on a 96-well plate and treated with different concentrations of Kana-loaded 

MSN-AuNCs@Lys for 24 h. Results are presented as the mean of three determinations. 
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Figure S5. Antibacterial activity of different concentrations of the composite membrane 

over time towards Bacillus safensis (1.6×107 CFU mL-1). 
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Figure S6. Calibration plots of the intensity as a function of the E. coli concentrations 

over 3 h. λex / λem = 365 nm / 580 nm. AuNC@Lys capped Kana-MSN concentration: 300 

μg mL-1.  
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Figure S7. TGA of MSN-AuNC@Lys, polyactive membrane, and the membrane 

nanocomposites confirming the incorporation of MSN-AuNC@Lys into the polyactive 

matrix. 
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Figure S8. DSC analyses for Polyactive membrane, the intact composite MSN-

AuNC@Lys-Polyactive membrane, and after bacterial exposure for 24 h. No phase 

transition was detected even after exposure to bacteria, which reflects the thermal 

stability of the system. 
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Table S1. ICP-MS gold quantification for the potential membrane leaching. 
 

Au Leaching %  

Time H2O pH 5 H2O pH 7 Saline  

6 h 0.000 0.001 0.004 

1 d 0.000 0.001 0.001 

2 d 0.000 0.009 0.001 

3 d 0.000 0.001 0.001 

4 d 0.000 0.001 0.001 

5 d 0.000 0.001 0.001 

6 d 0.000 0.001 0.001 

10 d 0.001 0.001 0.001 
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Abstract: Bridged silsesquioxane nanocomposites with tunable morphologies 

incorporating o-nitrophenylene−ammonium bridges are described. The systematic 

screening of the sol−gel parameters allowed the material to reach the nanoscale with 

controlled dense and hollow structures of 100−200 nm. The hybrid composition of 

silsesquioxanes with 50% organic content homogeneously distributed in the 
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nanomaterials endowed them with photoresponsive properties. Light irradiation was 

performed to reverse the surface charge of nanoparticles from +46 to −39 mV via a 

photoreaction of the organic fragments within the particles, as confirmed by 

spectroscopic monitorings. Furthermore, such nanoparticles were applied for the first 

time for the on-demand delivery of plasmid DNA in HeLa cancer cells via light actuation. 

1. Introduction 

Bridged silsesquioxane (BS) nanomaterials with chemical structures O1.5Si−R−SiO1.5 

with organic R groups are emerging as the next generation of organosilica 

nanocomposites.1−9  Nonetheless, it remains a challenge to control the kinetics in sol−gel 

processes, which generally lead to macroscaled nonporous BS functional materials.10−12 

Their design involves kinetically controlled sol−gel processes of bisor 

multiorganoalkoxysilanes, which yield to hybrid materials with very high organic 

contents depending on the types of organic groups.1 BS materials substantially differ 

with organically modified silica, also called ORMOSIL, which are organically doped silica 

materials and thus possess lower organic contents. Consequently, the BS matrix 

photophysical, chemical, thermal, and mechanical properties are governed by the 

homogeneously distributed organic fragments within the siloxane network.13 Thus, BS 

materials with features such as luminescence,14 magnetism,15 and self-assembly were 

designed16 for various applications including catalysis,17 solidstate lighting,18 and energy 

and electronics.13  

Nanoscaled BS materials are thus highly desirable in this day of miniaturized devices and 

nanocomposite materials. Shea et al. pioneered BS nanoparticles (NPs) with 
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photodeformable particles based on coumarin dimer bridges.3 The material was 

composed of 100 nm aggregated spherical particles. The same group later reported 

bipyridinium- and ethylenediamine-based BS spherical monodisperse particles,4 as well 

as phenylene, alkylene, and aminoalkyl bridges.19 Recently, a few studies described BS 

NPs for biomedical applications, namely, drug delivery with cisplatin bridges as the pro-

drug20 and magnetic resonance imaging21 with BS NPs composed of 

gadoliniumcomplexed bridges. Croissant et al. reported BS and gold-core BS-shell NPs 

designed from a tetraalkoxysilylated two-photon photosensitizer and efficiently applied 

them for two-photon fluorescence imaging and photodynamic therapy in cancer cells.1 

They recently designed disulfide-based biodegradable BS 

NPs chemically doped with diphenylbutadiene and porphyrin photosensitizers for two-

photon photodynamic therapy and imaging in vitro.22 BS NPs with charge reversal from 

negative to positive values were reported with aminopropyl bridges with o-nitrobenzyl 

pending groups and applied for light-triggered hydrogel assembly and plastic antibody 

release.23 Reported BS nanomaterials were almost exclusively dense nanospheres, with 

the exception of perylenediimide-bridged nanoribbons endowed with electronic 

properties obtained by Hammer and coworkers and several microfibers with diameters 

of a few hundred nanometers.24 The aggregation of BS NPs is often observed and 

remains a major drawback for future biomedical applications. Ideally, BS NPs should be 

nonaggregated sub-200 nm nanomaterials to benefit the enhanced permeation and 

retention effect and thus accumulate in cancerous tissues and organs. The delivery of 

plasmid DNA was achieved with ORMOSIL and mesoporous silica NPs,25,26 but not with 



	

This	chapter	includes	results	from	a	previously	published	paper	by	Fatieiev.	et.	al.	ACS	Appl.	Mater.	Interfaces,	
2015,	7:	24993−24997.	Reprinted	with	permission.		 					

195	

195	

BS NPs, and necessitated complex multistep postfunctionalizations of polymer and 

coupling agent. 

Herein we report the controlled syntheses of sub-200 nm nonaggregated BS 

nanospheres with tunable morphology with dense or hollow nanostructure designed 

from sol−gel processes of a photoresponsive bridged alkoxysilane (PBA) precursor (see 

Figure 1). The unique constitution of these BS NPs enables an on-demand surface charge 

reversal via light trigger from positive to negative charges. Furthermore, this feature 

was harnessed to apply BS nanocarriers without further functionalization for the first 

time for light-triggered plasmid DNA delivery in cancer cells. 

2. Experimental Section 

2.1. Synthesis of PBA. To a DCM solution (5 mL) of 4-(bromomethyl) 3-

nitrobenzoic acid (200 mg, 0.77 mmol) was added an oxalyl chloride solution in 

DCM (0.42 mL, 0.84 mmol, 2 M). Catalytic drops of dried DMF were added to 

initiate the reaction. The reaction mixture was stirred for 2 h at 0oC. Then, DCM 

with the excess amount of oxalyl chloride was removed under vacuum. The 

dried product was dissolved in DCM (2 mL) and added to a DCM solution (5 mL) 

of APTES (0.38 mL, 1.62 mmol) with DIPEA (0.30 mL, 1.70 mmol) at 0oC. After 

complete addition, the reaction mixture was removed from the ice and stirred 

at room temperature for 14 h. The reaction mixture was washed with cold 

water, extracted thrice with DCM (5 mL), and dried with Na2SO4. The crude 

liquid was purified via column chromatography using ethyl acetate/hexane (1:1) 
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as an eluent to yield a yellow oil of PBA (311 mg, 67%). 

2.2.  Synthesis of dense BS NPs. The synthesis was performed according to a 

modified procedure of Croissant et al.1 A Mixture of cetyltrimethylammonium 

bromide (CTAB, 6.4 mg, 17.5 μmol), distilled water (1.5 mL), ethanol (0.1 mL) 

and sodium hydroxide (NaOH, 13 μL, 1 M) was stirred at 75ÅãC for 50 min at 

1000 rpm in the dark. Then, the stirring speed was enhanced to 1400 rpm and 

an ethanol solution of PBA (3 mL, 0.05 mmol, 0.167 M) was added, and the sol-

gel process was conducted for 2 h at 80ÅãC. The solution was cooled to room 

temperature while stirring; fractions were gathered in propylene tubes and NPs 

were collected by centrifugation during 15 min at 14000 rpm. The sample was 

then washed three times with ethanol, water, and ethanol. The sample was 

then dispersed in water in a propylene tube, sonicated 20 min, and allowed to 

sediment for 20 min. The supernatant containing the stable colloidal NPs was 

taken out, centrifuged 15 min at 14000 rpm and dried under vacuum few hours. 

It was found out by DLS analyses that with increasing of CTAB concentration BS 

NPs lose their monodispersity with an increase of the average size. The same 

effect was observed when the pH was increased (see Table S1). 

2.3.  Synthesis of hollow BS NPs. The key difference of this procedure was the 

absence of CTAB in the mixture which allowed the hollow structure formation in 

certain conditions. A mixture of distilled water (1.5 mL) and sodium hydroxide 

(NaOH, 13 μL, 1 M) was stirred at 75ÅãC for 50 min at 1000 rpm in the dark. 

Then, the stirring speed was enhanced to 1400 rpm and an ethanol solution of 
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PBA (0.18 mL, 24 μmol, 0.133 M) was added, and the condensation process was 

conducted for 2 h at 80ÅãC. The solution was cooled to room temperature 

while stirring; fractions were gathered in propylene tubes and the NPs were 

collected by centrifugation during 15 min at 14000 rpm. The sample was 

washed three times with ethanol, water, and ethanol. The sample was then 

dispersed in water in a propylene tube, sonicated 5 min, and allowed to 

sediment for 20 min. In comparison with BS NPs, hollow BS NPs were sonicated 

for a shorter period (5 vs 20 min) in order to avoid the possible NPs degradation 

through a cavitation effect.2 The supernatant containing the stable colloidal NPs 

was taken out, centrifuged 15 min at 14 000 rpm and dried under vacuum few 

hours. 

2.4.  BS-Plasmid DNA NPs conjugation. Plasmid DNA (60 bp) was introduced in 

an aqueous solution of BS NPs (300 μL, 1.1 mg.mL-1). The solution was agitated 

at room temperature for 3 h. Then, the solution was washed three times with 

PBS buffer (10x). 

2.5.  BS-ssDNA NPs conjugation. Cy3 labeled ssDNA 

(cy3aaaaaaaaaaaaaaaaaaaaaatgcggccagatttgacgagcagatggccagagtcaggc, 1 μL, 

280 ng.mL-1) was introduced in an aqueous solution of BS NPs (300 μL, 1.1 

mg.mL-1). The solution was agitated at room temperature for 3 h. Then, the 

solution was washed three times with PBS buffer (10x). 

2.6.  Gel electrophoresis. Gel electrophoresis was carried out to confirm the 

conjugation of DNA and to identify the optimal DNA coating on BS NPs. The 
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mixture was electrophorized in agarose gel (2%). The free DNA migrates in the 

gel whereas bound DNA remains in the wells. The optimal ratio of BS NPs over 

DNA was found to be 1 to 1 (μg.μg-1). 

2.7. Cell culture and Cell viability study. HeLa cells were cultured in EMEM 

medium containing 10% of FBS and penicillin-streptomycin at 37 ÅãC in a 

humidified 5% CO2 atmosphere. The cytotoxicity of BS NPs was evaluated using 

the CCK-8 (Cell Counting Kit-8) assay. HeLa cells were seeded at a density of 

5Å~103 cells per well in 96-well flat bottom plates and incubated for 12 h. Cells 

were washed by DPBS buffer and incubated in the culture media with BS NPs for 

12 h at 37 ÅãC. Cell viability was evaluated by the CCK-8 colorimetric procedure. 

2.8.  CLSM study for DNA delivery. HeLa cells were seeded in CLSM dish and 

cultured in EMEM medium containing 10% of FBS and 0.1% of penicillin–

streptomycin at 37.C in a humidified 5% CO2 atmosphere. After cell attachment, 

BS-DNA NPs 25 μg.mL-1 were added and incubated for 6 or 12 h. Then, cells 

were fixed by 4% of paraformaldehyde. Finally, nuclei were stained with DAPI 

for 10 min and then washed three times with DPBS. The delivery of DNA was 

assessed by the GFP fluorescence, and the transportation of single stranded 

DNA was tracked via Cy3 labelling. 

3. Results and Discussion 

The PBA precursor, of IUPAC name 3-nitro-N-[3-(triethoxysilyl)propyl]-4-[[[3-

(triethoxysilyl)propyl]amino]- methyl]benzamide, was first synthesized and 
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characterized. The synthesis involved a soft chlorination of 4-(bromomethyl)-3-

nitrobenzoic acid, followed by a coupling with 2 equiv of (3-aminopropyl)triethoxysilane 

in dichloromethane under base catalysis at 0 °C (Figure S1).27 The chemical structure of 

the precursor was confirmed via proton and carbon NMR and Fourier transform infrared 

(FTIR) spectroscopies (Figures S2 and S3). BS nanomaterials were then synthesized via 

sol−gel methods. Controlled designs of BS NPs with different morphologies were 

achieved via a modified Stöber method.28 An aqueous mixture containing 

cetyltrimethylammonium bromide (CTAB), a sodium hydroxide catalyst, and an ethanol 

cosolvent was prepared at 75 °C. Then, hydrolysis−condensation of the PBA precursor 

was conducted for 2 h. Such conditions led to the formation of BS NPs with size under 

200 nm, as shown by transmission electron microscopy (TEM) image (see the top image 

in Figure 1). Interestingly, we unexpectedly found that without the use of CTAB in a 

certain range of temperature, pH, and alkoxysilane concentration formation of the 

hollow BS nanostructure was observed (see the bottom image in Figure 1). In fact, the 

diameter of NPs as well as formation of the hollow or nonhollow structure could be 

tuned by varying four parameters: pH, temperature, alkoxysilane concentration, and 

type of alcohol cosolvent (Figure S4 and Tables S1 and S2). The formation of hollow 

particles could be achieved from 50 to 90 °C and from pH 11 to 12 (Figure S4B,C), while 

no correlation was observed between the size and temperature. The possibility of 

forming hollow BS NPs with methanol, ethanol, and isopropyl alcohol cosolvents (and 

not from butanol) suggests the formation of nanoemulsions in specific conditions that 

promote hollow particle nanostructuration (Figure S4D). The size, morphology, and 
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composition of BS nanomaterials were further investigated via various techniques. 

Scanning electron microscopy micrographs displayed relatively monodisperse BS and 

hollow BS spherical NPs (Figure S5A,B), with dynamic light scattering average 

hydrodynamic diameters of 190 and 106 nm, respectively (Figure S5C,D), which are in 

accordance with microscopy images and the hydration layer on NPs. The incorporation 

of organic bridges into the silica framework of BS and hollow BS NPs was proved by FTIR 

spectroscopy with νC�O at 1645 cm−1, νN−H at 3289 cm−1, and νN−O at 1535 cm−1, as 

well as aliphatic and aromatic C−H stretching modes (Figure S6). The high degree of 

condensation of siloxanes was confirmed by the shift of the νSi−O value from 1090 to 

1130 cm−1. Thermogravimetric analysis of BS and hollow BS NPs also confirmed the 

high organic content of the nanocomposites with two significant weight losses at 220 

and 480 °C according to the first derivative of the differential thermogravimetric curve, 

leading to a total weight loss of 48% (Figures S7 and S8). Moreover, we utilized 

spectrum imaging in scanning transmission electron microscopy (STEM) combined with 

electron energy-loss spectroscopy (EELS) to assess the homogeneity in composition of 

hollow BS NPs. Spectra were acquired (see one in Figure S9) at each pixel image (∼1 nm) 

on a representative particle, and the elemental mappings of silicon, oxygen, nitrogen, 

and carbon were extracted (Figure 2). The results clearly exhibit the homogeneous 

dispersion of organic moieties within the NP framework. This conclusion was further 

supported by the homogeneous composition of these elements along the diameter of 

hollow BS NPs (Figure S10). Additionally, we also successfully prepared rhodamine B-

doped hollow BS NPs of 50 nm with a homogeneous composition of dye in the 



	

This	chapter	includes	results	from	a	previously	published	paper	by	Fatieiev.	et.	al.	ACS	Appl.	Mater.	Interfaces,	
2015,	7:	24993−24997.	Reprinted	with	permission.		 					

201	

201	

nanostructure (Figure S11). The light responsiveness of the BS nanomaterials was then 

assessed and monitored spectroscopically. In a typical experiment, an aqueous 

suspension of NPs was irradiated with UV light at 365 nm (24.6 mW·cm−2). We first 

analyzed the irradiation of the positively charged o-nitrophenylene− ammonium PBA 

precursor, which caused a classic internal photocleavage,29,30 leading to formation of a 

neutral nitrosophenylene−imine derivative (Figure 3A), as shown by the disappearance 

of the benzyl protons in the NMR spectrum (Figure S12). This was supported by the 

appearance of a shift of the 285 nm phenyl band in the UV−visible spectrum (Figure S13) 

and a shift of the symmetric stretching νN−O vibration mode from 1540 to 1550 cm−1 

(Figure S14). However, the same trends were observed in BS nanomaterials (Figure 3B,C; 

see the FTIR νN−O shift in Figure S15). The photoreaction monitored via UV−visible 

spectroscopy was found to require 10 min of irradiation for a full conversion (see Figure 

3C), which was accompanied by progressive modification of the surface charge of BS 

NPs from +46 to −5, −30, and −39 mV after 4, 8, and 10 min of irradiation, respectively 

(see Figure 4A and Figure S16). Upon illumination, o-nitrophenylene− ammonium 

moieties on the surface of BS NPs turned into neutral nitrosophenylene−imine moieties, 

which resulted in a negative surface charge afforded by silanolate groups (Figure S17). 

The unique charge reversal feature was thus applied for the electrostatic binding of 

negatively charged plasmid DNA and its subsequent delivery to a cancer cell line in 

culture (Figure 4B−D). BS NPs were found to be tolerated in HeLa cells, as shown by less 

than 10% cytotoxicity up to 20 μg·mL−1 (Figure S18). The electrostatic binding of DNA 

(4.5 kbp, ∼ 20 nm) on positively charged BS NPs was confirmed via gel electrophoresis 
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and ζ-potential measurements, with 7.5 ng of bound 

DNA per microgram of NPs (Figures S19 and S20). HeLa cancer cells were then incubated 

with BS−DNA NPs at 11 μg mL−1 for 12 h. Nuclei were stained with 4ʹ,6-diamidino-2- 

phenylindole (DAPI), and the delivery of plasmid DNA was assessed via production of 

green fluorescent protein (GFP) as the reporter gene. Indeed, the fluorescence of GFP 

necessitates the transcription of DNA in the nucleus with subsequent mRNA translation, 

which implies the detachment of DNA from BS NPs given the small pore sizes of the 

nuclei (≤10 nm).26 Confocal laser scanning microscopy (CLSM) images were thus 

acquired to determine the DNA delivery capability of the designed hollow BS NPs (Figure 

5). Before irradiation, a small amount of GFP could be seen, which indicated that some 

DNA was autonomously delivered to cells via NPs (Figure 5A). However, when 

irradiation was turned on (365 nm, 25 mW, 4 Å~ 10 s), a sufficient amount of DNA was 

delivered in the cytosol (Figure 5B) through photoinduced electrostatic repulsions 

(Figure 4C,D). This effect was also clearly seen after only 6 h of incubation (Figure S21). 

Notably, ζ-potential measurements for BS NPs did not show full charge reversal 

from positive to negative after 40 s of UV irradiation, although it was enough to 

decrease electrostatic binding and, consequently, increase repulsions between 

negatively charge silanolate groups and DNA. As a result, partial release of DNA from 

the surface of BS−DNA NPs was observed (Figure S20). Note that single-stranded DNA 

was also attached to BS NPs (53 ng·mg−1) and transported and tracked via Cy3 cyanine 

labeling, while bright-field images showed intracellular colocalization of aggregated BS 

NPs and DNA-Cy3 fluorescence (Figure S22). 
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In summary, we report the syntheses of BS nanomaterials with tunable size and 

morphology, affording nonaggregated dense or hollow nanospheres. The 

organic−inorganic nanomaterials possessed a very high organic content (∼50%) of 

photoresponsive fragments that enabled the on-demand charge reversal from positive 

to negative values. The hybrid compositions of the designed materials were investigated 

via various techniques and found to be homogeneous in the NPs, while its 

photoresponsiveness was monitored spectroscopically. By way of proof of principle of 

the biomedical application of these BS NPs, light-triggered delivery of plasmid DNA to 

cancer cells in culture was demonstrated for the first time. Light actuation was found to 

be effective for delivering DNA, while the nonirradiated nanomaterials did not induce 

significant gene expressions. Dye-doped hollow BS NPs are envisioned for biomedical 

imaging, while the use of a near-infrared fluorophore could extend its potential for in 

vivo biomedical applications. 
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Figure 1. Design of BS and hollow BS NPs via the sol−gel reactions of the PBA precursor, 

as shown by TEM micrographs. 
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Figure 2. STEM-EELS elemental mapping (silicon, oxygen, nitrogen, and carbon) of a 

representative hollow BS NP. The merged image consists of silicon, nitrogen, and 

oxygen. 
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Figure 3. Photoreaction of the PBA precursor (A). UV−visible spectroscopy monitoring of 

the photoreaction in PBA in absolute ethanol (B) and in BS NPs in water (C) before and 

after irradiation for different time intervals. 
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Figure 4. ζ potential measurements on BS NPs before and after irradiation, depicting the 

NP surface charge reversal (A). Schematic representation of positively charged BS NPs 

(B) that electrostatically bind DNA strands (C) for light-triggered delivery (D). The 

negative charge of NPs results from neutralization of the charge of organic bridges.  
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Figure 5. CLSM images on HeLa cells after 12 h of incubation with nonirradiated (A) and 

irradiated BS NPs binding DNA strands (B). Nuclei are stained in blue with DAPI. DNA is 

tracked via GFP fluorescing in green, thus proving the DNA delivery from BS NPs. Scale 

bars of 40 μm.  
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Figure S1. Synthetic pathway to design the photosensitive bridged alkoxysilane 

precursor (PBA). 



	

This	chapter	includes	results	from	a	previously	published	paper	by	Fatieiev.	et.	al.	ACS	Appl.	Mater.	Interfaces,	
2015,	7:	24993−24997.	Reprinted	with	permission.		 					

214	

214	

 

 

Figure S2. 1H (A) and 13C (B) NMR spectra of the PBA precursor. 
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Figure S3. FTIR spectrum of the PBA precursor. 
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Sample 
 

CTAB 
(μmol) 

H2O 
(mL) 
 

EtOH 
(mL) 
 

NaOH 
(μL, 1 M) 
 

PDI Davg 

(nm)a 

1 17.5 1 0.4 13 0.30 710 
2 21.9 1 0.4 13 0.36 710 
3 26.3 1 0.4 13 0.76 340 
4 30.7 1 0.4 13 0.27 610 
5 17.5 1.25 0.4 13 0.07 240 
6 17.5 1.5 0.4 13 0.08 190 
7 17.5 1.75 0.4 13 0.10 220 
8 17.5 1 0.4 14 0.21 530 
9 17.5 1 0.4 17 0.29 620 
 
Table S1. Synthesis of BS NPs from monomer PBA using different conditions. The 

amount of PBA is constant (0.05 mmol). a Average NPs size determined by DLS analyses. 

b Synthesis of BS NPs described above. 

 
 
 
 
 
 
 
Sample 
 

Structure PBA 
(μmol) 

NaOH 
(μL) 

Alcohol 
(μL) 

Temp. 
(°C) 

Davg (TEM)* 

(nm) 
1 Dense 24.6 13 (1 M) EtOH, 150 80 25 
2 Hollow 19.4 13 (1 M) EtOH, 150 80 35 
3 Hollow 12.5 13 (1 M) EtOH, 150 80 40 
4 Hollow 12.5 13 (1 M) EtOH, 150 90 30 
5 Hollow 12.5 13 (1 M) EtOH, 150 70 30 
6 Hollow 1.25 13 (1 M) EtOH, 150 50 40 
7 Dense 12.5 13 (1 M) EtOH, 150 25 30 
8 Dense 12.5 33 (5 M) EtOH, 150 80 75 
9 Dense 12.5 54 (1 M) EtOH, 150 80 65 
10 Dense 12.5 33 (5 M) EtOH, 150 80 50 
11 Dense 12.5 21 (1 M) EtOH, 150 80 40 
12 Hollow 12.5 15 (0.1 M) EtOH, 150 80 30 
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13 Dense 12.5 13 (1 M) n-BuOH, 150 80 45 
14 Hollow 12.5 13 (1 M) i-PrOH, 150 80 25 
15 Hollow 12.5 13 (1 M) MeOH, 150 80 30 
 
Table S2. Tunability of the size and morphology of BS nanomaterials according to the 

experimental conditions. *Average NPs size determined by statistical TEM analyses (400 

NPs). 
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Figure S4. Influence of the alkoxysilane concentration (A), temperature (B), pH (C), and 

alcohol co-solvent type (D) on the NPs diameter. Black and white circles respectively 

indicate the formation of dense and hollow BS NPs. 
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Figure S5. SEM micrographs and dynamic light scattering (DLS) size distributions of 

hollow (A, C) and non-hollow BS NPs (B, D). 
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Figure S6. FTIR spectra for hollow BS and BS NPs. 
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Figure S7. TGA analysis of BS NPs. 
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Figure S8. TGA analysis of hollow BS NPs. 
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Figure S9. Typical background subtracted electron energy-loss spectrum of hollow BS 

NPs. 
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Figure S10. Spectrum image of a representative hollow BS NP (A) for the elemental 

analyses of carbon, nitrogen, oxygen and silicon (B) along the diameter of the particle 

(ca. 120 nm). 
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Figure S11. Schematic representation of rhodamine B-doped hollow BS NPs (A). The dye 

was clearly observed via UV-Visible spectroscopy with a typical absorption maximum at 

560 nm (B). TEM micrograph (C) and statistical size analysis of BS NPs (D). STEM-EELS 

elemental mapping (nitrogen, carbon, oxygen, silicon, chlorine) revealing the 

homogeneity of the hybrid composition of the dye-doped BS NPs from a representative 

spectrum image (SI, top left) (E). 
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Figure S12. 1H NMR 4.1-3.75 ppm area of the PBA precursor before and after irradiation 

with UV-laser (A and B respectively). The photoreaction involves most likely the 

intermediate presence of the primary amine and the nitroso-phenylene aldehyde.[3-5]
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Figure S13. Monitoring of the photoreaction of PBA via UV-Visible spectroscopy before 

and after irradiation with UV-laser for different time intervals. 

 
 
 
  



	

This	chapter	includes	results	from	a	previously	published	paper	by	Fatieiev.	et.	al.	ACS	Appl.	Mater.	Interfaces,	
2015,	7:	24993−24997.	Reprinted	with	permission.		 					

228	

228	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S14. Monitoring of the photoreaction of PBA via FTIR spectroscopy in KBr pellet 

before and after irradiation with UV-laser for different time intervals. 
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Figure S15. Monitoring of the photoreaction within BS NPs via FTIR spectroscopy in KBr 

pellet with various durations of UV irradiation. 
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Figure S16. Zeta-potentials of BS NPs before and after UV-irradiation. 

 

 

 

 

Figure S17. Proposed mechanism of the reversal charge of BS NPs upon UV irradiation.3-

5  
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Figure S18. HeLa cell viability study with the incubation of BS NPs at various 

concentrations. 
 
 
 
 
Figure S19. Gel electrophoresis of BS-DNA NPs with different NPs over plasmid DNA 

ratios (μg.μg-1) demonstrating the binding of the DNA on BS NPs. 

 
 



	

This	chapter	includes	results	from	a	previously	published	paper	by	Fatieiev.	et.	al.	ACS	Appl.	Mater.	Interfaces,	
2015,	7:	24993−24997.	Reprinted	with	permission.		 					

232	

232	

 
 
 
 
 
 
 
 
 
 
Figure S20. Zeta-potentials of BS and BS-DNA NPs before (red and black curves 

respectively) and after 40 s of UV-irradiation (green and blue curves respectively). 

Negative surface charge of BS-DNA NPs after UV-irradiation (blue curve) confirmed 

partial release of DNA from its surface, otherwise it should be positive (green curve). 
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Figure S21. CLSM images on HeLa cells incubated with BS NPs binding DNA strands after 

6 h of incubation. DNA is tracked via GFP fluorescing in green after translation in the 

nuclei, thus proving the DNA delivery from BS NPs. Scale bars of 40 μm. 
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Figure S22. CLSM images on HeLa cells incubated with BS NPs binding DNA strands after 

12 h of incubation. Nuclei are stained with DAPI and DNA is tracked via Cy3. Arrows 

indicate internalized BS-DNA NPs. 
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Abstract: CRISPR/Cas9 is a combined protein (Cas9) and an engineered single guide RNA 

(sgRNA) genome editing platform that offers revolutionary solutions to genetic diseases.  
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It has, however, a double delivery problem owning to the large protein size and the 

highly charged RNA component. In this work, we report the first example of 

CRISPR/Cas9 encapsulated by nanoscale zeolitic imidazole frameworks (ZIFs) with a 

loading efficiency of 17% and enhanced endosomal escape promoted by the protonated 

imidazole moieties. The gene editing potential of CRISPR/Cas9 encapsulated by ZIF-8 

(CC-ZIFs) is further verified by knocking down the gene expression of green fluorescent 

protein by 37% over 4 days employing CRISPR/Cas9 machinery. The nanoscale CC-ZIFs 

are biocompatible and easily scaled-up offering excellent loading capacity and 

controlled co-delivery of intact Cas9 protein and sgRNA.   

1. Introduction 

CRISPR/Cas9, the clustered regularly interspaced short palindromic repeat (CRISPR) 

associated proteins 9 (Cas9) technology, is a recently developed site-specific gene 

editing platform that uses single guide RNA (sgRNA) for site recognition.1-3 The protein 

complex targets the DNA sequence of interest via the sgRNA. DNA strands 

complementary to the sgRNA are cleaved by Cas9 protein. The break is then repaired by 

non-homologous end-joining (NHEJ) or homology-directed repair (HR). Recently, several 

studies have reported the applicability of CRISPR/Cas9 technology as a powerful 

therapeutic strategy against viruses,4 bacteria5 and cancer.6 However, for all the 

enthusiastic upside surrounding the prospects of RNA-based therapeutics, there 

continues to be an equal and opposite downside that started many years ago, namely 

the delivery problem. As these therapeutic platforms are usually taken up by 

endocytosis, they remain trapped inside the endosome, behind the lipid bilayer, and as 



	

This	chapter	includes	results	from	a	previously	published	paper	by	Alsaiari.	et.	al.	J.	Am.	Chem.	Soc.	2018,	140:	
143–146.	Reprinted	with	permission.		 					

238	

238	

such are outside of the cytoplasm and the nucleus.7 With a current endosomal escape 

not exceeding 0.01%, devising new approaches to get such therapeutic platforms into 

the nucleus and overcome the endosomal escape abyss is the key technological problem 

to solve before investigating the full potential of such revolutionary therapeutic 

technologies.  

CRISPR has a double delivery problem because two macromolecules are required for a 

functional therapeutic system: one, a large catalytic Cas9 recombinase that is ~160 kDa 

and two, a ~150 nucleotide tracer/sg RNA.1-2 Although these components will invariably 

get somewhat smaller by using a low molecular weight CRISPR recombinase and/or 

shorter sgRNAs, from a delivery perspective, these are still very large and charged 

problematic macromolecules. Most of CRISPR/Cas9 studies so far have depended on 

viral or physical delivery; however, the immunogenicity complications of the viral 

vectors and the difficulty of translating physical delivery protocols in vivo have 

empowered the need to accomplish such delivery through synthetic nanoparticles.8-9 

Cationic lipid nanoparticles,10 gold nanoparticles11 and DNA nanoclews12 have been 

successfully employed for delivery of Cas9. More recently zwitterionic amino lipids were 

used as delivery vehicles, however the co-delivery was of Cas9 mRNA and not the actual 

protein.13 This may provoke the immune system, which ultimately results in hampering 

the gene editing process.14-15 In addition, the process of transfection is often stressful to 

cells. 16 

 Zeolitic imidazolate framework-8 (ZIF-8) are a subclass of metal–organic frameworks 

formed by coordination between Zn2+ ions and 2-methylimidazole.17-19 They have good 
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biocompatibility20-21  and remarkably tunable pore openings22 for a wide range of guest 

molecules. Recently, ZIFs have been successfully used for drug delivery 23, ATP imaging 

24 and biomimetic mineralization or sheltering of biomacromolecules 25-28. Moreover, 

the imidazole linkers are known to have excellent pH-buffering capacity, which is 

presumed to confer enhanced ability to escape the endocytic pathway. 29-30 Herein, we 

report the first example of nanoscale ZIF-8 co-encapsulating Cas9 protein and sgRNA 

(CC-ZIFs) with a remarkable loading efficiency of 17% and enhanced endosomal escape 

leading to 37% reduction in gene expression over four days (Scheme 1). This work opens 

up new possibilities for exceptionally improved genetic materials delivery enabled by 

precisely engineered biocompatible smart coordination frameworks. 

2. Experimental Section  

2.1. Assembly of Cas 9/sgRNA@ZIF-8. Cas 9 and sgRNA were mixed at a 

molar ratio of 1:1 in phosphate buffer saline (PBS) and incubated at room 

temperature for 5 minutes. Cas 9/sgRNA complex was then dissolved in 2-

methylimidazole (0.9 mL, 2.5 M). The mixture was stirred for 30 minutes 

followed by the slow addition of zinc nitrate solution (0.1 mL, 0.5 M) under 

mechanical agitation for 20 minutes. The resulting product was collected by 

centrifugation and washed with DI water three times to remove any residues. 

The supernatant was collected to calculate the loading capacity (LC) and 

encapsulation efficiency (EE). CC-ZIFs were diluted in water for characterization 

or Opti-MEM medium for cell study to a concentration of 100 µg mL-1. The size 
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and Zeta potential of Cas 9/sgRNA@ZIF-8 were performed using a Malvern 

Zetasizer NanoZS at 25 °C at pH 7 in aqueous solutions. 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). Standard deviations were calculated with 3 

runs. Transmission electron microscopic (TEM) images were obtained using FEI 

Tecnai 12 microscope operating at 120 kV. For visualization by TEM, samples 

were prepared by dropping a solution of production on a copper grid 300 mesh 

(Electron Microscopy Sciences, LC 300-Cu). Cas 9 was labeled with Alexa fluor 

647 C2 maleimide (AF 647) according to the manufacturer’s protocol to monitor 

Cas 9/sgRNA loading and release. Fluorescence measurements were performed 

on a Cary Eclipse fluorescence spectrophotometer (Varian). The slits for 

excitation and emission were set at 10 nm.  

2.2. Cas9/sgRNA loading. Supernatants containing non-loaded Cas 

9/sgRNA were collected to determine the LC and the EE % via UV-Visible 

spectroscopy measured at a given wavelength (Cas 9/sgRNA: 260 nm). 

Absorbance spectra were measured using a NanoDrop ONE (Thermal Scientific). 

The Beer-Lambert law was applied to quantify the concentration of loaded Cas 

9/sgRNA. Equations used to calculate Cas 9/sgRNA concentration, LC and EE are 

as follow: Cas 9/sgRNA concentration = (OD260/pathlength) × standard 

coefficient ×dilution factor  

LC = [m drug loaded /m NPs]×100 



	

This	chapter	includes	results	from	a	previously	published	paper	by	Alsaiari.	et.	al.	J.	Am.	Chem.	Soc.	2018,	140:	
143–146.	Reprinted	with	permission.		 					

241	

241	

EE= [m drug loaded/ m initial drug]×100 

2.3. Release of AF-Cas 9/sgRNA via pH trigger. To evaluate the release 

of Cas 9/sgRNA from ZIF-8, AF 647 labeled Cas 9 (AF-Cas 9) was used. Aliquots of 

hydrochloric acid were added to 600 µg mL-1 Cas 9/sgRNA@ZIF-8 in PBS to reach 

pH of 5 and 6. 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).   

2.4. Cell culture. Chinese hamster ovary (CHO) cells and EGFP transfected 

CHO cells were kindly provided by Dr. Jasmine Merzaban at King Abdullah 

University of Science and Technology (KAUST). CHO 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 free Cas9/sgRNA 

(240 nM, equal to the concentration of encapsulated Cas9/sgRNA) and CC-ZIFs 

(100 µg mL-1) dispersed in opti-MEM. 

2.5. Cell transfection. AF-Cas9 was used to track the uptake of the 

Cas9/sgRNA. Transfected cells incubated for 1, 3 and 6 hours. Afterward, cells 

were washed and imaged by confocal laser scanning microscope (CLSM) (Zeiss 

LSM 880 AIRYSCAN FAST System) or trypsinized, washed and analyzed by flow 

cytometry (BD LSRFortessa). Nuclei were staine with Hoechst.  
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2.6. Cell viability. To study cytotoxicity, live-dead viability assay and cell 

counting kit-8 (CCK-8) assay were performed according to the manufacturer’s 

protocol. Unlabeled Cas 9 was used for the treatment. Briefly, CHO 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 

(250, 200, 150, 100 and 50 μg mL-1) of Cas9/sgRNA and CC@ZIF-8 in 200 μL of 

opti-MEM medium at 37 °C for 3 hours. Only 250 and 100 μg mL-1 were selected 

for the live-dead assay. The medium was then discarded and replaced with fresh 

RPMI incubated for 9 hours.                                                                                                                                    

2.6.1. Live-dead viability assay. After treatment, cells were washed and stained 

with the live-dead reagent for 15 minutes. Cells were washed again and 

collected for the flow cytometry analysis.  

2.6.2. CCK-8 Assay. Media was then discarded and prepared 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). 

2.7. Endosomal escape. AF-Cas9 was used to assess the endosomal escape 

by CLSM. Transfected cells incubated for 1, 3 and 6 hours were washed three 

times and stained with lysotracker green according to the manufacturer’s 

protocols for 30 minutes. Then, they were washed and imaged by CLSM. 
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2.8. EGFP expression assessment. The assessment was carried out by 

flow cytometry, CLSM, quantitative real-time polymerase chain reaction (qRT-

PCR) and Surveyor assay. EGFP transfected CHO 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 free Cas 9/sgRNA 

(240 nM) and CC-ZIFs (100 µg mL-1) dispersed in opti-MEM for 3 hours. Media 

containing nanoparticles and free Cas9/sgRNA were replaced by fresh RPMI 

media. Cells were incubated for 2 and 4 days. Finally, they were washed and 

collected for flow cytometry analysis, CLSM or qRT-PCR.  

2.8.1. qRT-PCR. After washing, transfected cells were collected for RNA extraction. 

Total RNA was extracted using RNeasy mini kit (Qiagen) according to the 

instructions of the manufacturer and total RNA concentration was calculated 

using Qubit. The first-strand cDNA was synthesized after the reverse 

transcription of the total RNA (2 μg) by using high-capacity cDNA reverse 

transcription kit in a 20 μl reaction volume. For RT-PCR analysis, EGFP pair of 

primers used as follow: EGFP forward 5’ACGACGGCAACTACAAGACC-3’, EGFP 

reverse 5’-TTGTACTCCAGCTTGTGCCC-3’PCR regimen involved the following: 

95°C for 20 s, 40 cycles at 95 °C for 1 s and 60 °C for 20 s. 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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2.8.2. Surveyor assay. GeneArt genomic cleavage detection kit was used to detect 

specific locus cleaved in the genomic DNA. The assay uses genomic DNA 

extracted from EGFP transfected CHO treated with free Cas 9/sgRNA or CC-

ZIFs and harvested for 2 days after treatment. According to manufacturer’s 

instructions, the Loci where the gene-specific double-strand breaks occur are 

amplified by PCR. PCR primers: EGFP forward 5’-

GGAGTTCCGCGTTACATAACTTACG-3’, reverse 5’AACCTCGACTAAACACATGT 

AAAGCATG-3’. PCR program (95 °C) for 10 minutes, (95 °C for 30 s; 55 °C for 

30 s, 72°C for 30 s) for 40 cycles and (72 °C for 7 minutes) one cycle. The 

amplicons contain the mismatch occurred by the used gRNA were 

subsequently detected and cleaved by detection enzyme and the resultant 

bands were  analyzed by 2 % agarose gel electrophoresis and indel formation 

efficiencies were calculated using Image J. 

2.8.3. Statistical analysis. Statistical analysis was performed using two-tailed 

student’s t-test. Statistical significance was defined as highly significant 

***P< 0.001, statistically significant **P<0.01, not significant *P<0.1.  

3. Results and Discussion  

CC-ZIFs were prepared by first mixing Cas9 and sgRNA at a molar ratio of 1:1 in a 

phosphate buffer saline (PBS) for 5 minutes followed by addition of 2-methylimidazole 

solution (0.9 mL, 5 M, pH 7 ). An aqueous solution of zinc nitrate (0.1 mL, 0.5 M) was 

then slowly added at room temperature under mechanical agitation for 20 minutes 
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after which the clear solution turned opaque (Scheme 1a). The resulting CC-ZIFs were 

then collected by centrifugation after washing with DI water (3 cycles) to remove all 

residues. The truncated ZIF-8 cubic crystals were first characterized by tunneling 

electron microscopy (TEM) showing an average size of 100 nm that is ideal for 

intracellular delivery (Figure 1a). The average size was confirmed by dynamic light 

scattering analysis (DLS) at neutral conditions (Figure S1). Measuring zeta potential 

showed that the positively charged Cas9 (+15 mV ± 1) became negatively charged upon 

the addition of sgRNA (-28 mV± 4). After metal-coordination sheltering of the complex 

and formation of CC-ZIFs the zeta potential measured at + 5 mV ± 2, which is less 

positive than the native ZIF-8 (+17 mV ±1) (Figure 1b). The data thus strongly implies 

that the Cas9/sgRNA is well encapsulated within ZIF-8 framework. Furthermore, powder 

X-ray diffraction (PXRD) graphs showed that the Cas9/sgRNA@ZIF-8 has the same crystal 

structure as that of the pure ZIF-8 (Figure 1c). 

CRISPR/Cas9 loading efficiency and pH responsive release were tested by labeling 

Cas9 with Alexa fluor 647 (AF). The red fluorescence of AF-Cas9 in the supernatant 

decreased drastically after the de novo encapsulation within ZIF-8 (Figure S2a). The 

loading capacity was calculated to be 1.2 wt % with efficiency of 17 % (Figure 2a), which 

is consistent with the high loading of previously reported MOF based delivery 

systems.26-28 Such guest biomacromolecules have been shown to induce MOF formation 

and consequently have a high loading capacity.25 Moreover, As the zeolitic frame work is 

positively charged (ZIF-8), interaction with negatively charged moieties is favored 

through electrostatic interactions. To evaluate the stability of AF-CC-ZIFs under 
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physiological (pH 7.4) and acidic (pH 5 and 6) conditions, they were dispersed in PBS 

solution. DLS analysis showed a stable structure at neutral conditions that starts 

degrading directly at acidic pH (Figure S1). CC-ZIFs completely decomposed after 6 hours 

at pH 5.5 (Figure S1). The release of AF-Cas9 was monitored by fluorescence 

spectroscopy (Figure 2b, Figure S2b). Under physiological conditions less than 3 % of AF-

Cas9 was released while 60 % and 70 % were released in 10 minutes at pH 6 and 5, 

respectively. The maximum release of AF-Cas9 was observed at pH 5 within 3 hours, 

exploiting the selectivity of CC-ZIFs release under acidic conditions. The release 

mechanism of CC-ZIFs is superior to reported protein delivery systems, such as Au NPs 

and DNA cages, in a sense that it is associated with a complete and safe dissolution of 

ZIF-8 at low pH without leaving residue nanoparticles or denaturation of DNA strands.  

Biocompatibility of CC-ZIFs was tested at different concentrations by incubation with 

Chinese hamster ovary (CHO) cells for 12 hours. CHO cells were washed and evaluated 

by the cell counting kit-8 (CCK-8). Compared to native CHO group, no measurable 

impact was seen at concentrations below 200 μg mL-1, whereas higher concentrations (≥ 

200 μg mL-1) led to the increased cytotoxicity in both ZIF-8 and CC-ZIFs (Figure S3a, S3b). 

Based on the CCK-8 results, we examined the toxicity of 250 and 100 µg mL-1 of ZIF-8 

and CC-ZIFs by live-dead cell staining using flow cytometry (Figure S3c–S3f). No 

significant cell death was observed even after 12 hours of transfection at a 

concentration of 100 µg mL-1. The lethal dose (LD50) of ZIFs and CC-ZIFs was determined 

to be 400 and 420 µg mL-1, respectively (Figure S3g).  Based on these results, a 

concentration of 100 μg mL-1 of CC-ZIFs was used in all subsequent experiments. We 
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examined the capability of ZIF-8 to deliver AF-Cas9/sgRNA by flow cytometry and 

confocal laser scanning microscopy (CLSM). The intensity of red AF 647 increased with 

time suggesting the delivery of more Cas9/sgRNA into the cytoplasm (Figure S4a). CLSM 

images showed that AF-Cas9/sgRNA internalized nucleus after 3 hours (Figure S4b). In 6 

hours, many AF-Cas9/sgRNA were seen in nuclei, elucidating the increase in the AF-Cas9 

signal in the flow cytometry data (Figure S4b). As a control, free AF-Cas9/sgRNA was not 

delivered into cells as the signal of AF-Cas9/sgRNA was not detected by flow cytometry 

(Figure S4c) or CLSM (Figure S4d) over the same period of time. 

To assess the endosomal escape associated with CC-ZIFs, CHO cells were first 

transfected with particles at different time points (1, 3 and 6 hours), to examine the 

cellular transfection efficiency. The endosomal escape of CC-ZIFs is mediated by the 

protonation of the imidazole ring,29 which is followed by the release of Cas9/sgRNA to 

the cytoplasm. AF-Cas9/sgRNA localized inside endosomes within 1 hour of transfection, 

which was observed in yellow merged color (Figure 3). In contrast, 3 and 6 hours post 

transfection showed complete separation between red Cas9 and green endosomes 

indicating the release of Cas9/sgRNA from endosomes. Images at 20x were also 

obtained to show that many cas9 were released form ZIF-8 upon their protonation 

(figure S6). We then compared our system’s ability to escape endosomal encapsulation 

to a cationic liposome based delivery system.10 The obtained results with the same cell 

line over the same period of time showed a complete localization of the liposomes 

within endosomes (Figure S5). This result confirms the capability of our system to 
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efficiently steer away from endosomal digestion whilst improving genetic materials 

delivery. 

  To demonstrate the efficiency of gene knockdown by CC-ZIFs, we used sgRNA to target 

the coding region of the enhanced green fluorescent protein (EGFP) in CHO cells. 

Targeting the coding region will result in shifting the reading frame and consequently 

preventing proper EGFP expression. EGFP transfected CHO cells were treated with free 

Cas9/sgRNA, ZIF-8 and CC-ZIFs for 2 days. We also investigated whether incubating cells 

for more than 2 days would change EGFP gene expression so cells were incubated for 4 

days after treatment. The fluorescence and expression of EGFP were determined by 

CLSM, flow cytometry and quantitative real time polymerase chain reaction (qRT-PCR). 

Measuring the EGFP fluorescence using flow cytometry demonstrates that CC-ZIFs 

reduced the fluorescence of EGFP by 31 % when incubated for 2 days and 37 % when 

incubated for 4 days (Figure 4a, Figure 4c). No effect was seen on the EGFP fluorescence 

when cells were treated with free Cas9/sgRNA and ZIF-8, demonstrating the importance 

of ZIF-8 in the delivery of Cas9/sgRNA. CLSM images also confirmed the quenching of 

the EGFP fluorescence when ZIF-8 was used to deliver Cas9/sgRNA (Figure S7). These 

results were refined by quantifying the mRNA levels of EGFP in free Cas9/sgRNA, ZIF-8 

and CC-ZIFs treated CHO cells by qRT-PCR. Our results demonstrate that CC-ZIFs 

effectively delivered Cas9/sgRNA and the sgRNsA targeted the EGFP coding region 

causing 2-fold repression of EGFP gene when cells were incubated for 2 days after 

treatment (Figure 4b). Incubating cells for 4 days post treatment resulted in decreasing 

the fluorescence of EGFP by 37 % and reduction of the level of EGFP gene expression by 
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3-folds. Free Cas9/sgRNA and ZIF-8 had no effect on the expression of EGFP (Figure 4b). 

The efficiency of gene knockdown by CC-ZIFs was compared to the Lipofectamine 

CRISPRMAX Cas9. The concentration of Cas9/sgRNA used in lipofectamine was 240 nM. 

The Lipofectamine CRISPRMAX Cas9 resulted in only1-fold and 1.5-fold repression of 

EGFP gene in 2 and 4 days after treatment, respectively (Figure S8).  

   Surveyor assay quantifies the frequency of mutations within an amplified target 

region.31 The assay revealed mutation frequencies of 0 % and 30 % for cells treated with 

free Cas9/sgRNA and CC-ZIFs for 2 days (Figure 4c), respectively, closely paralleling the 

results of flow cytometry, CLSM and qRT-PCR.  

In conclusion, we demonstrate the first example of CRISPR/ Cas9 delivery by metal-

coordination frameworks. ZIF-8 can successfully shelter both the large Cas9 protein and 

the negatively charged sgRNA with a high loading capacity of 1.2 wt%. The protonation 

of the imidazole-based framework at endosomal pH promotes fast endosomal escape 

and enhanced nuclei delivery, which is paramount for genetic transfection. This system 

provides a one-step route for the creation of effective and transient gene editing 

technology.  
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Scheme 1. Preparation, cytosolyic delivery and gene editing efficiency of CC-ZIFs. (a) 
Encapsulating the negatively charged Cas9/sgRNA within positively charged ZIF-8 to 
form CC-ZIFs. (b) Endosomal escape of CC-ZIFs. (c) CLSM images of cells before and after 
treatment with CC-ZIFs. 
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Figure 1. Characterization of CC-ZIFs. (a) TEM micrographs of CC-ZIFs at different scales. 

(b) Zeta potential of free Cas9, Cas9/sgRNA complex, ZIF-8 and CC-ZIFs. Bars represent 

mean± SD (n=3). (c) PXRD of ZIF-8 (green) and CC-ZIFs (blue). 
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Figure 2. CRISPR/Cas9 loading and release. (a) UV-VIS spectra of Alexa fluora (AF) 

labeled CC-ZIFs compared to free AF-Cas9/sgRNA complex. (b) pH dependent release of 

AF-Cas9/sgRNA from CC-ZIFs.  
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Figure 3. CLSM images (40x) of CHO cells after incubation with AF-CC-ZIFs (red) for 1, 3 

and 6 hours. Lysotracker Green (green) was used to stain the acidic organelles 

(endosomes). The merged images are used to confirm that AF-Cas9/sgRNA is released 

and delivered into the nucleus within 6 hours of uptake. Scar bar: 20 μm. 
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Figure 4. Genome editing by CC-ZIFs. (a, c) Flow cytometry analysis of EGFP expression 

at day 2 and 4 at concentration of 100 µg mL-1 (encapsulated Cas9/sgRNA 240 nM ). (b) 

quantitation of EGFP expression by qPCR at concentration of 240 nM for 2 and 4 days. 

Statistical analysis was determined using unpaired t-test (***P< 0.001, **P<0.01, 

*P<0.1). (d) Surveyor assay for indel frequency analysis of EGFP transfected CHO cells 

incubated with free Cas9/sgRNA and CC-ZIFs.  
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Figure S1. DLS analysis and TEM images of CC-ZIFs at 

neutral conditions (0 time) and then at acidic conditions (pH 5.5) over 6 hours. 
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Figure S2. (a) Fluorescence emission spectra of the supernatant of CC-ZIFs after washing 

with water. Cas 9 was labeled with AF 647 to monitor its loading and release. (b) The 

fluorescence spectra of the supernatant over 180 minutes were measured to 

demonstrate the release of AF-CC-ZIFs under acidic conditions. 
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Figure S3. Biocompatibility was measured by cell counting kit-8 assay (CCK-8) for (a) ZIF-

8 and (b) CC-ZIFs. CHO cells were plated on 96 wells plate and treated with different 

concentrations of ZIF-8 for 24 h. Bars represent mean ± SD (n=3). Flow cytometric 

viability assay using LIVE/DEAD Viability/Cytotoxicity kit for (c) ZIF-8 at 100 μg mL-1, (d) 

CC-ZIFs 100 μg mL-1, (e) ZIF-8 at 250 μg mL-1 and (f) CC-ZIFs at 250 μg mL-1. 
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Figure S4. (a) Flow cytometry analysis of the uptake of AF-CC-ZIFs by CHO cells. Cas 9 

was labeled with alexa 647 and the uptake was monitored over 6 h. (b) CLSM images of 

the uptake of CC-ZIFs. (c) Flow cytometry analysis of the uptake of free AF-Cas 9/sgRNA 

by CHO cells. (d) CLSM images of the uptake analysis of free AF-Cas 9/sgRNA. Nuclei 

were stained with Hoechst 33342. Free Cas 9/sgRNA and CC-ZIFs (240 nM) were 

incubated with CHO cells for 1 h, 3 h and 6 h.  
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Figure S5. (a) CLSM images of CHO cells after incubation with Cy3 labeled RNA loaded 

liposomes for 6 hours. Lysotracker Green (blue) was used to stain the acidic organelles 

(lysosomes). The merged images are used to confirm that Cy3 labeled RNA is still 

entrapped in lysosome within 6 hours of uptake. Scar bar: 20 μm. 
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Figure S6. EGFP transfected CHO cells treated with free Cas 9/sgRNA, ZIF-8 and CC-ZIFs. 

Cells were washed after 3 hours and incubated in fresh RPMI media for 2 and 4 days. 

Scar bar: 10 µm. 
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Chapter VII. SUMMERIZING DISCUSSIONS 

The growing interest in applying nanobiotechnology in pharmaceutical industry 

is attributed to their unique potential in effective drug delivery, diagnosis and imaging. 

The success in clinical translation of nanodrugs rely on the selection of appropriate 

design parameters to tackle the physiochemical limitations of free drugs (stability and 

solubility) and to overcome biological hurdles in reaching the target (first-pass effect, 

clearance by RES, cellular internalization and off-target deposition).  

Generally, drug delivery systems (DDS) are divided into natural and synthetic. 

While synthetic drug carriers (polymers,1 liposomes,2 silica nanoparticles (NPs),3 metallic 

NPs,4 etc.) are being widely studied, it remains crucial to investigate the natural drug 

carriers (bacteria, virus and mammalian cells) as they possess their own mechanism of 

delivery.5  

Nanocarriers (NCs) are used to direct therapeutic cargos to target cell to achieve 

maximal therapeutic efficacy with minimal toxic effects. Four main parameters should 

be well studied while developing new DDS:  

(i) Biocompatibility. 

(ii) Selective delivery and cellular uptake. 

(iii) On-demand and triggered release. 

(iv) Degradability and clearance.    

In this thesis, we present our contribution in evaluating the efficacy of different 

carriers (natural and synthetic: inorganic and hybrid organic-inorganic) in improving API 
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delivery. 

We started (chapter II) by using a natural carrier as DDS, taking the advantage of 

their invasive properties and unique strategies in evading host immune system to 

deliver cargos into cells. It was reported that magnetotactic bacteria (MTB) naturally 

target and exhibit selective binding to cancer cells due to bio-adhesive structure like 

fimbriae.6 Interestingly, their propelling forces allow them to reach the hypoxic areas of 

tumors7 and steer in the smallest capillaries of human body.8  The MTB unique feature 

that is “built -in” magnetosomes9 was utilized in many studies to control the movement 

and direction of swarms of bacteria throughout the body by applying external magnetic 

field, while being visible for tracking using magnetic resonance imaging (MRI).8 The use 

of MTB as a carrier offers opportunities for the application in medical imaging, cellular 

tracking, and the ability to actively target areas of interest. Loading NPs in MTB will aid 

in increasing the maximum-tolerated dose of NPs and tackling issues related to NPs 

stability, targeting, diffusion limit and active penetrating hypoxic regions of tumors.  

Several groups reported the use of MTB-based NCs delivery systems, using unmodified 

bacteria.7, 10 Drug loaded liposomes were covalently conjugated to the surface of the 

bacteria without any genetic manipulation, and the microbots were magnetically guided 

and deeply penetrated cancer cells where they released NPs. MTB delivered more 

liposomes into the target and effectively penetrated hypoxic regions that cannot be 

reached by free liposomes. Moreover, they tackled issues related to liposomal stability.  

We employed MTB as a carrier for DNA functionalized Au NPs. The DNA-Au NPs were 

not covalently conjugated to MTB, instead they were loaded inside bacteria. The 
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bacteria efficiently up-taken DNA-Au NPs through endocytosis, delivered them into 

cancer cells and the release was triggered by magnetic hyperthermia. Bacterial 

magnetosomes were used to magnetically guide bacteria and to trigger the cargo 

release for the first time through the increase in the internal temperature of the 

bacteria, resulting in cell wall rupturing and cargo releasing.  

MTB as a DDS hold a tremendous advantages, however, it is difficult to make complete 

prediction about their immunogenicity and toxicity on basis of preclinical trials as 

human immune responses are more variable than those observed in animal models. To 

date, understanding vector-host interactions is challenging area that needs to be 

addressed.  

Inorganic NCs are non-toxic, hydrophilic, biocompatible, robustly transport cargo 

without leakage and highly stable compared to organic NCs. Some of inorganic NPs, 

involve quantum dots, metallic NPs, carbon NPs and Silica NPs, were approved for 

human use.11-12 Iron oxide nanoparticles are currently used as contrast enhancers in MRI 

applications,13 whilst semiconductor quantum dots are used as alternatives to 

fluorescently labeled particles.14 Porous inorganic NPs (such as mesoporous silica NPs 

(MSN)) are able to shelter and transport high amount of therapeutics thanks to their 

internal porosities. The pore size can be tailored to load not only small drug molecules 

but also large proteins or DNA guests, protecting them from biodegradation.15-16 Also, 

theranostic MSN can be developed with core–shell NPs involving plasmonic or iron 

oxide cores, or with organic doping for fluorescence, photodynamic therapy or 

sensing.17-19  
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In chapter III and IV, we used multifunctional inorganic platforms for the simultaneous 

sensing and inhibition of bacteria comprised of Au nanoclusters @lysozyme (AuNC@lys) 

colloids MSN loaded with antibacterial agents. Dam and co-workers specifically targeted 

and detected infections caused by Gram-positive bacteria using fluorescently labeled 

vancomycin.20 The development of activatable theranostic nanoprobes based on 

vancomycin modification polyelectrolytes and bacteria-responsive SiO2 

/polyelectrolyte- Cypate dissociation nanosystems was reported by Zhao and co-

workers.21 The nanoprobe fluoresce is turned on in the presence of bacteria due to the 

release and disaggregation of the hydrophobic cyanine dye from NPs. While most 

bacteria detection studies rely on the use of fluorescent dye, we utilized AuNC@lys as 

sensing and imaging probe.  NPs based sensors, particularly AuNC@lys, are highly 

attractive for bio-imaging due to their simple and reproducible preparation, 

biocompatibility, and have an intense red-NIR emission with high photostability, long 

fluorescence lifetime, and two photon excitation. In contrary with the popular 

assumption of Au NPs inertness, Zheng et. al. demonstrated that AuNCs possess high 

wide-spectrum antimicrobial activity.22 Nevertheless, Ichimaru et. al. recently 

demonstrated that the improvement in the antibacterial activity of Au coated Ag NPs 

was due to the improvement in NPs dispersity, neglecting the possible antibacterial 

activity of Au layer.23 The mechanism of antibacterial activity of nanometals is being 

investigated. The two popular proposed mechanisms are: (i) Au ions dissolution from 

the surface of NPs and (ii) oxidative stress through the Au reactive oxygen species (ROS) 

generation.   
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Our results reveal that using AuNCs@lys as gatekeepers enhanced the sensing and 

antibacterial properties of the nanoprobe. Compared with the individual delivery of 

AuNCs@lys or antibacterial cargo, the co-delivery of AuNCs@lys and antibacterial cargo 

enhanced the antibacterial activity. The MSN improved the mechanical stability of 

AuNC@lys and maximized the tolerated dose of AuNC@lys and cargo in bacteria. Cargo 

release was mediated through the adsorption of the particles in the bacteria, followed 

by the degradation of the bacterial cell wall by lysozyme, which would in turn destabilize 

and quench the AuNCs fluorescence, resulting in cargo release. Bacteria-NPs interaction 

can be monitored using UV lamp or fluorescence spectroscopy. The nanoprobe showed 

high stability at physiological conditions and in the absence of bacteria; giving rise to a 

new un-reversible turn on/off switching sensors.  

The AuNCs-capped MSN- nanosystem, with excellent bacteria sensing and 

responsiveness, and with the ability to load and selectively transport cargo, is expected 

to be an ideal candidate for bacterial sensing properties. We reported  the first visual 

monitoring system of bacteria-NPs interaction.  

The use of inorganic DDS has been limited by the high bioaccumulation risks.24 

Furthermore, silica based NCs showed the low excretion amount of the degradation 

products. Unfortunately more than 40 % of MSN is not excreted from the body, limiting 

their applicability in the biomedical field.25  

On account of newly developed DDS, hybrid materials hold a tremendous impact 

as they combine the properties of both organic and inorganic NCs. The integration of 

multiple materials in one structure offers opportunities for enhanced stability, 
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manipulating release behavior and combine two or more functions in a single platform. 

The enhancement of NCs properties through using hybrid materials is seen currently in 

the transition from using MSN to periodic mesoporous organosilica (PMO),3, 26 coating 

cargo with hybrid (inorganic core-organic shell) NPs,27-28  and the emergence of MOF 

based DDS.29  

In chapter V and VI we dealt with more challenging cargos, therapeutic proteins. 

Therapeutic proteins have the ability to correct the fundamental causes of wide range of 

diseases.30-32 However, their clinical potential has not yet been realized due to their 

hydrophobicity, complexity, high molecular weight, poor permeability across biological 

membranes and immunogenicity.33 The uniqueness of hybrid NCs as protein delivery 

systems are summarized as follow:  

(i) Highly versatile nanostructures: the ease of incorporating 

different organic linkers responsive to different pH values and to thermal, 

photochemical, or chemical stimuli. 

(ii) The organic nature of the pores allows the modulation of 

hydrophobicity through changing the organic ligand for high loading 

capacity. 

(iii) Modifying biodegradability through the introduction of 

particular organic group.  

(iv) The ease of surface functionalization; target-directing 

molecules can be easily attached to the external silica surface of the 

material to increase the specificity of this system for drug delivery. 
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In spite of all these advantages, we decided to use hybrid NPs (BS NPs and ZIF-8) for 

protein delivery. The main purposes of using organic–inorganic based DDS are to 

achieve selective and triggered release behavior, and adjust biodegradability. The 

enzymatic degradation of BS NPs was demonstrated using biocleavable oxamide as 

organic precursor.34 The photoresponsive BS NPs was first conducted by Zhao et. al. 

Coumarin photodimer was used as photoresponsive organic fragments, which permited 

the deformation and melting of BS NPs by UV irradiation.35  In chapter V we report for 

the first time the delivery of plasmid DNS using BS NPs. Unlike MSN and ORMOSIL, BS 

NPs-pDNA complexation was achieved in one step with no post functionalization. Our BS 

NPs are comprised of hybrid composition of BS with 50% organic content 

homogeneously distributed in the nanomaterials endowed them with photo-responsive 

properties. The light triggers the charge reversal of BS NPs from positive to negative 

charges, repelling negatively charged pDNA.  Our results show that BS NPs successfully 

overcome plasma membrane and delivered pDNA into the cytoplasm. Even though 

endosomal escape studies were not carried out, the successful delivery of the pDNA is 

seen in the existence of the EGFP protein in cells after being triggered with UV, which 

indicate that pDNA were delivered into the cytoplasm. BS NPs were able to complex 

with pDNA with no modifications, overcome intracellular barriers, achieve the on UV-

triggered release for on demand pDNA delivery and degrade in response to intracellular 

proteolytic enzymes.  It is important to note that the toxicity of NCs is dose-dependent. 

The biocompatibility of BS NPs was lower than inorganic MSN. Both NCs are 
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biocompatible up to 100 μg ml-1, however, the biocompatibility of BS NPs significantly 

decreases with higher concentrations. We believe that the higher cytotoxicity level 

depends on the organic ligand used.  

CRISPR/Cas9 system has emerged recently as a potent gene-editing technology 

with broad biological and therapeutic applications.36 Recently, several studies have 

reported the applicability of CRISPR/Cas9 technology as a powerful therapeutic strategy 

against viruses,37-39 bacteria40-41 and cancer.42-44 The co-delivery of Cas 9 and sgRNA 

provides a transient way of gene editing. Very few studies have described the co-

delivery of sgRNA and Cas 9.45-47 Rotello et al. demonstrated the co-delivery of 

sgRNA/Cas 9 complex using arginine decorated gold (Arg-Au) NPs.47 The Cas 9 protein 

was engineered with negatively charged E-tag to facilitate the complexation with the 

Arg-Au NP. DNA nanoclews were also used to encapsulate and efficiently co-deliver Cas 

9 protein and sgRNA to cells.48 The sgRNA carried a complementary sequence to the 

ssDNA that forms the DNA nanoclews. While ur developed BS NPs can be used for the 

co-delivery of sgRNA/Cas9, extra layer to protect the sgRNA from degradation will be 

needed. In the previous study we used pDNA, which has way better stability than the 

sgRNA.  

Zeolitic imidazolate frameworks -8 (ZIF-8) are formed by attaching inorganic 

metal ions to organic linkers via strong chemical bonds.49 We showed in chapter VI the 

first example of sgRNA/Cas9 encapsulated ZIF-8 without any modification. ZIF-8 

mediated the co-delivery of sgRNA and Cas9 proteins across plasma membrane and 

enhanced endosomal escape promoted by the protonated imidazole moieties, leading 
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to the sgRNA/Cas9 release in the cytoplasm. The nuclear delivery of the protein complex 

was mediated through the incorporation of the nuclear localization signal (NLS) in the 

Cas9.  

Compared to other protein delivery vehicles, sgRNA/Cas 9@ZIF-8 has the 

following unique advantages: (1) One-step and fast preparation method. (2) No need for 

any modification of sgRNA/Cas 9 or ZIF-8. (3) The dual delivery of sgRNA and Cas 9 

confers a transient gene editing method. (4) Release is triggered at low pH through the 

dissociation of the metal-ligand bonds of ZIF-8, leading to the complete degradation of 

the NPs. (5) ZIF-8 NCs overcome multiple intracellular barriers including endosomes and 

the successful delivery of sgRNA and Cas9 into the cytoplasm facilitate their delivery into 

nucleus via receptor mediated active transport. (6) Good biocompatibility compared 

with BS NPs. (7) Unlike previously used protein delivery vehicles, their porosity can be 

tuned (φ up to 4.7 nm; pore volume up to 2.3 cm3 g−1) to entrap large cargos. (8) Their 

structure is highly flexible and can adapt to the shape of the hosted molecule.50-51  

The release mechanism of the Cas 9/sgRNA@ZIF-8 system is different from other 

protein delivery systems, such as Au NPs and DNA cages, it is associated with a complete 

dissolution of ZIF-8 at low pH. In the case of silica-based NCs, drugs are released through 

the pores, and degrade within months. On the other hand, the release of drugs from 

DNA cages is associated with the dissociation of the hydrogen bonds between their 

nucleotides. The unique release property of Cas 9/sgRNA @ZIF-8 makes it interesting as 

a potential pH-responsive protein NC.  All these features are also applied on low 

molecular weight cargos (drug). Among disscussed NCs,  ZIF-8 a promising and ideal 
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delivery system for drugs and proteins.  

The exceptional properties of nanoscale ZIF-8 coupled with their simple structure 

and encapsulating method make them promisiting tools for therapeutics delivery with 

future probability of clinical approval. In vivo studies should assess ZIF-8 biodistribution, 

immunogenecity, degradability and clearance, and possible side effects. Resulting in 

better understanding the behavior of these NCs.    
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