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Abstract 

The attractiveness and enhanced applications of nanoparticles (NPs) stem from 

their exceptional properties at the nanoscale size, i.e., 1-1000 nm, they may exhibit 

nano-specific toxicological concerns. Hence, the toxicological assessment of NPs and 

their interactions within biological systems are investigated and continuously evolving 

to ensure their safety at the nanoscale. 

This project explored the nanotoxicology potential of NPs fabricated from two 

polymers; PGA-co-PDL(PG), and PLGA (PL). NPs of different sizes and charges were 

successfully formulated; 200 nm (PL and PG; to explore chemistry effect), 500 nm and 

800 nm (PG only; to explore size effect), and with different charges; negatively- 

charged using PVA as emulsifier, and positively charged NPs using DOTAP as 

emulsifier (to explore surface charge effect) via emulsification-solvent evaporation 

methods.   

A stability and degradation studies were evaluated in different biological media. 

All NPs showed better stability in SFM than CM. PL NPs showed faster degradation 

with acidic pH changes, while PG NPs showed slower degradation with an alkaline pH 

slowly decreasing toward the neutrality by the end of 28 days. This denoted better 

suitability of PG NPs for lung delivery with lower acidic changes.  

A nanotoxicological screen evaluation by a variety of in vitro assays (viability 

by alamar blue assay, reactive oxygen species by H2DCFDA reagent and Deep Red 

ROS assay, mitochondrial membrane potential (ΔΨm) by JC-1 dye, cell membrane 

integrity by LDH Total and Release, cell death; apoptosis and necrosis, caspases 

activation, inflammatory potentials  (IL-8, IL-2, IL-4, IL-6, IL-10, IL-17a, TNF-α, INF-

ɣ), and genotoxicity potential by COMET alkaline gel electrophoresis assay) of all NPs 
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were investigated. The NPs showed cytotoxicity that was dependent on the 

physicochemical nature of the NPs where PG showed biocompatible cellular responses 

that can be compared to PL at low concentrations as similar or better. The size increase 

was associated with a limited uptake for the larger sized NPs resulting in lower 

cytotoxicity at low concentrations to smaller NPs, however, higher cytotoxicity was 

observed at high concentrations. In addition, negatively charged NPs were reported to 

be more cytotoxic than their positive counterparts that were correlated to the larger size 

of positive NPs after dispersion in media that was associated with limited uptake. 

The underlaying cytotoxicity mechanisms after these NPs exposure  

demonstrated involvement of ROS, lowering ΔΨm, release or decrease of LDH, 

apoptosis, caspases activation (Caspase 8 > caspases 3/7 > caspase 9), inflammatory 

potential (IL-8, IL-6, TNF-α, INF-ɣ), but no genotoxicity was detected. However, there 

were many challenges on the application of different assays that required optimization 

to improve the accuracy of the results and ensure the results measured were due to NPs 

interactions with the cells (to exclude NP interferences). These were addressed and 

validated.  

In addition, the integrity of the epithelial barrier was investigated in vitro using 

Calu-3 polarized tight monolayers grown under ALI to mimic in vivo epithelial lung 

exposure. The internalisation and uptake mechanisms were investigated under 4 oC, and 

37 oC temperatures with the use of a group of pharmacological inhibitors to cover a 

wide range of endocytic mechanisms after 1 hr exposure to NPs. A visual confirmation 

and subcellular trafficking for NPs were performed using confocal microscopy. All NPs 

didn’t show any impairment of tight junctions (TJs). All NPs sowed active endocytic 

uptake via caveolin, clathrin and macropinocytosis. Visual confirmation of 
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internalisation and co-localisation with lysosomes and mitochondria that confirmed the 

vesicular transport and possible therapeutic potentials to target subcellular targets. This 

indicated the potential therapeutic targeting of these NPs to subcellular targets such as 

lysosomes and mitochondria.  

Overall, these studies had explored the potential safe use of these polymeric NPs 

for lung delivery. PG showed better profile of slower degradation (can be used for 

sustained formulations), of less acidic changes (less risk of acidity and inflammatory 

stimulation), and biocompatible profile that can be explored for in vivo lung delivery. 

The different sizes of NPs have shown potential use for lung delivery where the small 

sized NPs can be used for targeting deep lung while the larger size can be aimed for 

vaccine targeting to allow macrophages uptake. 
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1. General Introduction 
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1.1. Pulmonary Route for Nanoparticle Drug Delivery:  

Respiratory diseases occupy four of the top ten conditions associated with 

global mortality; chronic obstructive pulmonary disease (COPD), lower respiratory 

tract infections, lung cancer, and Tuberculosis. Together they represent one sixth of 

global deaths and is expected to increase to one fifth in the next five years (1). Hence, 

the respiratory diseases have a huge health burden. Scientists are actively trying to 

tackle the respiratory problems with novel formulation approaches to intensify local 

and systemic drug delivery purposes based on its immense health implication. Nano-

enabled pulmonary drug delivery is a very active area of research with successful 

translation to pharmaceutical and clinical uses overcoming both pharmaceutical and 

clinical challenges. Although the attractiveness and enhanced applications of these 

nanoparticles (NPs) stem from their exceptional properties at the nanoscale size, i.e., 1-

1000 nm, they exhibit completely different physicochemical profiles and, subsequently, 

toxicological profiles from their parent bulk materials. Hence, the toxicological 

assessment and the clinical evaluation of NPs interactions within biological systems are 

continuously evolving to ensure their safety at the nanoscale. 

1.1.1. Pulmonary System Structure and Functions: 

The respiratory system is a complex vital organ that has two structurally 

different regions; conducting (upper) and respiratory (lower) part (Figure. 1.1. A) (2, 

3). The conducting airways start from the mouth/nose, followed by the trachea and 

extending to approximately 17 generations, based on the Weibel’s lung model (4), until 

reaching the respiratory bronchioles with progressive narrowing in length and diameter 

(5). The lining epithelium is pseudo-stratified ciliated with tight junctions, with 

abundant mucous glands, which secret mucous that is responsible for the air filtration, 

humidity, and acts with the motile cilia to provide mucociliary clearance/escalator 
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(MCC) (Figure. 1.1. B). The epithelial thickness is approximately 60 µm and  lined 

with a thick mucus layer with a cover layer of a lung surfactant (6). Diseases affecting 

the conducting airways, i.e., asthma, CF, COPD, impair the respiratory functions by 

developing pulmonary hypertension and aggravating the bronchoconstriction and 

congruently, impairing the conventional treatments. Hence, improving the efficiency of 

NPs drug delivery to the lungs and/or the drug absorption by NPs. The respiratory 

airways are distal to the terminal bronchioles consisting of the respiratory bronchioles 

and alveolar ducts ending in alveolar sacs (18-25 generations). 

 

Figure. 1.1. Lung structure and epithelial differences: (A) Respiratory system structure, 

(B) Conducting region epithelium, and (C) Respiratory region and air-blood barrier 

(Reprinted with permission (35)). 

The alveolar lining consists of two main cell types (Figure. 1.1. C): Alveolar 

type I, which is the main cell type, involved in the alveolar air-blood barrier, and the 

alveolar cell type II, which is responsible for secreting lung surfactant. It has a plethora 

of immune cells rich in macrophages that are responsible for clearance and eliminating 
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particles (7).  The lining epithelium is very thin, 0.1-0.2 µm, with a fluid lining thickness 

of 70 nm. The alveolar epithelium has tight and gap junctions and shows high 

permeability. Diseases affecting the respiratory region are very common debilitating 

conditions, such as infections, tuberculosis, emphysema, lung fibrosis, lung cancer, 

acute distress and pulmonary oedema. 

1.1.2. Rational, Advantages, and Limitations of Drug Delivery via the Lungs:  

Pulmonary route for drug delivery offers many advantages over other routes of 

drug administrations but has its own limitations (summarized in Table. 1.1). The 

pulmonary system is an attractive route for local drug delivery due to its unique 

structural features that can permit minimal off-target systemic interactions and less side 

effects. This can be of a great importance to target agents which have high systemic 

toxicity to be limited to local lung targets e.g. lung cancer and chemotherapeutics (7).  

Pulmonary drug delivery offers many advantages to improve patient 

compliance, and quality of life in the management and / or treatment of lung cancer, 

asthma, COPD, infections and other lung chronic conditions. Direct lung administration 

enhances the therapeutic efficiency, with higher local concentrations achieved with 

lower doses, frequency and is non-invasive (8). The large surface area of the respiratory 

epithelium (up to ~140 m2 in adults), its dense vasculature, and ultra-thin respiratory 

air barrier (compared to the thick enteric epithelial barrier, ~25 µm) offers fast systemic 

delivery as an alternative route to IV in case of targeting systemic drugs via the lungs. 

The lungs are in continuous exposure to the fast heart-lung circulation (~5 L/minute), 

bypassing the hepatic metabolism with a limited proteolytic capacity (better option for 

systemic delivery of aerosolized macromolecules, such as proteins/peptides, and gene 

therapy) achieving almost near or equal IV bioavailability (9).  
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Notwithstanding these considerable advantages of inhalation, deposition of the 

drug is rapidly cleared by MCC and MC, limiting its effective residence time and 

concentrations. The difficulty in achieving drug deposition deep into the lungs is due to 

the physical branching and narrowing with off-target binding limiting its efficiency. 

Drug particle damage during the aerosolization process carries another challenge for 

successful lung delivery. Hence, NPs offer great promises to improve the lung drug 

delivery, including polymeric NPs. These NPs are composed from biodegradable and 

biocompatible materials and offer better control of physicochemical characteristic such 

as size, shape, charge. Furthermore, they can be tailored to improve the 

pharmacokinetics and the aqueous solubility of hydrophobic drugs, enhance 

stabilizations or protection of the active agent against enzymatic degradation, and offer 

the feasibility of functionalization and surface coating with targeting moieties (10). 



6 

Table. 1.1. Advantages and limitations of the pulmonary route for drug delivery, and strategies to overcome these limitations (11). 

Advantages pulmonary delivery Limitations of pulmonary route Strategies to overcome the limitations 

• Wide surface area of the respiratory part; ~ 

140 m2, compared with the conducting airway; 

merely 2-3 m2, allows for greater contact 

surface area for drug action (12) offering high 

bioavailability and fast action. 

•   The pulmonary airways undergo 

progressive narrowing that traps 

particles away from the deep alveoli 

(13). 

•  Nanomedicine strives to design NPs with 

tuneable NP size that can target either upper 

airways with large sized particles or the lower 

airways with small sized particles (14).  

 

• Epithelial thickness reduced to submicron 

(0.2 µm) from approximately 60 µm in the 

conducting areas, accompanied with thinning 

of lining fluid layer (from 8 µm to 70 nm) (5).   

•   The internal humidity affects the 

hygroscopic particles favouring their 

size increase, impaction away from the 

respiratory areas, and early clearance. 

•  The internal humidity is being employed to 

overcome the NPs aerosols impaction in the 

upper airways using small size NPs that grow in 

size by hygroscopicity to be inhaled then trapped 

in the lower airways (15) (16). 

• Respiratory epithelium is densely 

vascularised (5 L/min) with fast drug 

distribution and circulation (17). Highly 

permeable to small hydrophilic molecules, 

water and macromolecules and dependent on 

physicochemical properties, for example, 

lipophilicity, size, molecular weight (inversely 

affecting the absorption), etc. 

•   The lining epithelium very tight and 

is especially thick in conducting region 

with very thick mucus layer and lung 

surfactants, representing a challenge 

for the inhaled particles to penetrate 

(9).  

• Tuning the physicochemical NPs properties to 

enhance drug permeability: various absorption, 

mucoadhesive and mucopenetrating 

functionalization, tight junction modulators and 

permeation enhancers are employed to overcome 

the mucous layers, tight junctions and epithelial 

barrier.  

• The use of cationic particles that increase the 

NP-epithelial interaction (14). 
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Continued. Table. 1.1. Advantages and limitations of the pulmonary route for drug delivery, and strategies to overcome these limitations (11). 

Advantages pulmonary delivery Limitations of pulmonary route Strategies to overcome the limitations 

• Non-invasive, with lower dose and dose 

fraction compared to other routes of 

administration, improving the patient 

compliance and decrease the potential side 

effects (18). 

•   The effective MCC eliminates 

inhaled particles representing a 

challenge (19). 

•   NP engineering to design the size very small 

to escape upper airway impaction. 

•   The use of mucous penetrating, absorption 

enhancers (20) 

•   Coating with hydrophilic polymers, e.g., PEG, 

or lung surfactants (21). 

•   Hygroscopic particles (16). 

•  High pulmonary bioavailability stems from 

the epithelial properties and no hepatic first 

pass metabolism, with limited local 

metabolism allowing efficient drug delivery.  

•  The macrophages clearance (MC) 

phagocytising inhaled particles (22). 

•   To overcome the phagocytic clearances, 

various mechanisms can be employed such as 

optimal size above or below the phagocytic 

capacity; large porous particles, hollow 

particles or trojan particles, swellable or 

hygroscopic particles, shielding the NPs with 

PEG or other shielding polymers (16, 23).  

•   That could be stimulated to induce the 

immune response and for the vaccination (24-

27) 

•    Pulmonary drug administration proved 

successful in delivering local treatments for 

respiratory problems as asthma, COPD, lung 

cancer and lung infections etc. as well as 

systemic diseases through delivery of  

• Pulmonary system is affected by 

many diseases that decrease the 

airflow limiting the efficiency of 

the aerosol delivery to deep lung 

(28). 

• Different aerosol delivery devices that can be 

used to adjust the rate of flow and deposition 

with the lung conditions 

• Fabrication of NPs from safe biodegradable 

and biocompatible materials with surface  
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Continued. Table. 1.1. Advantages and limitations of the pulmonary route for drug delivery, and strategies to overcome these limitations (11) 

Advantages pulmonary delivery Limitations of pulmonary route Strategies to overcome the limitations 

delivery of therapeutic molecules as 

protein/peptide or gene delivery, hormonal 

therapy or vaccines (19). 

• Potential NP toxicity and 

Inflammation (11).  

functionalization to enhance drug delivery 

efficacy (8). 

• Full NPs characterizations and 

nanotoxicological: NPs carefully investigated 

to be biocompatible and biodegradable to 

exclude any adverse effects from toxicity or 

inflammatory effects (29, 30) 
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1.2. Nanoparticles as Promising Drug Delivery Vehicles: 

NPs are fuelling the development of a novel class of medicines retaining 

engineered NPs for various theranostic applications such as analytical nano-devices, 

novel nanotherapeutics, drug delivery and targeting nanocarriers, tissue engineering, 

clinical and toxicological applications. All these applications are under the umbrella of 

Nanomedicine.  

Due to their nanosize, NPs can easily penetrate the cellular barriers and migrate 

to the site of action and cross-different types of biological barriers (31, 32). In addition, 

NPs can enhance pharmaceutical properties such as drug stability, dissolution rate, and 

bioavailability; especially important for poorly soluble and hydrophobic drugs (33). 

NPs have versatile capacities to encapsulate different types of molecules; not only 

drugs, but also macromolecules (34-36), biopharmaceuticals (37, 38), nucleic acids and 

gene therapeutics (39-42). They efficiently allow for multidrug or combinational 

therapy targeting (43-46) achieving synergistic, or multi-targeting, or theranostic 

applications. Functionalized NPs can deliver the active substance intracellularly (47). 

Furthermore, NPs could be modulated with mechanisms to target only the diseased 

tissue or cells, either passively, through the enhanced permeability and retention effect 

(EPR) (increased local blood supply tends to pool the NPs as in case of tumour sites), 

or actively, through targeting molecules like antibodies (here the tumour cells 

selectively intake the NPs) (48, 49). In addition, NPs can be equipped with mechanisms 

to allow the control of drug release, i.e., sustained or slow release, pulsatile or stimuli-

responsive release (50-52). The release profile from these carriers can be tuned by 

enhancing their physicochemical properties (32). These mechanisms would boost the 

drug bioavailability at the site of action, bypassing the hepatic metabolism, lowering 

the off-target systemic side-effects and improving the therapeutic efficacy, patient 
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compliance, and health outcomes. NPs delivered systemically showed better circulatory 

distribution profiles and less aggregation compared to microparticles (51, 53, 54).  

Recently, biodegradable polymers appeared very attractive for pharmaceutical 

applications, fuelling the development of drug delivery systems due to their 

biocompatibility, biodegradability, diversity and versatility of physicochemical 

properties, and ease of fabrication and functionalization (10, 55-58). Although 

nanomedicines enhance the drug efficacy and reduce toxicity, potential risks and unique 

challenges may occur due to the exceptional properties of their engineered 

nanomaterials. This has led to the development of a new branch of science, known as 

Nanotoxicology, to understand, determine, and regulate the main factors underlying the 

toxicological concerns of nanomaterials (32, 59, 60).  

1.2.1. Biodegradable Polymers for Nanoparticles Fabrication: 

Biodegradable polymers are fuelling the advances in NP drug delivery and other 

biomedical applications (Figure. 1.2), i.e., tissue engineering, development of drug 

delivery devices, gene therapy, overcoming biocompatibility, invasive application and 

removal processes (61, 62).   

There is a continuous evolution to tailor polymeric materials to suit a variety of 

target applications, delivery approaches, and various tissues, and to develop new 

polymers to conquer the current and emerging pharmaceutical and clinical challenges.   

The ideal biodegradable polymers should achieve a wide range of criteria (62-64):  

• They are easy to synthetize and purify, and can be scaled-up,  

• They are versatile or flexible to be used by different fabrication methods,  

• They have long-shelf life,  
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• Their biodegradation time and behaviour should suit the required application, the 

resultant products should be easily eliminated and non-toxic to the body,  

• They are flexible; easily functionalized to suit different applications 

• They are versatile to load a variety of drugs; hydrophilic, hydrophobic, 

macromolecules and genes,  

• They are biocompatible; however the biocompatibility is not an inherent 

property but depends on the nature of the biological environment at the target 

site, and the physicochemical properties of the fabricated device such as polymer 

chemistry; chain and monomeric structure, crystallinity, MW, solubility, size, 

shape, surface area, impurities and any adjuvants used, degradation process.   

 

Figure. 1.2. Biodegradable polymers for drug delivery purposes (64). 
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Natural biodegradable polymers mostly undergo enzymatic degradation that 

will vary according to the site of application and its abundance of enzymes. They have 

some disadvantages such as a costly process of production and purification, their 

inherent bioactivity and immunogenicity (63, 64). Synthetic biodegradable polymers 

are widely used for fabrication of NPs due to many advantages they offer. The synthetic 

polymers can be easily synthesized with high purity (61). They are very versatile in 

nature that allows for modification of their physicochemical properties that permit a 

variety of pre- or post-synthetic alterations. Their biodegradability and general 

biocompatibility render them safe for use in many applications. The degradation profile 

can be easily tuned with subsequent easy elimination of the degraded products (61).  

Poly α-esters are a wide group of synthetic polymers that are commonly used in 

various biomedical application for NPs formulations, for example, poly (Lactic-co-

glycolic acid) (PLGA), poly (Lactic acid) (PLA), poly (glycolide), PGA (Figure. 1.3). 

They are synthetized via ring-opening condensation polymerization and possess a 

hydrolytic labile ester linkage that causes them to undergo bulk erosion (63, 65).  

PGA is one of the earliest polymers to be investigated as biodegradable suture 

(DEXON VR), tissue scaffolds, and bone screws due to its high tensile strength (Figure. 

1.3). PGA has fast degradation and insolubility in common solvents 

(dichloromethane, acetone, chloroform, tetrahydrofuran) made it difficult to be used for 

drug delivery devices and NPs formulations.  PGA degrades by hydrolytic degradation 

to glycine and glycolic acid that can be excreted through the kidneys or further oxidized 

in Krebs cycle to water and carbon dioxide and eliminated via the lungs. However, PGA 

degradation with accumulation of glycolic acid at the site of action has resulted in 

increased local acidity and induction of undesirable inflammatory response, limiting its 

use (64, 66).  

https://en.wikipedia.org/wiki/Dichloromethane
https://en.wikipedia.org/wiki/Acetone
https://en.wikipedia.org/wiki/Chloroform
https://en.wikipedia.org/wiki/Tetrahydrofuran
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PLA is produced from polymerization of lactic acid that can be naturally derived 

from starch and sugarcane (Figure. 1.3). It is found in three isoforms either poly L-

lactide, (PLLA), poly D-lactide (PDLA) or a mixture of both (PDLLA) due to its 

chirality. PLA are very hydrophobic (limited cell adhesion) due to the free methyl 

groups and degrade slower over time compared to PGA. PLA degradation time depends 

on the MW and the racemic form, with longer chains of high MW are very slow 

degrading (can take up to few years). Co-blending PLA with other polymers such as 

PGA (PLGA), PEG, caprolactone, and shortening its polymer structure lowered its 

crystallinity, increased their degradation time and improved its hydrophobicity. PLA 

has been used for systemic NPs or microparticles (MPs) and topical drug delivery (64).  

PLGA (Figure. 1.3) is a co-polyester polymer that is formed from ring-opening 

polycondensation of the both; PGA and PLA to improve upon their characters (67). It 

has versatile abilities to tune its MW (4-240 KDa, by controlling the polymeric chain 

length), degradation rate (slow to fast degrading) and hydrophobicity, crystallinity 

(amorphous to crystalline) by controlling the polymerization conditions and monomeric 

ratios. PLGA degradation can be altered by changing the monomeric ratio of its two 

polymers, for example PLGA 75:25 ratio (75% lactic acid to 25% glycolic acid) shows 

very slow degradation compared to PLGA 50:50 that shows the fastest degradation with 

the fastest drug release and hence very appealing for NPs drug formulations. The 

hydrophobicity is due to the methyl groups of lactide residues. PLGA has a Tg and low 

Tm in the range of 40-60 o C, hence in physiological temperature it retains its rigid chain 

structure (56, 64, 68).  

PLGA is soluble in a wide range of solvents either chlorinated (for more lactide 

content) or fluorinated (more glycolide content) solvents. PLGA undergoes hydrolysis 

of its ester linkages and the rate is dependent on its monomeric ratio, the higher the 
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lactides the slower the degradation rate. The terminal end of the polymer can be either 

free carboxylic acid or ester capped that is slower degrading than the former. PLGA can 

be functionalized covalently and non-covalently with other polymers to produce a wide 

range of matrices to assist in stealth effects, controlled release or stimuli-responsive, 

and targeting. This versatile nature of PLGA has made it a very attractive candidate for 

many biomedical applications as biodegradable sutures, implants and prosthetic 

devices, tissue engineering, and very recently formulating many NPs, microparticles 

(MP), other drug carriers and successful loading of different drugs and macromolecules 

that many of them have been approved by the FDA for clinical use (68-70).  

 

Figure. 1.3. PGA, PLA, and PLGA structure; x: units of lactic acid and y: units of 

glycolic acid. 

Upon PLGA degradation, original monomers (lactate and glycolate) are among 

the common by-products of many cellular metabolic reactions. D-lactides are excreted 

without further metabolism through the kidneys, while L-lactide are further 

metabolized to pyruvate that enters Krebs cycle. Glycolate can be excreted directly via 

the kidneys or further oxidized to either glyoxylates, glycine, serine or pyruvate. These 

monomers will be oxidized by Krebs cycle to CO2 and water that will be easily 
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eliminated via the lungs and the kidneys hence minimal toxicity (71). The main 

drawbacks of PLGA as a polymer in fabricating NPs are the bulk hydrolytic 

degradation, accumulation of acidic monomers causing a reduction of local pH at the 

site of drug action. This affects the stability of pH-sensitive drugs and the long 

degradation with repeated doses and local acidity promoting an inflammatory response 

(68). 

Thus, novel materials are under development to improve upon the 

physicochemical properties of PLGA. Poly (glycerol adipate-co-ω-pentadecalactone) 

(PGA-co-PDL) is such a new polymer that has been developed and characterized in-

house in LJMU laboratory and under intensive investigations for drug delivery 

purposes. PGA-co-PDL is enzymatically prepared from equimolar quantities of three 

monomers namely (Figure. 1.4); glycerol, divinyl adipate, and ω-pentadecalactone  that 

are catalysed via the lipase from Candida antarctica through a ring opening 

polycondensation reaction (72).This polymerization reaction condenses the primary 

hydroxyl groups of the glycerol and spares the secondary hydroxyl group that is 

functional for possible covalent or hydrogen bonding with a drug molecule and 

increases slightly its hydrophilicity. This reaction can be altered with different ratios 

and mixture of different chemical monomers allowing of versatile nature of the 

produced polymer (73). 

PGA-co-PDL can undergo hydrolytic degradation releasing its monomers 

including adipic acid that are less acidic than glycolic and lactic acids. It has 

successfully been formulated into NPs, MPs, and drug conjugates for lung delivery with 

good aerosolization performance and deep lung delivery (34, 72, 74-78). It has 

successfully encapsulated many small drugs and macromolecules, i.e., ibuprofen, 

dexamethasone phosphate, bovine serum albumin, pneumococcal protein, gene 
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delivery, and vaccine; showing very promising results for treating lung diseases and 

vaccine delivery (23, 25, 34, 38, 74, 77, 79-81).  

 

Figure. 1.4. Chemical synthesis and structure of PGA-co-PDL. 

1.2.2. Methods of Polymeric Nanoparticle Formulations: 

The polymeric NPs can be formulated by various methods that can be tailored 

for the desired drug encapsulation or adsorption e.g. emulsification solvent-evaporation 

methods; single or double emulsions, solvent displacement, coacervation, and salting 

out. Emulsification solvent evaporation are the most employed method for preparing 

polymeric NPs. Figure. 1.5. represents a schematic diagram of the emulsification 

solvent evaporation methods; single or double. These methods emulsify the polymer 

dissolved in a suitable organic phase (immiscible with water) into aqueous phase 

(containing a suitable surfactants) under high sheering stress (to reduce the droplet size) 

then followed by a solvent removal process i.e. evaporation (82).  
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Single emulsion (SE) method (oil in water or O/W); the oil/organic phase 

containing the polymer (with or without the drug) is solubilized into an organic volatile 

solvent e.g. dichloromethane, chloroform, or ethyl acetate. Then, it is emulsified into 

an aqueous phase; water that contains a suitable emulsifier, under either sonication or 

homogenization shearing stress. The emulsion will subsequently be subjected to the 

removal of the solvent by the evaporation process during a continuous stirring process 

resulting in hardening of the NPs outer shell and encapsulating the drug within. NPs are 

then isolated by a centrifugation-wash processes (to remove any excess surfactants) and 

subsequent characterization of NP size, zeta potential, and shape. This method can be 

used to encapsulate hydrophobic/oil soluble drugs. However, SE method can’t be used 

for hydrophilic drugs (drug leakage), poor entrapment and difficult to scale-up (83, 84).  

Double emulsion (DE) method (water in oil in water or W/O/W); This 

method can be used to encapsulate both hydrophilic drugs such as proteins and 

hydrophobic drugs. It allows production of larger size NPs. The drug is dissolved in 

aqueous phase and then added to the polymer dissolved in organic phase to form the 

primary emulsion (W/O). This is then followed by addition to another aqueous phase 

(with a surfactant) using two steps of sheering stress prior solvent removal process and 

NPs isolation. The main disadvantages are the larger NPs size with polydispersity, 

requiring two steps homogenization, the leakage of hydrophilic drugs in the aqueous 

phase, and difficult to scale-up (83, 84).  

SE and DE allow tuning NP size by altering the parameters: the volume of 

aqueous phase, emulsifier concentrations, organic solvent type and concentration, 

power of sonication and homogenization, polymer mass, stirring rate, and temperature 

(85). However, the main drawbacks in addition to those mentioned above are the 

agglomeration of the NPs after the ultracentrifugation, batch to batch variability, 
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polydispersity of the produced NPs, unsuitable for some solvent-sensitive molecules 

(38, 84). 

  

Figure. 1.5. Schematic diagram of SE and DE methods of NP fabrication. 

1.3. Aerosol Drug Delivery of Nanoparticles to the lungs: 

There is burgeoning interest in NP drug delivery to the lungs via aerosols. NP 

aerosols can localize the drug topically in the lungs with enhanced pharmacokinetic 

properties in terms of retention and direct local action in the treatment and management 

of lung diseases, compared to other routes of administration. This limits the systemic 

off-target side effects. Moreover, lung delivery can be used as a systemic portal for drug 

delivery with better patient compliance and enhanced therapeutic efficiency (32, 86, 

87). The USFDA has approved a liposomal (ARIKAYCE®) amikacin suspension for 

the treatment of Mycobacterium avium complex (MAC) lung disease via nebulization 

as the first NP based-drug aerosol delivery (88). A list of aerosolized nanomedicines 
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approved for lung delivery or in the preclinical/clinical trial stages is provided in Table. 

1.2. 

Polymeric NPs show progressively improved profiles that can be better 

alternatives for inhalation delivery. Polymeric NPs can be formulated into dry powders 

and pMDIs with the possibility for self-administration and better patient compliance. 

Polymeric NPs can be easily co-blended with various molecules and other materials 

generating immense potentials, e.g., polymeric lipid hybrids (8, 43, 89, 90).  
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Table. 1.2. Examples of aerosolized nanomedicines to target the lung or systemic targets.  

Active drug/molecule NP carrier Indication/disease Type of study 

Quercetin PLGA NP coated with 

magnetic (Fe3O4) NPs 

Lung cancer In vitro using A549 lung cancer model, and in vivo mice studies 

(152) 

Amodiaquine PLGA NP functionalized 

with PEI 

NSCLC In vitro lung study using 2D; H4006, H358, H2122, H460 and 

H157 NSCLC cell lines and A549 spheroids (91) 

Rifampicin, isoniazid, 

pyrazinamide 

PLGA NPs coated with 

PEG and chitosan 

TB In vitro bacterial sensitivity assay using M.tb H37Rv, and in vivo 

C57Bl/6 female mice (92). 

Quinacrine 

 

PLGA NPs Lung cancer In vitro study using A549 cell lines (93) 

Ciprofloxacin PLGA NPs Pseudomonas 

aeruginosa and CF 

In vitro study using Calu-3 cells and CF bronchial epithelial cells 

(CFBE41o−)  

Tobramycin PLGA NPs coated with 

PEG 

Lung infections 

and CF 

In vitro using A549 cell lines and against P. aeruginosa and B. 

cepacia biofilms (94). 

2-methoxyestradiol PLGA coated with 

chitosan NPMPs 

Lung cancer In vivo rat lung model (95). 

docetaxel PLGA NPs functionalized 

with Poloxamer (PLX-

188) 

Lung cancer In vitro A549 cell line and in vivo using rat cancer lung model 

(96). 
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Continued. Table. 1.2. Examples of aerosolized nanomedicines to target the lung or systemic targets.  

Active drug/molecule NP carrier Indication/disease Type of study 

Gene delivery: siRNA 

Knockout  

PLGA NPs 

functionalized with 

DOTAP and further 

made into NPMPs 

Lung cancer In vitro using H1299 stably expressing EGFP (97). 

Sorafenib PLGA NPs Lung cancer In vitro lung cancer:A549, H4006, H460, H358, H157; and 

human embryonic kidney cells HEK 293 (98) . 

Resveratrol complexed with 
sulfobutylether-β-cyclodextrin  

PLGA NPs Lung cancer In vitro A549, H358, H460, H4006, H157; and human 

embryonic kidney cells HEK-293 (99).  

Afatinib PLGA NPs Lung cancer In vitro using A549, H460, 3D tumour spheroid (100). 

Human IgG (as a model 

antibody) 

PLGA NPMPs Vaccine delivery In vitro sustained release study (101). 

Gene delivery: cmRNA hCFTR PLGA NPs coated 

with chitosan 

CF In vitro study using CFBE41o− and 16HBE14o- cells, ex-vivo 

using human whole blood assay, and in vivo using CFTR 

deficient mice models (102). 

Bovine serum albumin as a 

model protein 

PGA-co-PDL NPMPs Vaccine delivery In vitro using A549 and dendritic cell lines (103, 104) 

Resveratrol  PGA-co-PDL NPMPs Lung cancer In vitro using Calu-3 cell lines (105). 
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Continued. Table. 1.2. Examples of aerosolized nanomedicines to target the lung or systemic targets.  

Active drug/molecule NP carrier Indication/disease Type of study 

Gene Targeting: miRNA 

(reduce gene IRAK1 

expression) 

PGA-co-PDL coated 

with DOTAP NPs 

COPD In vitro using A549 cell model (79). 

Pneumococcal surface protein 

A (PspA) 

PGA-co-PDLNPMP Pneumococcal 

vaccine 

In vitro using dendritic cell lines and in vivo mouse assay (25, 

106) 

Paclitaxel Polymeric lipid 

hybrid: PEG5000-

DSPE micelles 

Lung cancer In vivo using Sprague–Dawley rats study (107)  

Insulin Chitosan NPMPs 

Insulin-loaded lipid 

into chitosan NPMPs 

Diabetes In vitro (108-110) using Calu-3 and A549 lung cell lines and in 

vivo using rat model (111). 

Gene delivery: Akt1 siRNA PEI NP Lung Cancer  In vivo study using  K-ras (LA1) mice as lung cancer model 

(112).  

Doxorubicin poly (isobutyl 

cyanoacrylate) 

(BIPCA) NPs  

Lung cancer In vitro study using H460 lung cancer cells and (MH-S) alveolar 

macrophage (114).   

Doxorubicin PEGylated PAMAM 

dendrimers NPs 

Lung cancer In vitro A549 lung model (115). 

Gene delivery: tumour 

suppressor gene on Akt on a 

recombinant plasmid DNA 

Glycosylated PEI NPs Lung cancer  In vivo using K-ras null mice lung cancer model (116). 
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1.3.1. Nanoparticle Aerosol Generation and Deposition into the Lungs:  

Inhalation drug delivery is attained via respirable-sized aerosol particles. The 

aerosol is described as suspended solid or liquid particles stabilized in a gaseous phase 

(117). There are three widely recognised aerosols-generating devices: Nebulizers (118, 

119), metered dose inhalers (MDI) (117), dry powder inhalers (DPI) (120, 121).  

The aerosols are described by their aerodynamic diameter (AD) which is the 

diameter of a unit density sphere having the same settling velocity in the air to the 

particle of interest (122). The aerosols that have an inhalable size are of an AD smaller 

than 10 µm and classified as coarse particles (> 2 µm), fine particle fraction (0.1-2 µm), 

and ultrafine particle fraction (< 0.1 µm). The AD range of the pharmaceutical aerosols 

is between 1-5 µm (123). A major limitation for NPs lung deposition as a dry powder 

is their AD is smaller than the optimal size for aerosol deposition; 1-5 µm and they have 

low mass (124). Consequently, the delivery of NPs as a single/monodisperse NP aerosol 

to the lungs is almost impossible as they are removed from the lungs upon expiration. 

Hence, many formulations and delivery strategies have been proposed to overcome this 

limitation, including formulating NPs in a bigger microparticle carrier , delivering NPs 

aggregates either pure or with excipient carriers such as lactose or L-leucine, or freeze-

dried or  pre-spray dried in large porous or hollow carriers in DPI, or delivering the NPs 

as micron-sized agglomerates using nebulization/pMDI that achieves a temporary 

increase in their AD favouring their lung deposition (Oswald ripening) (80, 125-127). 

Recently, effervescent particles technology that involve spray-drying into effervescent 

excipients have shown better aerosolization and faster release of NPs upon dissolution 

in aqueous media (128-130). NPs drug delivery via DPI is claimed to be superior than 

nebulization/pMDI in being more controlled and stable spherical particles, enhanced 

loading, and aerosolization performance (17, 57). The physicochemical properties of 
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aerosol NPs represent an active multi-disciplinary research to develop particles that are 

non-toxic, have efficient loading and target-delivery vehicle, stable, safe and fit for 

purpose, and good aerosolisation performance (131).  

NPs aerosol deposition into the lungs is a multifactorial dependent process and 

primarily depends on the physicochemical properties of NP aerosol (Table. 1.3.), the 

aerosol generating device; carrier medium; air (Nebulizers, DPI), or a propellant 

(Table.1.4), and lastly the underlying lung condition factors (19, 132, 133). The 

deposition of inhaled particles into pulmonary targets is known to be through the 

following mechanisms either: impaction, gravitational settling, interception, and 

Brownian diffusion (Figure. 1.6). Charged particles are exposed to another force 

depositing them into the airways known as electrostatic precipitation (10, 19).  

 

Figure. 1.6. Mechanisms of NPs deposition in the airways (Reprinted with permission 

(3)). NPs size and other physicochemical properties determine NP deposition: NP with 

AD >5 μm deposits in the conducting airways via impaction (NPs deposited at sites of 

air flow directional changes); NPs with AD = 1 - 5 μm deposit in the bronchoalveolar 

regions via sedimentation; NPs AD <1 μm persist air suspended (can be exhaled) and 

deposit via Brownian diffusion; interception for fibre NP; and electrostatic interaction 

for charged NPs (19, 132, 133). 



25 

Table. 1.3. NP physicochemical Factors affecting the NPs aerosol deposition in the lungs (8, 11). 

NP physicochemical  

factors NP deposition                                             Effect on lung deposition 

Size 

• 5-10 µm AD aerosols impact in the upper airways and prone to MCC 

• 1-5 µm aerosols sediment in the deeper airways and prone to MCC and MC mechanisms 

• Below 1 µm aerosols undergo diffusion in the deepest airways 

• Less phagocytic uptake, < 0.5 µm are not recognized by macrophages 

• Cohesive/adhesive agglomerates that are difficult to be dispersed 

Shape 

• Spherical particles are commonly employed as easier fabrication methods. 

• High aspect ratio/ fibre-like NPs deposited by interception. This was adapted from pathological example of 

asbestos. 

Charge 

• Cationic coated NPs are deposited by the electrostatic interception. 

• Longer residence or membrane bound time 

• Corona formation 

Density 
• NPs deposition in the deepest regions is inversely relate to the particle density. 

• Hollow particle with lower density and larger size is better deposited than small dense solid particles 

Chemistry 

• Hydrophobicity of NP increases drug absorption but strong hydrophobic NPs will increase the retention time. 

• Small molecular weight (MW) hydrophilic particles will be absorbed faster than the larger molecules. 

• High MW particles are less epithelial permeable in the alveolar epithelium 

Solubility 

• The readily soluble particles will be less prone to clearance than insoluble particles that will be trapped either 

by the MCC or MC. 

• Poor soluble particles with size over 6 μm are cleared faster with majority of deposited particles cleared within 

24 hrs post deposition. 
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Table. 1.4. Aerosol generating device factors affecting the NPs aerosol deposition in the lungs (19).   

Device factors                                    Effect on lung deposition 

Nebulizers 

• Commonly used device in hospital settings, newer nebulizers also used by patients in community setting 

• FPF ranging from 60-80% 

• Deliver mixes of drugs in one shot 

• Effective in lower inspiratory flow 6-8 L/min 

• ~ 10 % dose is deposited, various patient training techniques as to breathe deeply and breath-holding can increase 

the deposition to 17% 

• Main concerns are the negative effect on the formulation structure integrity, the carrier or the drug or 

macromolecules that may be damaged due to the nebulization forces. New generations of nebulizers such as 

vibrating mesh technologies, that deliver more uniform particles increasing the deep lung deposition and maintain 

the formulation integrity are being developed and used. Further details can be found in (18). 

 

MDI 

 

• Common portable device and used by COPD, asthma patients. 

• ~ 20% of the dose deposited with minimal inspiratory flow rate is necessary ~ 20 L/min. 

• The formulation integrity is achieved with producing inhalable aerosols and using a propellant. 

• The main issue that might render the treatment unsuccessful in some patients is the lack of coordination. 

• Not suitable for delivery of high doses, biologicals and long-term storage due to loss of stability or degradation. 

• New MDI have been developed allowing less patient effort to actuate, such as Autohaler® and Easybreath®; with 

enhanced lung deposition and less inspiratory volumes required (18). 

DPI 

• DPIs have superior advantages over the other devices based on more stable powder formulation 

• DPIs are breath-actuated removing the actuation/coordination 

• DPIs have similar deposition rate to the MDIs. 

• Size, inspiratory flow, humidity and temperature influence the DPI aerosol performance 

• An inspiratory flow rate of at least 30 l/min is necessary for aerosol generation. 

• Difficult use in debilitating conditions, elderly, and children associated with low inspiratory force 
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Challenges for NP aerosolization: NP aerosol deposition is not a straightforward 

process and needs extensive optimization of the formulation. NP pharmaceutical 

formulation and therapeutic performance must be worthwhile. Translation from 

benchtop to the clinics is faced with issues, such as, the dose- and dosage-form defining 

problems (134), the shelf-life, the scalability, the ease and safe of the use, and the cost 

(57, 135). 

1.4. Inhaled Nanoparticle Pharmacokinetics and Toxicity: 

Once deposited, polymeric NPs interact with a group of biological barriers 

starting from the surfactant layer, mucous, epithelial cells, vascular endothelium, and 

interacting with different molecular and cellular structures in the biological 

environments prior to exerting a drug response (7).  

For successful pulmonary delivery, NPs must be absorbed and transported to 

their targets faster than the rate of their clearance and degradation (19). Upon contact 

of NPs with the fluid environment of the barrier site, a layer of proteins and other 

molecules of that fluid medium will adhere to the NPs giving a new identity to the NPs 

that can influence its safety and efficacy of the treatment (136). This may lead to NPs 

aggregates and more prone to phagocytic uptake, or the physicochemical properties 

may change implicating variations in their kinetic behaviour limiting their effect and/or 

intensifying their toxicity (137-140). A stealth/shielding technique for NPs are currently 

designed to limit the effect of protein corona (141).  After traversing the lung surfactant 

and mucous layers, NPs will be internalized by the lung epithelium where they can be 

transported mainly via the transcytosis pathways (142). Locally delivered NPs are 

designed to have longer lung retention (3), which can elicit local NPs toxicity as well 

as the possibility of NPs escape through the thin alveolar epithelium to systemic 

circulation producing off-target side effects (11, 143) (Figure. 1.7).  
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Figure. 1.7. Pharmacokinetics of inhaled NPs and their potential toxicity (Reprinted 

with permission (11)). 

Systemically targeted NPs delivered via inhalation traverse the air-blood barrier 

to be delivered to the systemic targets by EPR effect or actively targeted by ‘homing’ 

antibodies (143, 144).  

NP metabolism and clearance have shown many variations. With the use of lung 

delivery for both systemic and local delivery, the low metabolizing activity will 

increase the pulmonary retention of NPs and prolong their action (13). This could be 

advantageous, where the lung acts as a stable reservoir for NPs sustained delivery and 

clearance. However, the full lung metabolizing capacity is not fully understood with 

little information known about any enzyme induction or inhibition apart from smoking; 

a well-known lung metabolizing inducer (145), the lung enzymatic inhibition could 

increase the potential clinical side effects, and toxicity of locally delivered NPs (13).  
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NPs elimination from the lung can be attributed to their dissolution/solubility in 

the interstitial fluid or physically eliminated by MCC or MC  (144). The biodegradable 

NPs products will eventually be cleared by the renal system. The renal clearance is 

limited to a size lower than 8 nm for NP or its degrading by products (146). The physical 

clearance of NPs in the upper airways is achieved via the faster MCC (to be coughed 

or swallowed). NPs swallowed into the stomach will undergo faecal clearance or 

reabsorption to the systemic circulation and renal clearance. In the lower airways, the 

slower MC (to reticuloendothelial system (RES): Liver, spleen, bone, and others) may 

entrap these NPs resulting in an inflammatory reaction upon exceeding the 

macrophages ability to digest (13). NPs can be drained to local lymphatics and lymph 

nodes delivered by MC and different antigen presenting cells such as dendritic cells 

(DCs) or sole NPs drainage to lymphatics. From lymphatics, NPs can travel to the 

systemic circulation and end up in RES where further chemical digestion or physical 

retention will occur that may elicit off-target side effects (147). However, this was 

exploited to target therapies to treat these organs such as liver cancer and liver infections 

(148). 

Although the enhanced properties of NPs stem from their exceptional 

physicochemical properties they still require optimization of the NP formulation  and 

evaluation of nanotoxicological effects prior to the intended route of entry (149-152). 

Thus, a nanotoxicological evaluation on a single NP case should be assessed covering 

the nanocarrier physicochemical properties, nanocarrier-drug formulation factors, with 

in vitro/in vivo evaluation prior to clinical trials. Recently applying in silico models 

after in vitro studies was successful to predict the in vivo kinetics of gold aerosolized 

NPs (149, 153). 
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In a study performed by Chen et. al., (2017) (154), they investigated alternative 

strategies to lower the systemic toxicity of yuanhuacine an anticancer agent when 

administered orally or IV to target lung tumours. They evaluated the efficiency of two 

PLGA NPs formulations prepared via emulsification-solvent evaporation method: 

PLGA NPs loaded with the drug (Yh/PLGA NPs), and PLGA NPs loaded with the drug 

and functionalized hierarchical targeting strategy (Yh/MPLGA NPs) to target lung 

cancer in vitro and in-vivo. The two NPs were of ~ 150 nm in size, zeta potential was 

negative for Yh/PLGA NPs, while it was negative for Yh/MPLGA NPs in neutral pH 

and turned positive in the acidic pH (using histidine coating to aid in lysosomal escape 

via proton sponge theory (155, 156), lysosomal pH 4.5–5.5), and shape was spherical 

for both. Both formulations were tested in vitro using A459 lung cell lines; Yh/MPLGA 

NPs showed better inducer of cell cycle arrest, higher uptake, active internalisation via 

clathrin endocytosis, better inducer of higher mitochondrial depolarization, apoptosis 

and higher production of cytochrome C. Furthermore, via confocal visualisation; 

functionalised NPs showed lysosomal colocalization, lysosomal escape, targeting the 

mitochondria and more apoptosis than the non-functionalized Yh/PLGA NPs, and both 

showed better therapeutic performance than the free drug. Hence, the value of in vitro 

methods to optimize the formulation, uncovering the mechanistic relationship of NPs 

and cellular interaction, and minimizing the use of animals. The authors chose the most 

effective formulation (Yh/MPLGA NPs) to optimize as a dry powder inhalation (1-5 

µm) dosing for animal testing as well as IV solution.  In vivo, the authors compared the 

efficiency of targeting the lung tumour via two routes of administration: local inhalation 

or IV using male Sprague-Dawley rats (154). The authors evaluated the plasma blood 

concentrations (via blood Sampling), lung, liver, spleen, kidney and reproductive 

organs (as tissue homogenates) after the two different routes of administration. The IV 
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route showed higher blood concentration, higher concentration in liver, spleen, kidney 

and reproductive organs and low lung concentrations. However, the inhalation (via 

intratracheal insufflator) had shown the highest local lung concentration and longer 

lung residence, lower blood levels, lower concentrations in liver, spleen, kidney and 

reproductive organs with faster blood elimination. The authors concluded the 

experiments with a successful optimization of a dry powder formulation for inhalation. 

The formulation was multitargeting strategy, targeting the lung delivery by suitable 

aerosols size (NPMPs), targeting the tumour by specific ligands, and targeting 

intracellular mitochondrial shutdown as anticancer strategy. The inhalation delivery 

was superior and safer than the IV route for targeting lung pathology. However, the 

authors did not comment about any signs of distress or inflammatory response either 

local or systemic that may have occurred following the different administration routes 

or the survival rate of the animals following the exposure prior to their sacrifice or 

Sampling intervals that might suggest good tolerance for the two administrations with 

better therapeutic performance for the inhalation delivery.  

1.4.1. Nanoparticle Interactions at Cellular and Molecular Levels: 

NP drug delivery aims to deliver the cargo to certain cells, or more specifically, 

to certain subcellular locations, to exert a response dependent on its enhanced ability to 

cross biological barriers. Cellular uptake is mediated by various mechanisms, passive 

or carrier-mediated or endocytosis. For NP-mediated drug delivery, nanocarriers are of 

high MW are mostly subjected to vesicular transport or endocytosis (157, 158). 

Endocytosis pathways involve pinocytosis and phagocytosis processes (Figure. 1.8).  

The physicochemical characters, primarily particle size, are very critical 

parameter to determine the subsequent uptake process (159).  
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Figure. 1.8. Main uptake mechanism of NPs and the endocytic pathways. (EE: Early 

Endosome-low pH, LE: Late endosome-low pH, ER: Endoplasmic reticulum, L: 

Lysosome-very acidic, N: Nucleus, M: Mitochondria, G: Golgi, RE: Recycle 

endosome) (Reprinted with permission (11)). 

Phagocytosis or ‘cell eating’ is the process of engulfing large sized particles/ 

debris, dead cells, bacteria or viruses found in the extracellular environment, with the 

aim to dispose unwanted materials. It is executed by professional phagocytes, such as 

macrophages or neutrophils or eosinophils. It’s largely triggered by opsonization of the 

unwanted materials by antibodies or complement proteins (i.e., antibodies: IgG, IgA, 

IgM, Fcɣ, complement proteins [C3, C4, C5], serum proteins that can be found in 

protein corona; fibronectin, C-reactive protein, type-I collagen) prior to binding to 

surface receptors (such as Fc, complement) initiating cellular recognition. Engulfing 

nonopsonized materials by identifying certain molecular patterns (i.e., mannose, C-type 

lectins such as Dectin-1or -2, scavenger receptors or fructose receptors, apoptotic 

receptors: TIM-1, TIM-4, stabilin-2, and BAI-1  ) also exists (160). Hence, shielding 
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NPs with stealth polymers such as PEG reduces the opsonization process, evades the 

RES recognition, and increase the lifespan of NPs.  

Many studies conducted in vitro and in vivo have demonstrated that MC is size-

dependent where NP with a size range below 0.5 µm showed limited clearance but those 

with size above 1 µm had higher clearance, more than those of size above 6 µm (161-

163). In addition to size, the shape and surface properties of the NPs have influence on 

the MC. Particle shape showed an effect on the initial contact and subsequent progress 

into phagocytosis (164, 165). For example, rod or fiber-like NP are very challenging 

for phagocytosis resulting in frustrated macrophages (166).  

After triggering, signalling cascade Rho family GTPases stimulate cell 

membrane actin filaments condensation into pseudopodia that zipper up enclosing the 

foreign material forming the characteristic cupping. The vacuole closes around the 

target by the actin constrictions and very recently it has been discovered with the 

activation of session protein GTPase dynamin 2, it is released into the cytoplasm (167, 

168).  Once enclosed in a phagosome, it is then fused with the lysosomes that starts 

digesting with acidic hydrolase (such as lipases and esterases, proteases, phosphatases, 

and nucleases) under acidic pH (159, 169, 170).  

Pinocytosis or ‘cell drinking’ is the cellular uptake of small sized particles and 

fluids, and subcategorized into macropinocytosis, clathrin-dependent, caveolin-

dependant and clathrin- and caveolin-independent mechanisms.  

Macropinocytosis process uptakes a large volume of extracellular fluids (0.5-

10 µm) upon activation by growth factors initiating signalling cascade of Rho family 

GTPase (171). Unlike phagocytosis, the actin filaments condense into membranous 

protrusions or rufflings around the target and collapse to fuse with the cell membrane 
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generating large macropinosomes that can be partly dependent on dynamin2 or its 

variants for scission (172). It is involved in diverse functions, such as immune 

recognition, cell migration, disposing unwanted materials, and Sampling fluids and 

nutrients from the extracellular environment and ending with lysosomal degradations 

(173, 174).  

  Clathrin-dependent endocytosis is the most characterized endocytosis 

process as far it’s the most active and constitutively present in all types of cells (175).  

Its role is essential for the cellular haemostasis for nutrients and macromolecule 

transport such as cholesterol via low density lipoproteins (LDL receptors), and iron via 

transferrin (Tfn receptors) that are considered as markers for this route of uptake, serum 

proteins, membranous ion pumps. It has a crucial role in cellular communication during 

organogenesis, cell signalling regulation by controlling and downregulation of receptor 

levels, synaptic neuronal transmission (Ca+2-gated channels regulation, recycling of 

neurotransmitter vesicles), reabsorption of serum proteins after filtration in kidney 

tubules (176, 177). It is membranous invaginations mediated through clathrin triskelia 

that coat or cage the incoming vesicles (178). It is initiated by a binding of certain 

ligands to surface receptors at clathrin-nucleation sites/pits with subsequent clathrin-1 

protein assembly with the adaptor/assembly protein complexes into clathrin coated 

lattices. Dynamin GTPase scission mechanism proceeds around the vesicle neck. 

Clathrisome disassemble its coatings prior to fusion with the endolysosmes. The 

molecules/particles size ranges from ~100-200 nm (175). 

Caveolin-dependent endocytosis is a process of internalisation of small 

particles and fluids through membrane invaginations as flask-shaped vesicles. It is 

commonly abundant in endothelial linings facilitating the extravasation of serum 

proteins and nutrients to the surrounding tissues. Caveolae are triggered through certain 
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receptors, i.e., serum albumin gp60. Subsequent signalling cascade through Src tyrosine 

kinase activates phosphorylation and formation of Caveolin-1; a dimeric protein that 

forms a coating of caveolin striations around certain cholesterol/sphingolipids-rich 

bindings on the inner membrane layer. Caving-in or invaginating membranous vesicles 

ensues with the contraction of dynamin and dynamin arrangement by the actin 

cytoskeleton forming caveosomes (178). Caveosomes have neutral pH and bypass the 

lysosomes protecting its package from degradation with subcellular smooth ER and 

cytosolic delivery. This route has been used by some pathogens and bacteria to evade 

lysosomal degradation (179), and has been under investigations to enhance NPs 

internalisation (180). Caveolae have many biological roles; lipid and cholesterol 

haemostasis, regulating some cellular cascades, regulating endothelial NO synthase, 

transcellular transport of serum albumin and nutrients (181, 182). Caveolae involve 

transport small fluid vesicles of ~80 nm (173). 

Clathrin and caveolin-independent endocytosis are many processes and yet 

they are negatively described as being independent to the aforementioned cornerstone 

molecules in other endocytosis processes. They involve Lipid rafts that are highly 

organized lipid clusters and cholesterol rich that exist on the cell membrane exerting 

endocytosis uptake in absence of clathrin, caveolin and/or dynamin but mostly requires 

actin polymerization. Examples are Flotillin, endophilins, clathrin-independent carriers 

(CLIC/GEEC) pathways have been recently discovered and full understanding is under 

research (169, 183).  

The size of NPs is suitable for many uptake and endocytosis mechanisms where 

NP size around 100 - 200 nm are endocytosed via clathrin or caveolin mediated pathway 

while NP size > 250 nm up to 3 µm occur via macropinocytosis and phagocytosis (159, 
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184).  However, there are many examples of larger or smaller NPs uptaken by various 

endocytic mechanisms (159, 184).  

Post uptake; NPs containing vesicles will be fused with lysosomes directly or 

via the early endosome (EE) where a low pH digestive activity can take place degrading 

the NPs. Endosomes can release the cargo to the cytosol or continue maturing to late 

endosomes (more acidic, pH~ 5). The late endosomes can digest or eliminate the waste 

or fuse with the lysosomes for further digestion. The lysosomal digestion carries many 

potentials of biodegradable NPs for drug delivery if the drug can tolerate the harsh 

environment. Otherwise, lysosomal/endosomal escape strategies will require 

optimisation to deliver drugs and genes to subcellular targets i.e.,  cell organelles (185), 

nucleus (186, 187) and mitochondria (188-190). Endosomes have a complex machinery 

that allows for NP vesicular sorting, digestion and degradation, and waste-exocytosis 

and recycling as well as initiating cellular death in case of toxic NP overload (191-193). 

Some NPs can be found without vesicles in the cytoplasm (143) and their uptake can 

be passively across the lipid bilayer.  

1.4.1.1. Proposed Mechanisms of Nanoparticle Interactions and Toxicity: 

NP toxicity is one of the hot topic areas due to the novelty of the materials that 

render the NP with unique physicochemical properties. These exceptional properties 

are not only tremendously critical for their efficacy but also for their toxicity with partly 

or completely dose independent. Cellular injury might vary from trivial reversible 

injuries recovered by the efficient repair mechanisms to severe or irreversible injuries 

inducing cell death or long term adverse effects (149). Various intersecting toxic 

mechanisms have been reported upon exposure to various types of NPs, or even to the 

same chemical structure NP with variable physiochemical properties (Figure. 1.9). 

However, there is no agreed solid background as to which is the single and most critical 
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parameter for NP toxicity, for example, is it the size only, or the chemical composition, 

or the mass? Unlike the same bulk counterparts, the mass dose is not critical for the 

toxicity (apart from being overtly overdosed that would generate toxicity anyway) and 

the full identity of physicochemical properties of the NPs is critical. Hence, NP 

characterization is necessary prior to their testing and drawing conclusions.  

Most of generated information about the nanotoxicity are based on the in vitro 

methods due to the novelty of NPs. Although most of the in vitro research pool is based 

on lung cell lines exposure to suspended NPs and that is due to the expensive nature 

and the extreme difficulty to achieve aerosolization exposures to in vitro cell lines.  

The value of the initial in vitro step is establishing the relationship between the 

NP physicochemical identity to biological or toxicological responses, uncovering the 

underlying mechanisms, a possible high throughput screening, developing in silico 

predictive modelling, and reducing the use of animals (194). The in vivo based 

experiments are inhalation exposure but with varied routes of delivery, i.e., oral- or 

nasal-delivery, whole body exposure, intratracheal instillation or cannulation. These 

studies will provide solid frameworks to understand the toxicity of NPs aerosols on the 

lung due to the novelty of the aerosolized NPs. 

Cell membrane disruption are commonly reported due to NPs surface 

chemistry or functionality and shape, and could be mediated via various mechanisms 

(Figure. 1.9) (149, 195). Cell membrane could be directly damaged when the NPs 

interact with the lipid bilayer. For example, cationic NPs are more cytotoxic to cells 

due to their interactions with the negatively charged cell membrane altering, 

depolarizing or damaging the membrane i.e. thinning, pore formations and erosions 

(158, 196-199). The anionic and neutral NPs are also reported to affect the cell 
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membrane through the electrostatic repulsion with the lipids causing membrane pores 

and lipid leakage (200, 201). Inorganic NPs are commonly affecting the cell membrane 

through the ion shedding/release mechanisms that interact and damage the lipid bilayer 

(202, 203). Cell membrane damage could be indirectly following NP internalisation 

due to subcellular organelles damage, e.g. endolysosomes (204, 205), or cytoskeleton 

affection disrupting the major functional proteins, e.g. F-actin and α- or β-tubulins, 

which are involved in cellular shape, motility, adhesion, transport, and cellular division 

and proliferation (206). PEGylated NPs were found to reduce the surface chemistry 

effects (207).  

 

Figure. 1.9. NP cellular uptake and interactions with different mechanisms of 

cytotoxicity (Reprinted with permission (11)). 

Spherical and smooth surfaced NPs are considered less toxic from the high 

aspect ratio NPs, e.g. rod or fibre-like NPs. Cytotoxicity was lowered by lowering the 

aspect ratio of NPs in alveolar macrophage (J774A.1) (208). Macrophages have less-
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efficient clearing for NPs with rod or fibre-like shape, as they are very challenging for 

phagocytosis resulting in frustrated macrophages (166).  

The use of stimuli responsive NPs that can be stimulated by internal stimuli such 

as local pH or certain molecules such as Reactive Oxygen Species (ROS), or external 

stimuli such as temperature, magnetic field or radiation (209) can damage the cell 

membrane on stimulation, that are aimed therapeutically to the target diseased cells 

such as tumours. 

Oxidative stress: ROS have many fundamental functions in controlling many 

physiological and pathological cellular process such as cell signalling, growth and cell 

differentiation, allergy, and inflammation (210-212). ROS generated mainly through 

the oxidative respiration in the mitochondria but can be generated as by-products from 

other oxidative processes such as lipid or protein oxidation. ROS include superoxide 

anion (O2
-), hydrogen peroxides (H2O2), hydroxyl radicals (OH-) (213). When ROS 

production exceeds the cellular ability to inhibit, this induces what is called oxidative 

stress where excess free radicals will react with the cellular components, proteins, 

membranes, inflammation, lipid peroxidation, mitochondrial shutdown, molecular and 

DNA damage, and eventually cell death, either through the apoptosis if its less severe 

insult or through necrosis with severe toxic insults (149, 200). NPs can generate the 

ROS/oxidative stress by directly affecting the mitochondria or impairing the enzymes 

(that lower the ROS), reacting with the transition metals inside the cell such as Fe2+ and 

Cu+ (Haber-Weiss reactions) (Figure. 1.9) (214) .  

Almost all types of NPs demonstrate toxicity that is linked to the production of 

ROS and this could be determined by measuring free radicals and anti-oxidant levels 
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such as GSH levels (215-219). However, ROS production was exploited as a 

therapeutic mechanism to induce cell death for tumours (210, 220-222). 

Cell organelles damage and mitochondrial shutdown: NPs ability to interact 

with the cellular components and induce membrane damage and ROS will suggest 

potential toxicity on the mitochondria (Figure. 1.9). Direct NP-mitochondria interaction 

instigate mitochondrial membrane depolarization, damage, and leakage were observed 

with many types of NPs; organic or non-organic (189). Lysosomal damage either by 

chemical sponge theory or physical needle-like shaped NPs rupturing the lysosome and 

releasing Ca2+ from the endoplasmic reticulum with eventually loss of control of 

mitochondrial permeability. The mitochondrial damage with loss of energy production 

and exhausting antioxidant capacities end in high ROS, nuclear and DNA damage, and 

membrane disruption (149, 223). Mitochondrial targeting is exploited to deliver 

therapeutics to cells with defective mitochondria or to simply targeting the 

mitochondrial knockout in cancer therapies (224-227).  

DNA damage and mutagenicity: This could be direct NP genotoxic effect or 

indirect effect through the induction of inflammation, inflammatory mediators or ROS, 

molecular and organelle damage (228, 229) (Figure. 1.9). Due to the high surface 

energy of the NPs, DNA as any other biological molecule is subjected to surface 

adsorption. This binding will induce both conformational and functional deformity of 

these biomolecules. PLGA NPs of positively-charged (Hexadecyltrimethylammonium 

bromide (CTAB) cationic modified, 78 nm size) showed higher cytotoxicity associated 

with high ROS production, and genotoxicity potentials (chromosomal aberrations 

detected by micronucleus assay) than the negatively-charged  (bare PLGA) or neutrally-

charged (coating with PEG) PLGA NPs (80 nm, 82 nm size respectively). These effects 
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were more pronounced on 16HBE14o- cells than L5178Y mouse lymphoma and TK6 

human B-lymphoblastoid cell lines (230).  

PLGA-PEO NPs (average size ~ 160 nm, zeta potential: negatively charged) 

didn’t show any genotoxicity potentials on TK6 lymphoblastoid cells and human 

peripheral blood cells as genotoxicity models using both comet and micronucleus 

assays.  This confirmed that not only the physicochemical properties of NPs Play a role 

in their NP-cellular interactions but also the cell lines show an effect on the outcomes 

of this interaction (231, 232).  

Inflammation: Upon ‘foreign body’ recognition in the airways (stimulating the 

pattern recognition receptors (PRRs)), phagocytosis and antigen presenting by 

macrophages and other inflammatory recruits to stimulate the inflammatory response 

by cytokines such as IL-6, IL-8, TNF-α, IL-1β  or by ROS (233), or other signalling 

mediators (234, 235) (Figure. 1.9). More inflammatory cells are recruited to the site 

such as neutrophils, eosinophils or adaptive (B-, T- cells) lymphocytes and trigger 

inflammation via signalling pathways such as MAPK, JAK-STAT, and most commonly 

NF-κß pathways (234, 235). NF-kß signalling pathway is implicated in many 

inflammatory responses, immunity, and survival/death signalling (235). This is a 

physio-pathological reaction which in excess or persistence could predispose to 

autoimmune disease, long term diseases such as asthma, COPD, or CF, and lung cancer 

(149).   

Hence, for lung delivery, the inflammatory potential of NP drug delivery should 

be determined. Nano-based lung delivery aims to deliver a nanosized particles or 

micronized NPs (NPMPs) (delivering a size below or larger than the alveolar 

macrophages phagocytic range; 1-3 µm) to bypass the MC (20, 106). When the MC 
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unresolved or persistent due to NP physicochemical potentials, NPs agglomerates or 

their prolonged pulmonary retention (due to slow degradation or elimination) or 

repeated exposures, inflammatory response would be evoked. Acute excessive or 

recurrent inflammatory lung reaction can predispose to chronic inflammatory response 

that can aggravate current lung pathologies (234). It has been known from the 

pathogenesis of lung silicosis that following inhalation of particulate foreign bodies 

(free crystalline silica, long fibres, and not biodegradable), these fibres were trapped 

longer due to defective clearance with subsequent inflammatory induction and 

development of lung diseases (234). Therefore, the multiple parameters of NPs 

physicochemical characteristics Play a role in inflammation induction (236). Changing 

the polymeric ratio or co-blending of PLA and PLGA to increase the size and prolong 

the degradation time (to act as a reservoir), Thomas et. al., investigated aerosolized NPs 

((size <500 nm, or > 500 nm), porous NPs of smooth surface, and negatively-charged) 

loaded hepatitis B surface antigen (HBsAg) as a vaccine model in vitro and in vivo. The 

higher PLA content NPs were of larger size (~1 µm), more hydrophobic, and were more 

preferentially internalized by rat alveolar macrophages with more production of 

cytokines: IL-2, IFN-ɣ (237). Calu-3 cell viability showed all NPs were biocompatible 

and well tolerated at low concentrations. In vivo inhalation in rats, NPs with higher 

composition of PLA showed longer lung residence, stronger IgA secretory titres 

denoting successful mucosal and humeral immune induction. However, there was no 

evaluation of the local lung or general inflammatory/distress indicators. 

Another example, PLGA NPs encapsulating ovalbumin (as a model antigen 

(OVA)) and functionalized with lipopolysaccharides ((LPS), as a chemoattractant, as a 

pathogen mimicking) (LPS/OVA/PLGA) (238) were compared to the non-

functionalized OVA/PLGA NPs (size 100-400 nm, using PVA); functionalized NPs 
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were preferentially internalized by the dendritic cells as antigen presenting cells (DCs, 

DC2.4 cell line) and stimulated the adaptive immunity CD8+ T cells with inducing IFN-

γ cytokines release more than soluble LPS, OVA solution, OVA/PLGA NPs and blank 

PLGA NPs. Furthermore, in wild-type macrophages neither deficient in NLRP3 nor 

caspase-1, LPS/OVA/PLGA NPs showed preferential internalisation and production of 

IL-1β that indicated the inflammasome activation. LPS/OVA/PLGA NPs achieved 

stimulating PRRs in macrophages and DCs via two mechanisms: activating Toll-like 

receptors (TLRs) via LPS (triggers TLR4) that activated NF-kβ proinflammatory 

pathway, or through NOD-like receptors (NLRs) via PLGA NPs (NLRP3) activating 

the inflammasome complex that induced caspase-1 to activate pro IL-1β. Hence tuning 

the physicochemical properties of PLGA NPs increased the immunogenicity of the 

encapsulated antigen (239). 

Similarly, Kunda et.al., had successfully formulated PGA-co-PDLNPs (~ 300 

nm and negatively charged) with surface adsorption of Pneumococcal surface protein 

A (PspA4Pro) as a vaccine against Streptococcus pneumoniae infection. The NPs were 

incorporated in MPs to achieve a respirable size (~1.7 µm) via spray-drying. PGA-co-

PDL NPMPs were biocompatible and well tolerated at low concentrations against 

A549, -16HBE14o-, and JAWS II DCs cell lines (38). The authors had ensured that the 

stability and the functional integrity of the antigen were preserved after successful 

loading into NPs. Furthermore, these potential carriers had been further investigated by 

Rodrigues et al., (25) in vivo using female specific-pathogen-free (SPF) BALB/c mice 

animal model via administration to the lung as nasal instillation (PspA NPMPs) or vis 

SC injection of the purified protein (PspA solution). Lung administered vaccine had 

showed lower serum IgG levels to SC after the first dose. This could indicate a slower 

primary immune response for lung delivery. However, the inhaled route had showed 
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more robust secondary immune response, higher serum IgG titres, better and earlier 

infection control post-challenge with bacterial strains. BALF had shown higher 

antibody IgG and cytokines titre (IFN-γ, IL-1β, IL-5, IL-6, IL-10, IL-17A, KC/CXCL1, 

MCP-1/CCL2, MIP-2/CXCL2 and TNF-α). The PspA solution was nasally instilled 

and induced negligible response. The NPMPs empty were nasally instilled and showed 

lower BALF bacterial load post-challenge and reduced the proinflammatory cytokines 

indicating a non-specific immune stimulation. The PspA/NPMPs showed better 

therapeutic performance and increased the lung immunogenicity of the adsorbed 

antigen. The authors had evaluated the survival rate, local lung inflammatory, and 

systemic immune response to ensure the welfare of the animals were preserved denoting 

the safety of the formulation.  

Cell death mechanisms are the final fate after any irreversible cytotoxic or 

stress insult. Cell death is referred to either programmed cell death known as apoptosis, 

and unprogrammed cell death known as necrosis (Figure. 1.9). NPs can induce complex 

cell death mechanism with many intersecting activations of different death pathways 

with a physicochemical dependant manner (240). NPs can trigger many intrinsic and 

extrinsic pathways and induce apoptosis, autophagy, lysosomal-induced cell death 

either through inducing external cellular or internal damage that is unrepairable and 

progress to cell death. The uncontrolled cell death or necrosis is commonly a passive 

accidental cell death due to energy failure or simply bursting in response to severe acute 

insult (193, 241). Necrosis is usually evaluated by the release of intracellular markers 

such as LDH release. While the apoptosis is usually evaluated by measuring cellular 

signals such phosphatidylserine or protein expression such as caspases enzymes such 

as caspases 3/7, 8 or 9 that have major roles in the downstream of programmed cell 

deaths (242, 243). Very recently, the Nomenclature Committee on Cell Death had 
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adopted new considerations to replace the old cell death classification to the new 

adopted and emerging mechanisms provided by many studies that have discovered 

variable mechanisms of the programmed cell death such as apoptosis, autophagy, 

ferroptosis, pyroptosis, necroptosis, paraptosis, lysosomal-induced, autoimmune-

induced, and many others. These processes have different fundamental mechanisms 

with different underlying biological and histological picture of the cell death (240, 241).  

1.4.1.2. NPs Physicochemical-Dependant Toxicity Determinants: 

Nanoparticle size and surface area: NPs have intrinsic properties that Play a 

role in their beneficial advantages as well as their toxicity (Figure. 1.10 and Table. 1.5). 

Lowering the size to nanoscale (1-1000 nm) is associated with increasing the surface 

area for the same mass or volume. This explains their high reactivity and strong 

adsorption properties that Plays both roles in facilitating their biomolecular interaction 

and NP-NP interactions (aggregating/agglomerating) as well as their toxicity (244). For 

lung delivery, delivering nanoscale size is to achieve better crossing of the biological 

barrier and to evade both MCC and MC.  

For targeting the deep and lower lung airways, is achieved by controlling NP 

size. Lung deposition for particles < 3 µm AD has 50-60% deposition in the deep 

airways via both sedimentation and diffusion. Particles in the diffusion range (< 1 µm 

AD) have the highest deposition efficiency in the deep narrow distal airways (132, 245). 

To increase the deposition with evading MCC, NP size is optimized in a range that 

facilitates their mucosal clearance escape. However, the effective mucosal mesh formed 

by entangling mucin fibres and other glycoprotein inducing highly viscous and tight 

mesh pores (100 nm-few micrometre range) can effectively trap a lot of inhaled NPs 

(246, 247). Hence, the new strategies to functionalize NPs with a variety of surface 
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coatings such as mucoadhesive and mucopenetrative materials to increase the mucosal 

penetration ability of NPs (7, 248-250) .  

 

Figure. 1.10. Nanoparticle physiochemical properties (Reprinted with permission 

(11)).  

Nanoparticle surface chemistry: NPs with specific charge, surface coatings or 

modifications are intentionally designed to achieve some pharmaceutical or therapeutic 

targets such as increasing the stability of the formulation, increasing the efficiency of 

protein adsorption with cationic NPs (23, 74), reducing the immune system recognition, 

prolonging the circulatory half-life (Figure. 1.10 and Table. 1.5) (200). This surface 

charge is designed using different surface coatings or modifications and measured by 

determining their zeta potential. For example, positively charged NP are coated with 

amine groups using cationic emulsifiers such as 1,2-Dioleoyl-3-

trimethylammoniumpropane (DOTAP), chitosan (CS), CTAB, DMAB), while 

negatively charged NP are coated with acidic groups such as Polyvinyl alcohol (PVA), 

poloxamer188 (PF68) or neutral NP charge (near the neutral or slightly negative 

charged NPs) (251).  
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Table. 1.5. NPs properties and possible cytotoxic effects (11). 

NP properties Physicochemical dependant cytotoxicity 

 

NP size 

• Cellular penetration and crossing tissue barriers 

• Cellular injury and membrane damage 

• Escape defence mechanisms and longer retention 

• Translocation to other organs 

• Inflammation 

• Subcellular localization and organelle impairment 

• DNA damage 

NP agglomeration 
• Phagocytosis and inflammatory induction 

• Reduces the uptake 

Surface area 
• Increased reactivity and toxicity 

• Increase ROS production 

NP shape 
• Rod or fibre-like more toxic than rounded shaped NP 

• Inflammatory induction, membrane or organelle damage 

NP charge 

 

• Positive NP: more cellular interaction and cytotoxicity 

• Negative NP: might increase or decrease cellular uptake, 

prone to macrophages clearance. 

Chemical 

structure, 

composition, and 

purity 

• Increased toxicity 

• Membrane depolarization 

• ROS generation 

• Mitochondrial damage 

• Inflammation and immune modulation 

• Cellular injury and metabolic impairment 

• DNA damage 

• Transporting/adsorbing contaminants and toxins 

Poor solubility/ 

biodurability 

• Bioresistant NP induces long term effects as chronic 

inflammation 

• Long term effects 

• Cancer 

The NP charge Plays a major role in NP performance and biomolecular 

interactions. As previously mentioned the cationic NPs are commonly reported to be 

cytotoxic than the negatively and neutrally charged NP by interacting with cell 

membrane by different mechanisms (158, 196-199) and higher bimolecular interaction 

and protein adsorption (23, 74) that makes them suitable for delivery of negatively 
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charged molecules such as RNAs (23, 97, 102) and different types of macromolecules 

(3, 23, 25, 74, 101). However, the surface charge and the high adsorption energy and 

interaction of NPs were involved in the development of protein corona once in contact 

with a biological medium such as lung fluid and surfactant (139, 252). Protein corona 

are formed by the adsorption of molecules found in the biological medium at the drug 

delivery site to NPs surface leading increasing their size and aggregation, masking the 

surface charge, and opsonizing their surfaces with further enhanced MCC and MC. 

Protein corona can enhance the NPs efficacy or toxicity (139, 252). There were many 

studies to evaluate the protein corona in vitro and ex vivo. In vitro is usually assessed 

via dispersing the designed NPs in the medium used for the cell culture then evaluate 

their size and charge (size increases, the cationic NPs convert to negative charge) to 

estimate the NP aggregation and adsorption of protein. Partikel et. al, (253) tried to 

identify and quantify the proteins involved in the protein corona formation from FBS 

after dispersing PLGA NPs (~100 nm and 200 nm, negatively charged), PLGA-PEG 

NPs (PLGA 50:50, co-block with 15% PEG 5 KDa) of the same size and charge. The 

authors found that the amount of protein adsorption was not size dependent as there 

was almost no big size difference between 100 nm to 200 nm. However, PLGA NPs 

without PEG shielding showed higher amounts of protein adsorption, around 29-39 

different types of protein compared PLGA-PEG NPs (lower amount of protein 

adsorption, and 16-23 different types of protein). PLGA NPs showed adsorption for 

proteins with higher MW (29, 66, 118 KDa) but PLGA-PEG NPs had adsorption for 

lower MW and almost no proteins above 118 KDa. Another study investigated the 

corona formation using ex vivo swine lavage lung surfactant was carried by Raesch et. 

al., (254). Magnetite NPs was functionalized by three different coatings 

(phosphatidylcholine; (lipophilic NP), PEG5000; Hydrophilic PEG NP), and PLGA 
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coating (PLGA NP). The lipid adsorption to NPs was the smallest to PEG NP and the 

highest to lipid NP. The proteins were more than 300 types identified on the surface of 

the NPs, with selectivity of SP-A and SP-D adsorption for lipophilic to hydrophilic NPs 

(254). Hence, shielding the NPs is a mechanism where the NPs are covered with 

hydrophilic polymers, commonly PEG, to limit the protein adsorption. PEGylated NPs 

for drug delivery show more stable, longer shelf-life formulations and better therapeutic 

performance. Hidalgo et el., suggested coating NPs by lung fluid surfactants to enhance 

the their therapeutic performance and limit the corona formation (255). 

Mucoadhesive properties (MAP) or mucopenetrating properties (MPP) are 

being investigated as surface coating modalities for NPs aimed for inhalation delivery 

to increase the mucosal entrapment and enhance the NP delivery.  Schneider et al. 

studied the effect of surface coating with MAP or MPP coatings using polystyrene NPs 

in ex vivo models and in vivo mouse models. MAP NPs showed increased entrapment 

within the mucous layer, aggregations and subsequent clearance, regardless their size. 

MPP NPs up to a size of 300 nm (after this, entrapment by the mucous mesh networks) 

showed better uniform lung distribution and enhanced retention. The NPs then were 

loaded with dexamethasone and studied again in vivo concluding the superior effects of 

the MPP NPs over the MAP NPs and the free drug in reducing acute inflammatory 

mouse lung model (256).  

Nanoparticle morphology: The shape of the NPs is another important factor 

affecting the membrane vesicle formation, cellular uptake and digestion, circulatory 

retention and distribution. NP shape can vary from rounded or oval spheres, ellipsoids, 

wires or rods, cubes, sheets, cylinders and many others (Figure. 1.10 and Table. 1.5). 

Aspect ratio (AR) is a term to describe non-spherical particles that have a length and a 

width rather than a diameter. AR is the ratio of length to width (257). 
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Generally, the spherical NPs are safer and faster to be endocytosed than rod- or 

fibre-like NPs. Spherical NPs can be deposited in the lung via different mechanism such 

as impaction, settling or diffusion, but the longer aspect or fibre-like NPs are deposited 

by interception (132). The fibre-like NPs are accused of causing macrophages 

frustration with increase the inflammation potentials and carcinogenicity, i.e, asbestos 

and silica (258).  

PLGA-PEG NPs of a needle-shaped showed more cytotoxicity than the 

spherical particles (similar volume, surface chemistry and negatively charged, prepared 

by film-stretching from the spherical NPs) when assessed in vitro (in HepG2 and Hela 

cell lines): more cytotoxicity evaluated by MTT, loss of LDH, and DNA fragmentation 

by (TUNEL assay). The cytotoxicity of needle-shaped PLGA NPs were due to damage 

of the cell membranes and the lysosomal vesicles disruption with upregulating caspase 

3/7 and DNA damage and cell apoptosis (257).  

Yoo & Mitragotri (259) suggested a shape-switching NP as a mechanism to 

escape/postpone the phagocytosis.  PLGA was used to fabricate Rod-like elliptical disks 

that can switch to spheres upon external stimulation as temperature, pH, and chemical 

substances. PLGA elliptical disks were added to murine macrophages and showed 

defective phagocytosis, when the stimuli of lowering the pH were applied, the disks 

underwent spherical shape within time that would enhance their uptake after successful 

drug release (260).  

Nanoparticle chemistry: Generally, NP chemistry is being referred to parent 

bulk materials of NP core. It usually used to classify NPs such as organic NP, i.e., 

carbon-based, lipid-based, polymeric, or metallic NPs, i.e., silver, gold, titanium NPs. 
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However, the exceptional physicochemical properties gained at the nanoscale must be 

assessed prior to their intended application (Figure. 1.10 and Table. 1.5).  

Chemical properties of NPs have an important role in both the pharmaceutical 

and clinical performances; chemical structure, composition, crystal structure, chirality 

and isomerism, MW, monomeric ratio, degradability and degradation products, 

hydrophobicity, drug-loading capacity, drug release kinetics, surface properties or 

functionalization. Hence, chemistry of NPs provides immense potentials to tune the 

NPs physicochemical properties to enhance their performance.  As aforementioned, 

versatile nature of biodegradable polymers such as PLGA allows for tuning MW, 

degradation, hydrophobicity, and crystallinity to suit different purposes. For example, 

tuning PLGA (50:50) with different MWs (6, 14.5, 45, 63.6, 85, and 213 KDa) showed 

effect on the NP size, degradation rate, drug loading, and release. Increasing the MW 

was accompanied with an increase in the NP size and drug loading, but with slow 

degradation, and low drug release but continuous and longer (71, 261-263).  

Composition of the NP formulation may include remaining solvents, 

emulsifiers, or excipients or other impurities that could participate in NP toxicity. 

Grabowski et al., (264) studied the PLGA NPs stabilizer free to PLGA NPs prepared 

with different coatings (CS, PF68, PVA) ~ 200 nm size on THP-1 macrophages. PLGA 

NPs stabilized with different coatings showed higher cytotoxicity at high 

concentrations compared to stabilizer free NPs. LPS contamination is another example 

that can interfere in evaluating NP inflammatory effects producing false-positive 

results. It is further compounded by the available commercial assays for LPS detection 

are subjected to artefacts and NP interferences (265-267).  
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Nanoparticle aggregation: NP aggregation is another property that depends 

upon other NPs characteristics and the dispersing media (Figure. 1.10 and Table. 1.5). 

It needs to be considered to understand the poor correlation between different toxicity 

studies, i.e. inhalation or instillation or in vitro studies. NP aggregation could Play a 

double effect; it could increase NPs uptake as larger amount of particles in contact with 

cellular surface (268),  or it could reduce their uptake if NP aggregates are bigger than 

cellular size to permit the uptake (269). In vivo, it may play an effective role in reducing 

their toxicity due to easier macrophages clearance (86). NP aggregates might increase 

the retention of NPs either in the lung or RES exerting inflammatory potentials (270).  

Repeated dose exposure: The repeated lung exposure might happen in chronic 

lung conditions such as cancer, COPD, CF, and asthma. Here, small doses deposited 

may accumulate inducing chronic effects. It is well known from lung exposure to 

environmental and occupational settings, repeated exposure to slow degrading or 

bioresistant particles are associated with development of serious lung disease. Hence, 

NPs formulations designed for chronic diseases must be evaluated to ensure the safety 

and suitability for long term treatments. However, it is difficult to study the chronic 

exposures in vitro and usually preferred to be evaluated in vivo.  Some studies tried to 

study chronic exposure by repeated short-term exposures. Attias Cohen et al., (21)  

formulated PLGA NPs (50:50 MW 96KDa, PVA coated) ~ 100 nm coated  SP-D as 

treatment for ARDS in infants to deliver a sustained release drug delivery via the lungs. 

NPs formulation were tested in vitro using A549 cell lines and in vivo using C57bl/6 

mice after intra-tracheal injection. SP-D PLGA NPs showed some cytotoxicity on A549 

compared to empty NPs (it was high concentrations used 0.5 and 1 mg/ml).  The authors 

evaluated the structural and functional integrity of SP-D had been preserved within the 

formulation. In vivo acute exposure in mouse model (after 24 hrs postexposure), showed 
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well tolerated with good release profile of SP-D in BALF and low IL-6 levels, with 

normal lung histology with several inflammatory infiltrations but were similar to 

control group exposed only to PBS solution. The chronic study; two weeks and 4 weeks 

postexposure; BALF should good release profile and low IL-6 levels, normal 

histological picture of lung tissue with similar number of inflammatory infiltrations to 

the control.   

The dose-dependent toxicity: The mass dose of the NPs alone is not solely 

responsible for the toxicity in comparison to the conventional parent bulk molecules. 

However, interpretation of NP physicochemical induced toxicity should be considered. 

In vitro to in vivo (IVIV) nanotoxicology studies have shown conflicting results 

regarding the dose-dependent NP toxicity. It is commonly due to high doses used in 

conducting these studies to obtain detectable signals to uncover the mechanistic 

interactions under in vitro conditions. Therefore, discrimination between test conditions 

with high doses or within the range of the aimed therapeutic doses should be considered 

(86).   

1.5. Nanotoxicology Assessment Methods:  

For nanotoxicological evaluation, NPs biocompatibility must be confirmed by 

two methods; in vitro then progress into the in vivo methods prior to clinical trials. 

There are different methods that are increasingly getting more popular in the research 

communities, i.e., ex vivo, and in silico methods and showing promising results (271-

273). Prior to their biological interactions, NP physicochemical properties must be 

thoroughly characterized (274). NP characterization is essential not only to understand 

and characterize their NP-biological interactions but also to allow for easy 

comparability and validation, comprehensiveness, wider scientific acceptability, and 
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understanding of the concluded results for further optimization of nanomedicines (11, 

14, 29, 275).  

1.5.1. In vitro Lung Models: 

These are cell-based lung models. They provide simple initial screening, less 

costly, and non-animal assessment of NP interaction with lung epithelium. These 

assessments are very desirable both ethically and economically with a better control 

over the experimental conditions, allowing wide range of concentrations, single or 

multiple parameters, and many types of NPs to be tested (314, 315).  

Types of cells used are either primary or secondary cell lines (Table. 1.6). 

Secondary cell lines are either cancerous cells or a genetically transformed 

immortalized cell line, hence called continuous cell line (275). They are more widely 

used and commercially available from many vendors, i.e., American Tissue Type 

Culture Collection (ATCC). They provide easier experimental handling and 

maintenance, faster growth and shorter experiment time (276-278) 

Cancerous human cell lines: Calu-3 is one of the commonly used lung cell 

lines. They are of bronchial epithelial adenocarcinoma origin. They can be cultured 

under air-liquid interface (ALI) as well as liquid-covered culture (LCC). Calu-3 under 

ALI develop tight polarized monolayers and more differentiation to airway epithelium 

(columnar epithelia, ciliated, mucin production). Hence, it is a wide available model for 

in vivo lung (279). A549 alveolar carcinoma cell line is a widely used model for the 

alveolar epithelium. However, it doesn’t form tight polarized monolayers, hence 

problematic to grow under ALI (280, 281).  

Immortalized human cell lines: 16HBE14o-, BEAS-2B are such immortalized 

bronchial cell lines that are gaining popularity due to their differentiations (mucin 
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production, ciliated columnar epithelium). Immortalized alveolar cell lines such as 

NCI-H441, hAELVi, and TT1 cells are very recently developed and showing promising 

results in forming tight polarized monolayers (276, 277). 

Table. 1.6. Examples of In vitro human lung cell models (282). 

Cell type             Origin Bronchial        Alveolar            Immune cells 

Secondary 

cells 

Cancerous 
Calu-3 A549 THP-1* 

DC* 

Immortalized 

Genetically 

transformed 

16HBE14o-  

BEAS-2B 

CFTE29o– 

CFBE41o– 

CuFi-1 

NuLi-1 

hAELVi 

NCI-H441 TT1 

 

Primary 

cells 
Normal lung 

NHBE 

MucilAir; 

SmallAir 

EpiAirway 

Pneumocyte- II   

*To study immune response as professional immune cells to represent lung 

exposure 

Primary human cell lines: These are a harvest of a lung tissue during lung 

biopsies or bronchoscopy available from commercial vendors such as Epithelix 

(MucilAir) and MatTek (EpiAir). They are provided on special plates with special 

nutritional media. They are more challenging in isolation, differentiation and 

phenotyping, maintenance, difficult experimental control, and ethical requirements, and 

most critically of a short life span. As a result, their use is limited due to very expensive 

and onerous testing but more closely representative for the in vivo counterparts (283).  
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2D monoculture or co-culture: 2D monoculture of a single type of cells is 

usually the common and classic model being used. However, it lacks the multiple cells 

interactions and cross communications of in vivo target, it remains the cornerstone 

widely used model to provide the biomechanistic interactions of NP (282). Co-cultures 

of different lung cell lines depending upon the aim of the study. For example, co-

culturing lung epithelial cells with macrophages are being investigated to provide more 

resemblance to in vivo lung tissue. However, they are very sophisticated with special 

maintenance requirements, not yet standardized. These are showing promising results 

so far but yet more need for understanding the complex cross communication between 

the epithelium, endothelium and the inflammatory cells to reflect a representative model 

(284).  

3D lung models: 3D models have closer representation and are either a single 

cell type or a co-culture of different cell types within the tissue that provides the cell-

cell interaction and communication with enhanced in vivo correlated results  (285). 3D 

co-culture models known as spheroids or organoids are grown in a 3D scaffold made 

of inert materials as collagen, matrigel®, or others, supplemented with stem cells or 

tissue cell mixtures and stimulated by different stimuli to differentiate the cells into 

lung structures. ‘’Organ on chip’’ or miniaturized lung, microfluidic systems, 3D 

bioprinting are alternative 3D co-culture models where the lung organoid is subjected 

to mechanical and physical factors mimicking the biological environment, i.e., ALI 

with fluidic flow systems (286). The advantages of these miniaturized lungs models are 

reliable, more physiologically relevant, and simulating biological environment with the 

ability to screen many drugs prior to in vivo (287). Yet the extreme expensive nature 

and the complex experimental requirements are major challenges to their widespread 

use.  
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Experimental exposure under ALI or LCC: In vitro cell lines exposure to 

NPs is commonly assessed under submerged conditions, i.e., LCC which expose the 

cells to a liquid NP solution allowing the NPs to sediment/diffuse to cell surfaces.  

However, ALI exposure systems are being developed and described in many studies to 

mimic in vivo exposure. The difficulty to produce aerosolization mechanisms to 

generate NPs droplets that can be deposited on the cell layers as well as the expensive 

nature, and experimental complexity are challenges for their use (322-325). 

Cellular endpoints and readouts: Nanotoxicological assays commonly 

evaluate cellular endpoints such as cellular uptake, internalisation and intercellular 

transport, membrane potential, mitochondrial potential, effects on the cytokines or 

chemokines and cell signalling, oxidative stress (ROS or RNS), cell death and 

apoptosis, gene regulation and toxicity. The goal of these methods is to uncover the 

mechanism of cell-NP interaction and discriminates between NPs compatibility versus 

toxicity (172).  

These assays commonly employ an enzyme-linked assay with final read-out by 

fluorometric or spectrometric detectors. Other methods are through special stains or 

dyes and evaluated under microscopy and flow cytometry. The cells are usually 

exposed to NP dispersions within a variable range of time (few hours up to days) then 

processing the cells for the endpoint results (309, 313). For example, a group of tests 

including the Alamar Blue, Tetrazolium, Neutral Red, Trypan blue-based assays that 

are used to detect general toxicity of NPs, LDH assays to detect membrane potential, 

DCF fluorescence assay, lipid peroxidation or Glutathione assay to detect the oxidative 

stress potential. Inflammatory response can be assessed using ELISA kits or Cytometric 

Bead Arrays for screening a variety of cytokines and chemokines. Genotoxicity 
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assessed by using micronucleus, COMET, and chromosomal aberrations tests (316-

318). 

Recent advances in cell-based assays allow for high throughput screening for 

toxicity and/or efficacy of NP-biological interactions (Table. 1.7). By assaying 

numerous material types/functionalization and material concentrations on numerous 

cell types, all in parallel, complex interactions between materials and cells may be 

ascertained through complex data analysis that correlates phenotypes with multi-well 

Plates, cell culture, detection schemes, and recognition schemes (317, 318, 320, 321). 

This experimental design is practically enabled through the miniaturization and 

multiplexing of the experimental apparatus and method by utilization of either ultra-

small 384-well cell culture plates or nanodrop sample chambers on a chip. The 

nanodrop assay setup allows for different assays with suitable detection features (e.g., 

fluorescence, and luminescence) to be performed in a fraction of the volume. Yet the 

expensive nature limiting its use.  

1.5.2. Ex vivo lung Models: 

These methods employ viable excised animal tissues or organs while their 

structure maintained under simulated natural conditions (288). Ex vivo models provide 

conditions to mimic in vivo response and more control over experimental conditions. 

They evaluate NP uptake, distribution, and toxicokinetic (Table. 1.7). 

Ex vivo animal models such as isolated perfused rat lung (289),  precision cut 

lung slices (290), and porcine lung (291) are being used to test inhaled pharmaceuticals. 

They require extensive preparation and experimental setup, of short life span (~3 hrs) 

with interspecies variability.  
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Ex vivo human single or whole lungs (292), or human resected lung lobes (293), 

human precision cut lung slices (294) are getting investigated for better representative 

models to human in vivo lung. The major limitations are;  

• The heterogenicity of human donor variabilities, i.e., disease, smoking history, 

other underlying conditions,  

• Sampling is possible from alveolar spaces ‘odema fluids’ and from the venous 

but it is not possible to sample from the lymphatics or pleural space,   

• The absence of multiorgan responses, especially important to study the 

inflammation, 

• The short life span of the model (6-10 hrs), 

• Extensive preparation and maintenance nature of these models, the required 

ethical and skilled expertise made it very demanding task, 

• Inability to relate the appropriate dose to the in vivo studies remains an un-

overcome challenge.  

1.5.3. In vivo Lung Models: 

Inevitably, the in vivo studies will follow the in vitro experiments to validate a 

range of realistic NPs doses on animals (Table. 1.7). In vivo animal studies provide 

more consistent clue for uncovering the NP kinetics, and understanding of the 

biological exposure-response, dose-range, and toxicity to support the subsequent 

human clinical trials. Some concerns arise when testing the NPs in vivo, first, the dose 

is difficult to translate from in vitro doses to the in vivo animals where it is not 

uncommon in vitro experiments to have very high toxic dose ranges (295). The main 

disadvantages, the issues of interspecies variability; where the lung of mice, or rats is 
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much smaller and less complex compared to human lung, the difficulty in real time 

bioanalytical assessments of NPs in vivo  (276) 

1.5.4. In silico Lung Models: 

The use of computer-based programs that use huge piece of available data to 

predict the NPs toxicity (Table. 1.7). Quantitative structure–activity relationships 

(QSAR) are rapidly evolving approaches that need developing for the exceptional 

characteristics of NPs (296). These models aim to provide very accurate models with 

pre-set standard of parameters to enable predicting and linking NPs based on their 

physicochemical characteristics and their potential bioactivity, behavior, and toxicity 

(297). For example, QSAR models have been developed on physicochemical characters 

(298), or pharmacokinetic models based on in vitro and/ or in vivo data (25), 

environmental behavior models (299), e.g. mode of transport and fate. A study by Gupta 

et al., had successfully predicted the in vitro cytotoxicity of five different NPs based on 

their physicochemical characters (39). In silico models are yet to be validated for the 

NPs models even though they are validated by OECD guidance for conventional 

chemical testing (288, 300, 301). Successful QSAR models are in need for data 

availability of accurate and consistent grouping of NPs based on physicochemical 

characters, mechanisms of action, exposure scenarios, standardized in vitro and in vivo 

testing conditions. This is a quite big challenge due to NPs novelty. Furthermore, the 

availability of these models remains another challenge, as not much is known about 

how to build up these models and what parameters are needed. Sharing and reporting 

data have mutual benefit to close the gaps in NP knowledge (1, 275, 302). 
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Table. 1.7. Advantages and limitations of nanotoxicological assessment methods 

 In vitro Ex vivo In vivo In silico 

A
d

v
a
n

ta
g
es

 

• Initial Faster screen 

• High throughput screen 

• Easy to perform/ control 

• Easier dosing 

• Immortal continuous cell lines 

• Mechanistic and toxicity studies 

• Permeability and uptake studies 

• Non-animal alternative 

• Fast screen 

• Relatively controlled and 

easy dosing 

• Better multicellular and 

organ response for 

mechanistic and toxicity 

study 

• Whole body exposure 

• Biodistribution data 

• Single or repeated exposure 

• Acute or chronic toxicity 

• Short term and long-term studies 

• Predictive ability for 

mechanistic and toxicity 

• No animal cruelty 

• Computer-based studies 

L
im

it
a
ti

o
n

s 

• Lack of multicellular interactions 

• Difficult to translate in-vivo 

• Short term exposure 

• Lack of standardizations 

• Difficult to compare between 

different studies 

• Variations between primary and 

immortalized cell lines 

• Lack of biodistribution 

data 

• Difficult to maintain and 

handling 

• Short term exposure 

• Training and handling 

• Expensive and technically 

demanding 

• Animal discomfort and cruelty 

• Labor demanding 

• Interspecies variability 

• Sometimes poor human 

translation 

• The availability of 

enough information that 

enables the study 

 • Lack of experiments 

standardizations makes it 

difficult to compare 

different results 

.
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1.6.  Aims of the study: 

The aim of the study was to investigate the nanotoxicity of polymeric NPs based 

on chemistry (PLGA vs PGA-co-PDL), size (PGA-co-PDL & PLGA NPs of 200 nm, 

PGA-co-PDL & PLGA 500 nm, 800 nm), and the surface charge (Negatively charged 

vs positively charged) for pulmonary delivery.  

This was accomplished through the following chapters: 

Chapter. 2: To investigate the effect of physicochemical properties of PLGA vs PGA-

co-PDL NPs on their stability and degradation in different biological media through the 

following objectives: 

1. To formulate and characterize 8 types of NPs based on two polymers (PGA-co-

PDL vs PLGA), 3 sizes (200 nm, 500 nm, and 800 nm), and surface charge 

(negatively and positively charged), 

2. To study the NPs stability, i.e. size and charge, and degradation in different 

biological media. 

Chapter. 3: To investigate and compare PLGA vs PGA-co-PDL NPs interactions at 

different concentrations using pulmonary cell lines. This will be achieved using in vitro 

methods through the following objectives: 

1. To evaluate the general cytotoxicity using Alamar Blue assays, ROS detection, 

cell membrane and mitochondrial membrane potentials, 

2. To differentiate between the apoptosis and necrosis cell death with evaluating 

the caspases production, 

3. To detect the inflammatory response after THP-1 exposure to NPs by measuring 

a screen of pro- and anti-inflammatory cytokines, 
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4. To detect any genotoxicity after NPs exposure by COMET assay. 

Chapter. 4: To investigate PLGA vs PGA-co-PDL NPs internalisation in Calu-3 cell 

lines through the following objectives: 

1. To investigate the NPs effect on the integrity of the epithelial barriers through 

calculating the apparent permeability coefficient of [14C]-mannitol as a 

paracellular marker after polarized Calu-3 cell exposure to NPs at different 

concentrations and time points, 

2. To determine the underlying mechanisms for NP uptake using different 

pharmacological inhibitors, 

3.  To visually confirm the NPs internalisation and the subcellular co-localization 

by confocal microscopy. 
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2. Polymeric Nanoparticles Formulations, 

and Characterisation 
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2.1. Introduction: 

Aliphatic polyesters  such as PLA, PGA, PLGA are amongst the commonest 

synthetic biodegradable polymers widely used in biomedical applications (303). These 

polyesters can be synthesized through conventional polymerization reaction, which is 

a group of different chemical reactions that commonly involve either ring-opening 

polymerization (ROP) and/or polycondensation (62). These methods of polymerization 

suffer from harsh reaction conditions; using very high temperatures (above 200 oC), 

requiring high pressures, being catalysed by hundreds of toxic metallic catalysts, 

producing multiple by-products, and involving many steps of protection and de-

protection of the functional groups (61). The main drawbacks are less control of the 

polymer chain length, broad molar mass distribution, longer reaction times needed to 

produce high MW polymers, extensive filtrations and purifications, poor yield, and 

failure to preserve important functional groups. Alternatively, the use of enzymatic 

synthesis has provided greener polymerization process (64, 303, 304).  

Two decades ago, an enzyme, Lipase, was isolated from Candida antarctica 

(CA). It catalyses the hydrolysis of lipids and fatty acids and is stable in organic 

solvents and was successfully used to catalyse polymerization reactions. This enzyme 

was used to catalyse the synthesis of functional polyesters with pendant hydroxyl 

groups via ROP (305-307) and polycondensation (308, 309). This was achieved under 

milder reaction condition and of shorter time, avoiding toxic catalysts, low cost, fewer 

by-products and easier filtration, and a higher yield of more linear polymers with a 

narrow molar mass distribution (310). This enzymatic synthesis had characteristic 

region-selectivity (311) and stereoselectivity (312, 313)  protecting functional groups. 

Various lipases had been explored to catalyse various polymerizations of small or large 

molecules (304).  At LJMU, our group managed to synthesize a novel polyester by 
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using Novozyme 435 (lipase enzyme (derived from CA) immobilized on microporous 

resin) to catalyse ROP and polycondensation of three monomers; glycerol, DVA, ɷ-

pentadecalactone to produce PGA-co-PDL polyester (in Chapter.1: Figure.1.4) (72). 

(72, 77, 314). Using equimolar concentrations of these monomers, under very mild 

reaction conditions (50 oC), linear polymer chain and high MW, low cost and high yield 

are advantages of this in-house synthesis of 6 hr (34, 78, 314). This polymer was used 

to fabricate NPs and MPs using emulsification solvent evaporation methods. It was 

successfully loaded with a variety of hydrophilic and hydrophobic drugs, 

macromolecules, vaccines, and gene therapy (23, 25, 34, 72, 74-81, 106, 315-317).   

It is very important for novel polymers to show good stability and long shelf life 

as well as good stability profile for fabricated drug delivery carriers such as NPs.  PGA-

co-PDL polymer showed good storage stability up to 1 year stored at 4 oC or at room 

temperature 25 oC and over drying sieves (0% humidity) in the dark (314). Its 

degradation was increased by humidity (75%) and high temperature (40 oC) due to the 

pendant hydroxyl group (Free OH- per glycerol) which makes it hydrolysable (314). 

PGA-co-PDL biodegradation as a polymeric matrix under physiologic conditions (37 

oC, with continuous agitation) in phosphate buffered saline (PBS) buffer was slower 

(over 6 weeks) than PLGA (50:50), with the later having complete hydrolysis of its 

matrix in 4 weeks under similar conditions (314, 318). PGA-co-PDL hydrolysis is a 

heterogenous process due to random scission of the polymeric chain. However, MPs 

fabricated from PGA-co-PDL under the same physiologic conditions were completely 

hydrolysed by 6 weeks duration (314). This demonstrated that the formulated carriers 

such as MPs showed faster biodegradation profile than the matrix of their parent bulk 

material. This was due to the increased surface area of MPs compared to polymer matrix 

of the same mass. Hence, the importance of evaluating the stability and degradation not 
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only for the bulk polymer but also for the fabricated carriers to reflect on the 

optimization of nanomedicines. There has been no investigation of how different media 

could influence the stability and degradation of PGA-co-PDL NPs. Hence, this study 

explored the effect of physicochemical characteristics of PGA-co-PDL NPs compared 

to PLGA NPs on their stability and degradation in different biological media.  

2.2.  Aims: 

To investigate the effect of physicochemical properties of PGA-co-PDL and 

PLGA NPs on their stability and degradation in different biological media through the 

following objectives: 

1. To formulate and characterize 8 types of NPs based on two polymers (PGA-co-

PDL vs PLGA), 3 sizes (200 nm, 500 nm, and 800 nm), and surface charge 

(negatively and positively charged), 

2. To study the NPs stability, i.e., size and charge, and degradation profile in 

different biological media. 

2.3. General Materials and Methods: 

2.3.1. General Materials: 

PLGA (50:50) acid terminated with MW of 7000-17000 KDa, Glycerol, ω-

pentadecalactone, Nile red (NR) dye, Phosphate buffered saline tablets at pH 7.4 were, 

Poly (vinyl alcohol) (PVA; MW of 13–23 KDa, 87%–89% hydrolysed) were purchased 

from Sigma-Aldrich Chemicals, UK. Novozyme 435 (a lipase enzyme derived from 

CA and immobilized on acrylic macroporous resin) was purchased from Biocatalytics, 

USA, and was stored over P2O5 at 4 °C prior to use. Divinyl adipate (DVA) was 

obtained from Fluorochem, UK. 1,2-dioleoyl-3-trimethylammonium-propane (chloride 
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salt) powder (DOTAP) was kindly gifted from Lipoid Company, Germany. Methanol, 

Tetrahydrofuran (THF), Dimethyl sulfoxide (DMSO), were purchased from 

Thermofischers, UK. Purified water (DW) from a Millipore Purification System 

(Billerica, MA, USA) was used. 

2.3.2. Methods: 

2.3.2.1. Polymer Nanoparticle Formulation and Characterisation: 

2.3.2.1.1. PGA-co-PDL Synthesis and Characterisation:  

PGA-co-PDL polyester was synthesized through ROP and polycondensation 

catalysed by Novozyme 435 as previously described by Namekawa et al. and 

Thompson et al. (72, 315). Briefly, equimolar concentrations of Glycerol, ω-

pentadecalactone, Divinyl adipate (0.125 moles) were Placed in three-neck flask 250 

mL with 20 mL of THF then immersed in a pre-maintained water bath (50 oC) and 

allowed to equilibrate for 20 mins. Overhead mechanical stirrer (Heidolph RZRI type) 

fitted with a central stirrer paddle, and an open-top condenser (to allow for the 

acetaldehyde escape) were fitted. Novozyme 435 (1.25 g) was washed down by 

additional 5 mL THF. Stirring was commenced at a rate of 200 rpm and the reaction 

was left for 6 hr (typically gives MW ~ 14.5 KDa, increasing the reaction time allows 

for higher MW production). Then, the reaction was stopped by adding 100 mL DCM 

followed by filtration through standard Büchner filtration (to remove any residual 

enzyme resins) and solvent removal by rotary evaporation. To the remaining 20-30 mL 

pale yellowish viscous fluid, 100-150 mL Methanol was added to precipitate the 

polymer (removing any unreacted monomers/oligomers) through standard Büchner 

filtration. The polymer precipitate was left for 48 hr to dry at room temperature then 

stored in sealed jars under desiccator for further use. Schematic diagram of the chemical 
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synthesis of PGA-co-PDL polymer is represented in Chapter.1: Figure. 1.4. The MW, 

chemical structure and physiochemical properties were determined as reported by 

Thompson et al. (16). 

2.3.2.2. Polymeric Nanoparticles Formulations and Characterisations: 

2.3.2.2.1. Formulation of Different Sizes of Polymeric Nanoparticles: 

NPs were produced using an emulsion-solvent evaporation method with PVA 

as an anionic emulsifier and DOTAP as a cationic emulsifier. To achieve three different 

size groups (~200, 500, 800 nm), three different formulation parameters were adopted 

from a previous in-house published study (74, 80) (Figure. 2.1. Schematic illustration 

of NP formulation) with some modifications briefly:  

Nanoparticles of size 200 nm group: 

NPs were formulated from both polymers, PLGA and PGA-co-PDL, using oil 

in water (O/W) single emulsion method. 200 mg of the polymer was dissolved in 2 mL 

DCM (cationic NPs were prepared with addition of a cationic emulsifier DOTAP as 

10% (w/w) to polymer mass prior to adding DCM) and added drop wise to 5 mL of 

10% (w/v) PVA under probe sonication (QSonica sonicator, USA) at 65% amplitude 

for 2 min in an ice bath. The mixture was added drop wise (within 10 min at 600 rpm) 

to 20 mL of 0.75% (w/v) PVA with continued magnetic stirring (Jeio Tech MS-53M, 

South Korea) at 500 rpm for 3 hr at room temperature to facilitate evaporation of DCM. 

NPs (2 mL of the emulsion containing 16 mg) were isolated by centrifugation and 

washed twice with 5 mL of DW to remove any excess surfactants, at 112,000 xg and 

4ºC for 30 min using an Optima L-80 Ultracentrifuge (Beckman CoulterTM, UK) with 

a 70.1 Ti rotor.  
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Nanoparticles of size 500 nm group: 

NPs were formulated from PGA-co-PDL polymer using O/W single emulsion 

method. 300 mg of the polymer was dissolved in 1.5 mL DCM and added drop wise to 

(cationic NPs were prepared with addition of a cationic emulsifier DOTAP as 10% 

(w/w) to polymer mass prior to adding DCM) 2.5 mL of 10% PVA under probe 

sonication at 65% amplitude for 1 min in an ice bath then continue as above for 3 hr. 

NPs (1.2 mL containing 16 mg) were isolated as above with ultracentrifugation at 

80,000 xg, and 4ºC for 30 min.  

Nanoparticles of size 800 nm group: 

Double W/O/W emulsion method was used. PGA-co-PDL(200 mg) was added 

to 2 mL DCM (cationic NPs were prepared with addition of a cationic emulsifier 

DOTAP as 10% (w/w) to polymer mass prior to adding DCM) and upon adding to the 

internal aqueous phase of 0.5 mL 10% PVA under probe sonication with amplitude 

65% in an ice bath for 30 sec. This primary emulsion was then added to external 

aqueous phase of 25 mL containing 2 % PVA drop wise under probe sonication 45% 

amplitude for 30 sec and left under magnetic stirring at 500 rpm for 3 hr at room 

temperature. NPs (2 mL containing 16 mg) were isolated as above with 

ultracentrifugation at 37,000 xg, and 4ºC for 30 min.  

Nile Red Labelled Nanoparticles for Imaging Confocal Microscopy: 

NR dye was added to the polymer (2.5% w/w) prior to adding DCM and the 

process was followed as above to achieve the three sizes of polymeric NPs. 

The codes for the different NPs used in the study are represented in Table.2.1. 
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Figure. 2.1. Schematic illustration of NP formulation by emulsification solvent-evaporation methods: (A) Single-emulsion method, (B)Double-

emulsion method, and (C) Isolation and Characterisation of NP size, charge and shape. 
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Table. 2.1. Codes of different NPs used in the study. 

Polymer type Size Charge Code used 

PLGA 200 nm Negatively charged/PVA PL-2 

PLGA 200 nm Positively charged/DOTAP PL+2 

PGA-co-PDL 200 nm Negatively charged/PVA PG-2 

PGA-co-PDL 200 nm Positively charged/DOTAP PG+2 

PGA-co-PDL 500 nm Negatively charged/PVA PG-5 

PGA-co-PDL 500 nm Positively charged/DOTAP PG+5 

PGA-co-PDL 800 nm Negatively charged/PVA PG-8 

PGA-co-PDL 800 nm Positively charged/DOTAP PG+8 

2.3.2.2.2. Nanoparticle Characterisation: 

Particle Size and Zeta Potential: 

NPs average size and polydispersity index (PDI) were measured using Dynamic 

Light Scattering (DLS), and zeta-potential was measured by Zetasizer Nano ZS, 

Malvern Instruments Ltd, UK. NPs suspension in DW (4 mg/mL) was sonicated using 

water bath sonicator (Ultrawave, UK) for 10 min to disperse the NPs. A sample of 100 

µL of NPs suspension was diluted in 5 mL DW and subsequently placed into cuvettes 

to measure the size. A sample of 100 µL of NPs suspension was diluted in 2 mL DW 

and placed into zetasizer cells for measuring the zeta potential. Measurements were 

taken at 25 oC (n=3).  

Scanning Electron Microscopy (SEM): 

A drop of the diluted NPs (0.125 mg/mL) sample was mounted on sticky 

conductive carbon covered aluminium stubs (pin stubs, 13 mm), then air-dried at room 

temperature prior to coating with palladium (10–15 nm) using a sputter coater 

(EmiTech K 550X Gold Sputter Coater, 25 mA for 3 min). Then NPs were visualized 

by SEM (FEI—Inspect S Low VAC Scanning Electron Microscope). 
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Transmission Electron Microscopy (TEM): 

An aliquot of NPs (0.25 mg/mL) was added to an equal volume of a negative 

stain (1% Uranyl acetate) then a tiny drop was mounted on farmovar-coated cupper 

grids and air-dried, then visualised using the TEM (FEI Morgagni Transmission 

Electron Microscope, Philips Electron Optics BV, Netherlands) using acceleration 

voltage 100.0 kV. 

2.3.3. Methods of Nanoparticles Stability and Degradation in Aqueous Media 

Study: 

2.3.3.1. Nanoparticle Size and Charge Stability in Biological Media:  

To understand the effect of the dispersing cell culture media such as cell culture 

media with 10 % FBS (CM) & serum-free media (SFM) on the size and charge of NPs. 

Polymeric NPs of the three different size groups, negatively and positively charged 

were formulated using the method described previously in section 2.3.2.2. NPs pellets 

following centrifugation were resuspended in 4 mL CM or SFM sonicated for 10 min 

until NPs were completely dispersed. Serial dilution was made to make 0.125 and 0.25 

mg/mL NPs suspension. At two-time points; immediately (T0), and after 24 hr 

incubation at 37 oC (T24) with gentle shaking, 100 µL of each concentration was 

dispersed in 4 mL DW and characterized for size and charge using DLS without prior 

sonication (n=2). 

2.3.3.2. Nanoparticle Degradation in Aqueous Media: 

The NPs degradation was studied under two conditions; PBS stored at 4 oC (to 

simulate in vitro storage conditions) and in simulated lung fluid ((SLF), to simulate in 

vivo degradation) prepared by Gamble’s solution (pH 7.4) (319) and incubated at 37 oC 
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under axial rotation of 15 rpm using Hula MixerTM Sample Mixer (Life technologies, 

UK).  

Briefly, 10 mg centrifuged pellets were immediately resuspended in 5 mL PBS 

or SLF and sonicated for 10 min until NPs were completely dispersed. Prior to 

characterisation (size and charge) and measurement of pH, samples were sonicated for 

5 min and analysed at day 0 (D0), D1, D3, D7, D14, D21, and D28. To assess the MW, 

NPs samples were freeze-dried at D0, D7, D14, D21, and D28. MW measurements 

were carried out for all the samples at the last daily interval, i.e., D28 using GPC as 

previously described at section 2.3.2.1.2 (n=2). 

2.3.4. Statistical Analysis: 

All statistical analysis was performed using GraphPad Prism 7.04 statistical 

software using One-way analysis of variance (ANOVA) and applying Dunnett's 

multiple comparison test to compare mean of each formulation with the untreated 

control and Tukey's multiple comparison to compare the mean of different formulations 

with each other. All values were expressed as mean ± standard deviation of three 

independent experiments (N=3) unless otherwise specified. The results showed 

reproducibility. Statistical comparison was done between PG and PL NPs at 200 nm 

(PG-2 vs PL-2, and PG+2 vs PL+2) to detect the chemistry-induced effect, PG NPs of 

different sizes (NPs 200 nm vs 500 nm, NPs 200 nm vs 800 nm, NPs 500 nm vs 800 

nm at the same charge and concentration) to study the size-induced effect, and 

negatively charged NPs to positively charged counterparts of same size, chemistry, and 

concentration to study the charge-induced effect. The key symbols used for these 

comparisons are presented in Table 2.2. The P values are expressed as *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 where * could be any key symbol used for the 

comparison from the Table.2.2. 
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Table. 2.2. Statistical key symbols used in this study. 

Comparison Symbol 

Control, e.g. untreated cells (NC)  • 

PG-2 vs PL-2 or PG+2 vs PL+2 # 

PG-2 vs PG-5 or PG+2 vs PG+5 X 

PG-2 vs PG-8 or PG+2 vs PG+8 Ø 

PG-5 vs PG-8 or PG+5 vs PG+8 Ö 

PG-2 vs PG+2 or PL-2 vs PL+2, or PG-5 vs PG+5, or PG-8 vs PG+8 + 

Experimental technical difference, e.g. SFM to CM or wash to no wash  $ 

2.4. Results: 

2.4.1. Polymer Characterisation: 

PGA-co-PDL polymer was synthetized and characterized as previously reported 

by  Thompson et al. (72, 75, 76). The polymer was a waxy solid powder with an off-

white color and stored at room temperature. The MW of PGA-co-PDL polymer was 

confirmed by the GPC to be 15.7 KDa, and PLGA MW was 16.7 KDa. DSC of the 

synthetized PGA-co-PDL confirmed that Tm was ~55 oC, and Tg was ~39 oC which 

was previously published by our group (72, 105, 314). The Tg of PGA-co-PDL was 

similar to PLGA (Tg 42-46 °C as reported by the manufacturer) (56, 64, 68).   

2.4.2. Nanoparticle Characterisation: 

NP Characterisation for size, PDI, and zeta potential were evaluated in DW 

represented in Table. 2.3.  PL and PG NPs at 200 nm size showed similar size, while 

the positively charged NPs showed a slight size reduction from their negatively charged 

counterparts but there was no statistically significant difference. NPs at 200 nm size 

were statistically smaller from their larger counterparts at 500 nm and 800 nm 



 

76 

(P<0.0001). NPs at 500 nm were were statistically different from their larger 

counterparts at 800 nm (P<0.0001). 

Table. 2.3. Characterisation of polymeric of NPs (Mean ±SD, n=3). 

NPs Type Characterisation  

 Average diameter (nm) PDI Zeta potential (mV) 

PG-2 210.11 ± 5.01 0.21 ± 0.02 - 26.80 ± 0.90 

PG+2 205.20 ± 7.50 0.23 ± 0.03 +33.30 ± 1.60 

PL-2 215.20 ± 3.01 0.20 ± 0.02 -27.70 ± 1.70 

PL+2 199.31 ± 5.50 0.20 ± 0.01 +32.40 ± 1.50 

PG-5  524.31 ± 6.10 0.32 ± 0.04 -29.30 ± 2.50 

PG+5  513.41 ± 4.30 0.30 ± 0.05 +27.50 ± 30 

PG-8 825.50 ± 4.50 0.34 ± 0.04 -28.40 ± 1.50 

PG+8 810.50 ± 10.50 0.36 ± 0.07 +28.90 ± 3.50 

NR-labelled NPs characterisation are represented in Table. 2.4. NPs showed a 

slight increase of their sizes, and a slight decrease for the recorded zeta potential values. 

These were not statistically difference to their non-labelled counterparts indicating 

successful labelling without affecting the original physicochemical properties of the 

polymeric NPs. 

The shape of the polymeric NPs was confirmed by SEM and TEM. PG-2 and 

PG+2 are shown in Figure. 2.2. A & B. PL-2 and PL+2 are shown in Figure. 2.3. A & 

B. PG-5 and PG+5 are shown in Figure. 2.4. A & B. Lastly, PG-8 and PG+8 are shown 

in Figure. 2.5. A & B. All types of the formulated NPs were found to be spherical in 

shape with smooth surface. The NPs showed some polydispersity in their size that was 

more apparent in the larger NPs (500 nm and 800 nm). 
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Table. 2.4. Characterisation of polymeric of NPs NR labelled NPs for confocal imaging 

(Mean ±SD, n=3). 

NPs Type Characterisation 

 Average diameter (nm) PDI Zeta potential (mV) 

PG-2 234.20 ± 3.50 0.23 ± 0.02 - 23.40 ± 4.30 

PG+2 220.10 ± 4.30 0.23 ± 0.03 +21.60 ± 3.40 

PL-2 226.31 ± 6.70 0.21 ± 0.03 -19.60 ± 5.40 

PL+2 211.20 ± 8.20 0.31 ± 0.01 +24.20 ± 5.30 

PG-5 552.40 ± 7.40 0.34 ± 0.04 -22.30 ± 4.40 

PG+5 543.50 ± 2.50 0.33 ± 0.05 +23.20 ± 5.90 

PG-8 845.30 ± 4.50 0.33 ± 0.03 -25.20 ± 5.40 

PG+8 835.30 ± 7.01 0.35 ± 0.05 +26.90 ± 4.20 
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Figure. 2.2. SEM and TEM images of (A) PG-2, (B) PG+2. 
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Figure. 2.3. SEM and TEM images of (A) PL-2, (B) PL+2. 



 

80 

 

Figure. 2.4. SEM and TEM images of (A) PG-5, (B) PG+5. 
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Figure. 2.5. SEM and TEM images of (A) PG-8, (B) PG+8. 
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2.4.3. Nanoparticle Stability and Degradation in Different Media: 

2.4.3.1. Nanoparticle Size and Zeta Potential Stability in Media: 

Figure. 2.6. (A & B) and (C & D) indicate the size characterisation in SFM and 

CM respectively. While Figure. 2.6. (E & F) and (G & H) indicate the zeta potential 

characterisation in SFM and CM respectively. The statistical analysis was performed 

between the following:  

(1) Compare NPs size and zeta potential at the same time point between the two 

conditions: SFM and CM (indicating different experimental conditions/effect of the 

dispersing media),  

(2) Compare NPs size and zeta potential at T0 to T24 under the same condition 

(indicating the changes due to protein adsorption and/or agglomeration upon dispersion 

and after 24 hr incubation),  

(3) Compare negatively charged NP to positive counterparts under the same 

condition (indicating the surface chemistry effect), 

(4) Compare PL NPs to PG NPs (indicating any chemistry induced effect).   

Size: Upon dispersing the NPs in SFM or CM, there was an increase of their 

size at T0 and T24. Figure. 2.6 A indicates a size increase with negatively charged NPs; 

PG-2, PL-2, PG-5, and PG-8 in SFM. Size increased with all NPs at T0 and T24 at 37 

oC. There were only significant differences with PG-5 and PG-8 from their T0 sizes. 

While positively charged NPs; PG+2, PL+2, PG+5, and PG+8 in SFM (Figure. 2.6. B) 

showed similar trend with slightly higher size increase at T0 and T24 and there was 

significant difference with PG+2, PL+2, PG+5, and PG+8 from their sizes at T0. Only 

PG+5 and PG+8 showed a significant size difference to PG-5 and PG-8 at T0. PL-2 
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and PG-2 showed similar size changes that were not significantly different. PL+2 was 

slightly bigger than PG+2 but not significantly different. 

In CM (Figure. 2.6. C & D), size change of NPs at T0 and T24 showed similar 

trends to NPs in SFM but with a higher increase of size. It was significantly different 

to SFM sizes with all NPs except PG-8 at T24. NPs of PG-2, PL-2, PG-5, and PG+8 

showed a significant size increase to their T0 in CM. Negatively charged NPs were 

slightly smaller in size to their positive counterparts but there were no statistically 

significant differences at any time points. PG-2 NPs were almost similar PL-2 at T0, 

however at T24, PL-2 was larger than PG-2 but no significant difference. PL+2 NPs 

were slightly larger than PG+2 at T0, however, at T24 both NPs were almost of the 

same size with no significant differences at either time point.  

Zeta Potential: Figure. 2.6. (E & F) presents the zeta potential characterisation 

in SFM. Negatively charged NPs showed their zeta potential slightly lowered from T0 

to T24 (more negative at T24), while the positively charged NPs showed conversion of 

their positive charge to a negative charge. However, there was no significant differences 

at any time points. 

Zeta potential characterisation in CM in Figure. 2.6. (G & H) showed similar 

trend to SFM with slight lowering of the negative charge from T0 to T24 and conversion 

of positively charged NPs to negatively charged. There were no significant differences 

between different NPs at any time point and to their SFM counterparts. 
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Figure. 2.6. NPs Characterisation: Size in SFM (A) Negatively charged 

NPs, (B) Positively charged NPs, and size in CM (C) Negatively charged NPs, (D) Positively 

charged NPs, zeta potential in SFM (E) Negatively charged NPs, (F) Positively charged NPs, 

zeta potential in CM (G) Negatively charged NPs, and (H) Positively charged NPs in CM 

(Results expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 

2.3.4). 
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2.4.3.2. Nanoparticle Degradation in Aqueous Media: 

PL-2 and PG-2 were studied for degradation under two conditions; suspended 

in PBS at 4 oC and suspended in SLF (Gamble’s Formula) incubated at 37 oC under 

axial rotation of 15 rpm. The changes of NP size, zeta potential, pH, and MW over 

study interval are presented in Figure. 2.7. (A & B), (C & D), (E & F), and (G & H) 

respectively.   

NP Size: PG-2 size changes under both conditions (Figure. 2.7. A) and the NP 

size was almost stable until D7, then an increase with high SD from D14-D28 that was 

significantly different from D0 size (pink symbols for SLF, orange symbols for PBS). 

There was a slightly higher size increase from D14-D28 with SLF than PBS however, 

no significant difference between the two conditions. Figure. 2.7. B represents PL-2 

size changes under SLF and PBS with the size almost stable until D7. However, in SLF, 

the size started to decrease after D7 toward D28, whereas in PBS, the size increased 

toward D28. There was no significant difference at any time points to D0. However, at 

D28, PL-2 NP size was significantly higher in PBS than SLF. However, there was size 

differences between PL-2 and PG-2 from D7-D28 in both conditions, but due to the big 

error bars with PG-2, there was no statistical significance.   

 Zeta Potential: PG-2 zeta potential (Figure. 2.7. C) changes overtime in both 

conditions. PG-2 was negatively charged at D0 with gradual lowering of their negative 

charge towards D28, however NPs in SLF were less negative to those stored in PBS. 

There was no significant difference at any time point to their corresponding D0 as well 

as between SLF and PBS. However, PL-2 (Figure. 2.7. D) showed similar trends to PG-

2 NP at D0-D14 but started to lose their negative charges or approaching the point of 

neutrality at D14-D28. Moreover, there was less negative charge in PBS than SFL but 
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almost the same at D21-D28. In addition, there was no significant difference at any time 

point to their corresponding D0 as well as between SLF and PBS. 

pH changes: Figure. 2.7. E shows PG-2 NPs had slightly alkaline pH at D0 in 

both conditions. The pH showed gradual lowering over time denoting acidic changes. 

However, pH at D28 staggered around neutral pH for both conditions. Statistically 

significant differences were shown in D7-D28 in PBS from their D0 values. However, 

the pH in SLF only showed significant differences in D21-D28 to their D0 values. 

Moreover, there was statistical difference between SLF (less acidic) and PBS in D7-

D28. However, for PL-2 the pH changes (Figure. 2.7. F) decreased towards acidic pH 

over time and showed significant acidic pH at D21-D28 to their corresponding D0 in 

PBS. There were less acidic changes in SFL compared to PBS and was only significant 

at D28. Comparing PG-2 to PL-2 there was no significant differences (after 

normalization to correspondent D0) at the two different conditions except at D28 in 

SFL which was less acidic in PG-2. However, the absolute values of pH with PL-2 NPs 

were significantly more acidic than PG-2 at all-time points and both conditions.  

MW: MW changes are represented in Figure. 2.7. G & H for PG-2 and PL-2 

respectively.  The MW changes showed trend of stability or slightly increased overtime 

to D21 before returning to levels at D28 comparable to D0. However, there was no 

significant changes between PG-2 and PL-2 at any time point or any condition (after 

normalization to the correspondent D0). 
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Figure. 2.7. Degradation of PG-2 and PL-2 NPs in SLF and in PBS: Size changes 

(A)PG-2 and (B) PL-2, Zeta potential changes (C) PG-2 and (D) PL-2, pH changes 

(E)PG-2 and (F) PL-2, MW changes (G) PG-2 and (H) PL-2 (Results expressed as 

Mean ± SD, for statistical symbols and P-value please refer to section. 2.3.4). 



 

88 

2.5. Discussion: 

2.5.1. Polymer Synthesis, Nanoparticle Formulation, and Characterisation: 

A functional polyester of PGA-co-PDL polymer was successfully synthesized 

and characterized as previously mentioned  by Thomson et al., (72). The polymerization 

reaction was enzymatically catalyzed via Lipase enzyme with ring-opening 

polycondensation reaction. The chemical structure was confirmed by FT-IR and 

1HNMR and was consistent to what was previously reported (23, 72, 77, 81). The 

monomeric ratio of PLGA 50:50 (MW 7-17 KDa) was chosen to be compared to the 

monomeric ratio of (1:1:1) of PGA-co-PDL polymer. MW produced was ~ 15.7 KDa, 

which was similar to PLGA MW (~16.7 KDa characterized via GPC). Both PL and PG 

of aliphatic polyester family were of similar MW and monomeric ratio to formulate 

similar NP size and have a comparable hydrolytic degradation to study the chemistry 

induced effect of NPs interactions (320).  

NPs were successfully formulated from the two polymers using emulsion-

solvent evaporation methods (Table. 2.1). The optimization of the different sizes of the 

PGA-co-PDL and PLGA NPs used in the study was based on a previously published in-

house study of optimizing different NP sizes (74, 80). SE (O/W) method was used to 

formulate 200 and 500 nm size, while DE (W/O/W) was used to formulate the larger 

size of 800 nm (321, 322). McCall and Sirianni (321) had extensively studied the use 

of SE and DE methods with applying many variables such as solvents, emulsifiers, 

sonication power, and different PL polymer mass to tune the NP size in the range of 

~150 nm up to 2 µm.  

The use of emulsifiers/stabilizers are to improve stability of the emulsion (323) 

by ensuring the NP surface is covered to allow electrostatic repulsion forces to 
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deagglomerate and stabilize the produced NPs. PVA is a common anionic emulsifier 

resulting in a negative charge of NPs (323). However, positively charged NPs were 

produced by using DOTAP as a cationic emulsifier. DOTAP was previously used to 

coat polymeric NPs to improve their encapsulation efficiency of negatively-charged 

macromolecules and potentially increases the cellular uptake and interactions as 

previously reported (79, 324). The positive charge from DOTAP coating is due to 

exposure of its cationic moiety of the quaternary amine (325-327). Positively charged 

NPs were slightly smaller than negatively charged NPs produced by same method but 

not significantly different. This is due to synergistic effect of both PVA and DOTAP as 

surfactants. They increased the surface tension required to produce rounded 

droplets/NPs. This effect reduced the coalescence of droplets and lowered the size. 

Similar findings were reported in literature (328, 329). 

It has been indicated that NP with minimum zeta potential values ± 20 mV are 

acceptable as stable emulsions (330-332). The reported zeta potential values for the 

positively charged NPs were in the range of +25 mV or more, while the negative 

charges NPs were in the range of -25 mV or less confirming the stability of the produced 

emulsions. Positively charged NPs are commonly fabricated to achieve higher loading 

for negatively charged molecules such as siRNA (23, 79, 97) or macromolecules (25, 

74) and to increase the cellular interactions (333). For example, a study by Mohamed 

et al., (23) had successfully formulated PG NPs positively charged with 15% (w/w) 

DOTAP that showed higher adsorption to miR146a to target IRAK1 gene expression 

as therapeutic intervention for COPD. The formulation (~ 240 nm) retained the 

functional and structural stability with high loading (36.25 µg per 10 mg after 24 hr 

incubation) with continuous in vitro release profile up to 77% after 24 hr. Using A549 

cells, the formulation showed a reduced the target gene IRAK1 expression to 40%. 
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2.5.2. Stability and Degradation of Nanoparticles: 

2.5.2.1. Nanoparticle Size and Charge Stability in Culture Media: 

Size: Upon dispersing the NPs in SFM or CM (Figure. 2.6. A, B, C, & D), there 

was an increase of their size at T0 and T24 incubation. The size increase was more 

manifested with the positively charged NPs under both conditions, with higher increase 

in CM compared to SFM. The size (T0) change denotes the immediate adsorption to 

the surrounding molecules of the dispersing media, i.e, proteins in CM, or amino acids 

and other molecules such as sugars, ions and salts in SFM (334). While the changes 

over 24 hr /37oC denotes further adsorption of molecules and further agglomeration. 

There were huge size differences in SFM (smaller size either negative or positive NPs) 

in comparison to CM at T0 which could be attributed to the high serum proteins 

contents in CM with high adsorption to surface of NPs (334). At T24 in both conditions, 

there was an increase with a huge variation in size to T0, but smaller size was observed 

in SFM than CM indicating more pronounced adsorption and agglomeration in CM. 

The size increase was due to so called ‘protein corona’ where the NPs interact with the 

biological molecules of the dispersing media (334-336) that can be formed within the 

first 30 seconds and keep increasing with doubling the NP ‘apparent’ size to 8 or more 

folds in less than 10 min resulting in aggravating NP agglomeration with time (337-

339). This new NP biological identity dictates in vivo pharmacokinetic behaviour as 

well as influencing cellular uptake with either increasing (such as more prone to 

phagocytic uptake) or decreasing their internalization and toxicity (340). The nature of 

proteins, amounts, types are dependent on the NP physicochemical characteristics (such 

as NP chemistry, size, charge etc.) and the contact site /dispersing medium (341, 342).  

Zeta Potential (Figure. 2.6. E, F, G, & H) the negatively charged NPs showed 

insignificant differences of zeta potential either at T0 or after T24 under both 
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conditions. This could be related to the repulsion effect between the negatively-charged 

NPs and the negatively-charged proteins resulting in less protein adsorption (342).  

However, the conversion of the positively charged NPs to negative charge was 

indicative of protein adsorption (most of proteins are negatively charged). Although, 

SFM has 0% FBS, it still contains amino acids (such as glutamine), sugars, and other 

molecules that are negatively charged and hence can be adsorbed resulting in 

conversion of NP charge to negative (338, 342, 343).  

Similar findings have been reported by Chen et al, (344) who developed PL NP 

coated cationic PEI (~ 500 nm) when dispersed in CM (+10% FBS), the size increased 

up to 1 µm with the positive charge conversion to negative (+45 mV to −25 mV) 

indicating protein adsorption. Another study by Partikel et al., (345) further 

investigated protein corona formation around PL NPs (~ 200 nm, negatively charged 

with PVA) when exposed to human serum (HS) and FBS. Incubating PL NPs in HS 

and FBS resulted in a protein corona with almost 60 different types of HS proteins 

involved while the FBS showed ~ 40 different types in NP corona. Zeta potential of PL 

NPs in DW (−40 mV) had decreased to −34 mV and −21 mV in HS and FBS 

respectively indicating the abundance of proteins in HS than FBS (total proteins 86.6 

mg/mL in HS compared to 47.7 mg/mL in FBS) with adsorption of proteins affecting 

the zeta potentials by increasing the charge (toward zero). This indicates the importance 

to evaluate the NP size under the planned experimental procedures to get an estimation 

of the size changes. Hence, the SFM was chosen as the dispersing media for further 

experiments as less size changes were encountered and to ensure better correlation of 

NP physicochemical-dependent cellular interactions that is crucial for the development 

of safer and more efficient NP based drug delivery systems. 
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2.5.2.2. Nanoparticle Degradation under Storage or Simulated Physiologic 

Conditions: 

PG-2 and PL-2 were investigated under two different conditions to study their 

degradation: in PBS/4 oC simulating in-vitro storage, and in SLF/37 oC under axial 

rotation of 15 rpm simulating the in-vivo degradation. PL and PG NPs of similar size, 

charge, and MW indicated completely different degradation profiles signifying 

chemistry induced effect. 

Size: (Figure. 2.7. A & B) The NP size was evaluated after sonication for 5 min 

to disperse NPs. However, PG and PL NPs had similar sizes but different trends of 

changes under different conditions. PG-2 indicated aggregation after one week with 

high variations towards D28 which were more pronounced in SFL than PBS. PL-2 had 

shown slight changes in size either increasing (in PBS) or decreasing (SLF) after one 

week. This implied; firstly, a more stable size for PL-2 NPs in the suspension than PG-

2, and secondly, a degradation trend of PL-2 in SLF than in PBS. However, PBS is 

usually used to represent a body buffer fluid, but it lacks the salt and ionic strength of 

SLF. It is preferred to study the degradation profile of NPs in a simulated body 

condition of the target organ for the NPs delivery such as SLF. PBS buffer contains 

NaCl, KCl, and KH2PO4 salts. Whereas, SLF (Gamble’s solution) contains 9 different 

types of salts (such as MgCl2, NaCl, KCl, Na2HPO4, Na2SO4, CaCl2·2H2O, C2H3O2Na, 

NaHCO3, and C6H5Na3O7·2H2O) that indicated the ionic and salt strength of SLF over 

PBS (346). Similar findings were reported by Menon et al, (347) who formulated NPs 

from PL alone, PL coated with CS, and PL-co-PEG NP (~ 160 nm, 191 nm, 335 nm 

respectively). The NPs in SLF (Gamble’s solution) incubated at 37°C for 5 days showed 

stability of their size until 5 days, which was consistent with the current study findings 

for SLF and PBS. 
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Zeta potential: (Figure. 2.7. C & D) PG-2 showed two different trends of a 

charge increase with time in PBS and SLF that was more manifested in SLF than PBS 

representing a difference between the two buffers. However, PL-2 zeta potential 

changes in PBS and SLF showed a trend toward zero by the end of the experiment (a 

slight increase then slight lowering of the negative charge with fluctuations towards 

zero). This was due to the effect of chelation by ionic and salts contents of the media 

that were more manifested in SFL than PBS (348).  

MW changes: (Figure. 2.7. G & H) MW changes observed for both polymers 

under PBS and SLF conditions showed modest changes in MW over time with small 

decrease toward the end of experiment; D28. This indicated MW changes could be 

slower compared to size, zeta potential and pH changes. This was due to the nature of 

these polymers of having linear chains of variable lengths giving a wide distribution of 

MW, with the shorter chains degrading faster (347).   

pH changes: (Figure. 2.7. E & F) pH changes are related to the polymeric 

structure, its functional surface groups and its degradation products. PL-2 NPs are based 

on PLGA 50:50 acid terminated polymer (the terminal functional group is capped by 

carboxyl group) that expressed acidic pH. PL-2 showed a decrease in pH after two 

weeks/ D14; the sharp acidic changes toward the end of the experiments (pH 5.5 in PBS, 

pH 6.5 in SLF) that denoted the degradation products were of acidic nature and more 

degradation occurred in PBS than SLF. PG-2 NPs were based on PGA-co-PDL ester 

terminated with OH group expressing alkaline pH. PG-2 showed gradual decrease of 

pH with time and towards the end of the experiment was almost a neutral or slightly 

alkaline pH. This denoted less acidic degradation products and a slower degradation 

compared to PL-2 suggesting better performance of PG-2 in the biological media and 
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of potential importance to lower toxicity and inflammatory effects that would enhance 

PG use for lung delivery.  

Both PL and PG polymers of α-polyester family are known to degrade 

heterogeneously via bulk erosion by chain random scission through hydrolysing ester 

linkages, where the rate of hydrolysis and water diffusion into the NP carriers are faster 

than the release of by-products (348, 349). The hydrolytic degradation rate of PG and 

PL NPs are influenced by many parameters such as monomeric ratio, nature of the 

monomers as well as polymer hydrophobicity and surrounding medium acidity. PL with 

monomeric ratio of 50:50 show faster degradation among all PL polymers. The effect 

of monomeric ratio was examined by Hussein et al., (350) where PL  NPs  (50: 50, 

MW: 40-75 KDa, ~ 190 nm with negative charge) degraded in PBS/ 37oC with constant 

shaking completely after 102 days while only 60% of PL NPs (85:15, higher lactides, 

with similar MW, size, and charge) degraded at that time with higher acidic products 

(320). However, PG has equal monomeric ratio of its three monomers that indicated a 

longer polymeric chain of each molecule, and one of its monomers (ω-

pentadecalactone) is composed of a macrolide lactone which is a 15 membered cyclic 

lactone ring that can be correlated to its slower degradation and hydrophobicity (351).  

The acidity of dispersing medium has a role in enhancing the degradation, 

however both PBS and SLF had a neutral and/or slightly alkaline buffers respectively. 

The increased acidity over time enhanced the degradation of PL NPs by facilitating 

autocatalytic degradation (349) and was consistent to previously published reports (350, 

352). Another study investigated the effect of medium acidity on PL degradation rate 

performed by Swider et al., (353) using PL NPs (50:50, MW 7-17 KDa, ~200 nm 

negatively charges with PVA  labelled by fluorescent dyes) incubated in PBS/ 37 °C 

for 7 days under two different local pH values (7.4 neutral, 5.8 acidic medium). The 
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authors noted a faster release in acidic pH due to higher buffering capacity present at 

pH 7.4 to react with PL NPs compared to the acidic environment (320). The current 

study showed that pH changes were of extreme importance as the NPs and its degraded 

products showed early changes from D1 by lowering the pH while PG had maintained 

alkaline pH and almost reaching neutral pH by the end of the experiment. This could 

provide potential advantage for lung delivery as well as for pH sensitive drugs. It is 

important to note the lung interstitial fluid pH are reported from slightly neutral to 

alkaline (pH 8.5) (354, 355). The normal biological systems are under neutral to slightly 

alkaline pH where the acidity is found in confined areas and under tight control by body 

buffering mechanisms (356). Inflammatory conditions are characterized by increased 

local acidity at the inflammation sites due to releasing lysosomal enzymes for digestion 

and clean up for invading agents (357). Tumours have acidic local pH compared to 

normal surrounding tissues impairing basic chemotherapeutics such as epirubicin, 

doxorubicin, and adriamycin as well as pro-metastatic effect (357). Thus, extracellular 

induction of alkalinisation/metabolic alkalosis by requiring cancer patient to drink more 

bicarbonate solutions to enhance the effectiveness of these kind of chemotherapeutics 

(358-361) are exploited to aid these therapies. The current study postulates this local 

alkalinisation can be achieved through NPs based on PG polymer as there was evidence 

of raising local pH to alkaline in both buffering conditions as potential strategy for basic 

chemotherapies (362).  

2.6. Conclusion: 

Different NPs were successfully formulated into different sizes; 200 nm, 500 

nm, 800 nm, and with different charges; negative and positive, from two polymers PG 

and PL using emulsification and solvent evaporation methods. The stability in SFM 

was greater than CM, hence SFM was chosen as the dispersing medium for NPs in 
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subsequent investigations. The degradation profiles of PG and PL NPs under storage 

or simulated body conditions showed different profiles: with PL NPs possessing faster 

degradation rate and more acidic byproducts resulting in acidic environmental pH. 

However, PG NPs showed a degradation with alkaline and slower pH changes denoting 

its suitability as a promising polymer for lung delivery.
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3. In vitro Evaluation of Cellular Interactions 

of Polymeric Nanocarriers with Calu-3 and 

THP-1 Cells 
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3.1. Introduction: 

Polymeric NPs are gaining interest as drug delivery systems to the lungs via 

inhalation. However, the safety of polymeric NPs has to be evaluated prior their desired 

applications. Polymeric NPs interactions with lung cells are usually investigated with a 

variety of in vitro methods prior to in-vivo animal testing and clinical trials (11).  The in 

vitro methods utilise cell culture models to evaluate a target effect, for example, measuring 

a variety of metabolic reactions, (i.e., Alamar Blue (AB), ROS assays), or cellular 

components and their integrity, (i.e., DNA damage, cell or mitochondrial membrane 

potentials), expression or downregulations of cellular markers or genes, (i.e., caspases 

increase or cytokines release), or fluorescent cell labelling and direct visualization via 

electron microscopy (363).  

The emergence of NPs has challenged the classic toxicological assays with a 

completely new set of encounters, which include, the particulate nature of NPs, behaviour 

in different media, corona formation, their exceptional physicochemical properties, 

knowledge gap of their potential interactions or interference with the assays that are 

frequently reported (363-366). Nanotoxicology science drives the research to study, 

optimize, and understand the different NPs factors that affect their biosafety and methods 

of their reliable testing prior to their desired applications (59, 367, 368). It is important to 

optimise experiments when NPs are investigated and use a variety of assays that are 

dependent on different mechanisms to improve the accuracy and the precision of the 

concluded results (363, 364). Nevertheless, there’s still a long way to go until generalized 

standard methods are agreed by the wider scientific community and regulatory bodies (368).  

PL versatile nature has made it a very attractive candidate for many biomedical 

applications. PL has been used for a variety of applications such as, biodegradable sutures, 

implants and prosthetic devices, tissue engineering, and in the formulation of many NPs, 
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microparticles (MP) and other drug carriers. PL carriers showed successful loading of 

different drugs, chemotherapeutics, and macromolecules, with many having been approved 

by the FDA for clinical use but mostly injectables (68-70).  There are no PL NP applications 

approved for inhalation delivery. The main drawbacks of PL as a polymer in fabricating 

NPs are the bulk hydrolytic degradation and accumulation of acidic monomers causing a 

reduction of local pH at the site of drug action, that affects the stability of pH-sensitive 

drugs. The accumulation of acidic products after degradation with repeated doses and local 

acidity may promote an inflammatory response (68) which is a serious side effect (369). In 

addition, poor loading capacity for drugs, initial burst release, difficulty to scale-up the NPs 

productions, some cellular toxicities due to the accumulation of degraded products have 

been previously reported as drawbacks of PL (70, 370). 

Thus, novel materials are under development to improve upon the physicochemical 

properties of PL. PG is such a polymer that has been developed and characterized in LJMU 

laboratory and under intensive investigations for drug delivery purposes (72). It has 

successfully been formulated into NPs, MPs, and drug conjugates for lung delivery (34, 72, 

74-78). Furthermore, it has successfully encapsulated many small drugs and 

macromolecules showing very promising results for treating lung diseases and vaccine 

delivery (23, 25, 34, 38, 74, 77, 79-81). Hence, this current study performed a detailed 

nanotoxicological screen of PG NPs aimed for drug delivery via the lungs. In addition, this 

was compared to PL; as a frequently used polymer in many applications and having FDA 

approval, at NP size of 200 nm to determine any chemistry-based nanotoxicity. 

3.2. Aims: 

To investigate the influence of chemistry (PL vs PG), size (200 nm, 500 nm, and 

800 nm), and surface charge (negative vs positive) of polymeric NPs on their potential 
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cytotoxicity and uncovering the underlying biomechanistic interaction with pulmonary cell 

lines. This was achieved using in vitro methods through the following objectives: 

• To evaluate the general cytotoxicity using Alamar Blue assays, ROS detection, cell 

membrane and mitochondrial membrane potentials, 

• To differentiate between the apoptosis and necrosis cell death by evaluating the 

caspases activation, 

• To detect the inflammatory response after THP-1 exposure to NPs by measuring 

pro- and anti-inflammatory cytokines, 

• To detect any genotoxicity after NPs exposure using COMET assay. 

3.3. Materials and Methods:  

3.3.1. Materials: 

Resazurin Sodium salt (for AB) powder, Luperox® TBH70X, tert-Butyl 

hydroperoxide solution (TBHP, 70 wt. % in H2O), 2′,7′-Dichlorofluorescin diacetate 

(H2DCFDA) powder, Tween-20, Phosphate buffered saline tablets (pH 7.4), Phorbol 12-

myristate 13-acetate (PMA), Lipopolysaccharide (LPS) were purchased from Sigma-

Aldrich Chemicals, UK. Methanol, dimethyl sulfoxide (DMSO), TrypLE™ Express and 

paraformaldehyde were purchased from Thermofischers, UK. Purified water (DW) from a 

Millipore Purification System (Billerica, MA, USA) was used. Other lab chemicals and 

solvents were purchased from Sigma unless otherwise specified. Cell culture consumables 

(including 25 and 75 cm2 vented-capped flasks, 96 multi-well flat bottom Plates, NUNC 

Maxisorp® 96 well Plates, micro-tips, disposable serological pipettes, centrifuge tubes, 

cryo-vials, reservoirs, 8 well-chambers and microscope slides).  

Purchased Kits: OxiSelectTM Comet Assay Kit from Cell Biolabs, Inc; Cell MeterTM 

Multiplexing Caspase 3/7, 8 &9 Activity Assay Kit*Triple Fluorescence Colors* from 



 

101 

AAT Bioquest®; TOX7-In vitro Toxicology Assay Kit-Lactate dehydrogenase from Sigma; 

Cellular Reactive Oxygen Species Detection Assay Kit (Ab186029) (Deep Red 

Fluorescence), and 7-Aminoactinomycin D (7-AAD): Fluorescent DNA dye (Ex/Em: 

540/645 nm) (ab142391) from Abcam; Annexin V Apoptosis Detection Kit, and Human 

IL-8 ELISA Ready-SET-GO!® from Affymetrix eBioscience®; BD™ Cytometric Bead 

Array (CBA) Human Th1/Th2/Th17 Cytokine Kit  from BD Biosciences. 

3.3.2. Methods: 

3.3.2.1. Polymeric Nanoparticles Formulations and Characterisations: 

As previously mentioned in sections: 2.3, 2.4, and 2.5.   

3.3.2.2. Cell Culture Maintenance:  

Human bronchial epithelial Calu-3 cell line (HTB-55™; ATCC): Cells were 

maintained at 37 °C and 5% CO2 in a humidified atmosphere. Cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 1% 

penicillin/streptomycin (Sigma), Fungizone® (Thermofischers) (2.5 µg/mL), L-glutamine 

(GlutaMaxTM, Gibco) (2 mM), sodium pyruvate (Sigma) (1 mM), and 10% FBS (FBS, 

Sigma). The medium was changed every 2 days and cells were passaged at a 1:3 split ratio 

after detachment by using TrypLE™ Express. Cells with passage numbers from 20-40 were 

used. Cell confluency were maintained at ~80% in 75 cm3 flasks prior to splitting or plating. 

They were seeded at a density of 40 x103 as 200 µL complete media containing 10% FBS 

(CM) per well in 96 well plates for 48 hr, the supernatant was removed prior to treating the 

cells with serial concentrations of NPs prepared in serum-free media (SFM). 

THP-1 monocyte cell line: The cells were obtained from ATCC. Cells were 

cultured as suspension in Roswell Park Memorial Institute (RPMI)-1640 Medium (RPMI-

1640, Sigma) containing 10 % FBS, L-glutamine (1 mM), 1% penicillin/streptomycin, 
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Fungizone® (2.5 µg/mL) maintained at 37 °C under 5 % CO2. Confluency were maintained 

at 1x106 per mL in 75 cm3 flasks prior to centrifugation at 200 xg for 2 min, removing the 

supernatant and adding fresh CM prior to splitting at 1/3 ratio. They were seeded at a density 

of 40 x103 cells per well (200 µL) CM in 96 well-plates and differentiated to macrophages 

upon stimulation with PMA (5 ng/mL) for 48 hr, then culture media were removed prior to 

adding serial concentrations of NPs prepared in SFM. 

3.3.2.3. Cytotoxicity Evaluation by Alamar Blue Assay: 

The general cytotoxicity of the NPs was assessed by AB, which determines the cell 

viability and its metabolic activity by evaluating the reducing intracellular environment 

through the reduction of a water-soluble resazurin dye (oxidized form, non-fluorescent, blue 

colour) to resorufin (reduced form, fluorescent, pink colour) through  oxidoreductase 

enzymes-NAD(P)H dependent reactions that occur in the mitochondria and the cytoplasm 

(371, 372) (Figure. 3.1). 

 

Figure. 3.1. Colour change of AB dye after cellular exposure; pink, light and deep purple, 

and blue denoting the reduced cell ability to reduce the AB dye. 

Calu-3 cells were seeded at a density of 40 x103 per well (200 µL) in 96 well plates 

for 48 hr, the supernatant was removed prior to treating the cells with a serial concentration 

of NPs prepared in SFM (0.125-2 mg/mL, at 200 µL per well, in triplicates) for 24 hr. The 

supernatant was removed gently without disturbing the monolayers and washed three times 

(to ensure effective NPs removal with non-significant loss of cells from the monolayers) 

with warm PBS prior to addition of 100 µL of AB (10 % solution, 44 µM, low cytotoxicity 

concentration) working solution prepared in PBS. Another set of experiments included cells 
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after NPs treatments, followed by removing the supernatants from the wells without a wash 

step to check if there was any technical effect and continued as above. Fluorescence reading 

was taken every hr up to 3 hr (maximum response that can be reached) incubation (37°C, 

5% CO2) in the dark. Fluorometric evaluation (Ex/Em 530/590 nm) using the microplate 

reader (BMG LABTECH Clariostar plate reader) was measured. The results were expressed 

as a percent of the negative control (NC) of untreated cells and 10% DMSO was used as a 

positive (PC) control (n=3).  

3.3.2.4. Reactive Oxygen Species Detection Assay: 

3.3.2.4.1. 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA) Assay: 

ROS production was evaluated by fluorescent labelling of the cells with 2′,7′-

dichlorodihydrofluorescein diacetate (H2DCFDA reagent (Sigma-UK); also known as 

DCFDA or DCFH-DA). H2DCFDA is a non-fluorescent cell-permeable probe. Upon cell 

entry, it was deacetylated by cytoplasmic esterase to a cell impermeable and non-

fluorescent 2’,7’-dichlorofluorescin (DCFH2) that is very sensitive to hydroxyl and peroxyl 

radicals, and hydroperoxides and undergoes oxidation to highly green fluorescent 2’,7’-

dichlorofluorescein (DCF). The fluorescent intensity is directly proportional to the 

intracellular ROS amount (373, 374).   

Calu-3 cells were seeded in a density of 40 x103 per well (200 µL) in 96 well plates 

for 48 hr. The supernatant was removed followed by a single wash with warm PBS and the 

cells were incubated (37°C, 5% CO2, in the dark) with 100 µL of 10 µM H2DCFDA solution 

freshly prepared in PBS (to avoid cleavage by serum esterase) and protected from the light 

for 30 min. H2DCFDA solution was then removed and another wash performed prior to 

treatment with NPs concentrations prepared in SFM as 200 µL per well. After 24 hr 

incubation in the dark, a wash step was performed with warm PBS, then 100 µL PBS were 
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added per well prior to measurements of the fluorescence (Ex/Em: ~485/535 nm) intensity 

by the plate reader and the results expressed as a percent of the NC (n=3) and using freshly 

prepared 100µM H2O2 in PBS for 30 min as a PC.   

3.3.2.4.2. Cellular ROS (Deep Red) Assay (ab186029): 

This assay uses a ROS sensitive sensor (its chemical structure and the reaction is 

not declared by the manufacturer) that is a cell-permeable probe that reacts with the 

intracellular ROS especially superoxide anion (O2
–) and hydroxyl radicals generating a deep 

red fluorescence that can be measured by a plate reader (375). Calu-3 cells were seeded at 

a density of 40 x103 per well (200 µL) in 96 well plates for 48 hr. Media was removed and 

a wash with PBS was performed prior to treatment with serial NP concentrations prepared 

in SFM at 200 µL per well for further 24 hr (using freshly prepared 100µM H2O2 in PBS 

for 30 min as a PC). This was followed with removal of supernatant and a three-wash step 

with warm PBS, or  removal of supernatants without wash steps (no wash) prior to treatment 

with 100µL of ROS Deep Red dye working solution (per the protocol instruction) for 1 hr 

(37°C, 5% CO2, in the dark). Fluorometric evaluation was determined using plate reader 

(Ex/Em: 650/675 nm). The results were expressed as a percent of the NC (n=3). 

3.3.2.5. Mitochondrial Membrane Potential (JC-1): 

Mitochondrial membrane potential (ΔΨm) was detected by staining with a cell-

permeable cationic JC-1 dye (5,5,6,6’-tetrachloro-1,1’,3,3’ tetraethylbenzimi-

dazoylcarbocyanine iodide). JC-1 dye is very selective to the mitochondrial membrane and 

gives a characteristic change of fluorescence colour from red to green as the mitochondrial 

membrane is depolarizing. In healthy mitochondria, the JC-1 dye forms highly red 

fluorescent J-aggregates whereas in unhealthy mitochondria, the dye remains as green 

fluorescent monomers (376).  
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Calu-3 cells were seeded at a density of 40 x103 per well (200 µL) in 96 well plates 

for 48 hr, followed by removal of media. Cells were washed with PBS prior to treatment 

with 2 μM JC-1 dye solution prepared in PBS for 30 min at 37˚C in the dark. Treatment 

incorporated serial concentrations of NPs for 24 hr (using 10 % DMSO as a PC) prior to 

fluorescence measurement using a plate reader (Ex/Em 485/545, Ex/Em 485/595 with a cut 

off 530 nm). The ratio of measurements at 595 nm/545 nm (red/green ratio) was used as the 

measurement of the changes of ΔΨm in Calu-3 cells. The results were expressed as a 

percent of the NC (n=3). 

3.3.2.6. Cell Membrane Integrity: 

Cell membrane integrity was evaluated by the Lactate dehydrogenase (LDH) which 

is an intracellular enzyme that can be released to the extracellular media upon cell 

membrane damage. This can be detected by adding the enzyme substrate mixture with a 

colorimetric indicator (lactate substrate conversion to pyruvate with NADH+ production, 

the diaphorase mediates tetrazolium salt conversion using NADH oxidation forming 

formazan dye) absorbance at ~490 nm that can be correlated to the amount of LDH released.  

Calu-3 cells were seeded in a density of 40 x103 per well (200 µL) in 96 well plates 

for 48 hr, followed by removal of media from the 96 well plate. Treatment incorporated 

serial concentrations of NPs at 200 µL per well for 24 hr. Triton X-100 (2% w/v, in PBS) 

was used as a PC for 30 min (377, 378). TOX7- in vitro Toxicology Assay Kit, (Sigma) 

was used to assess the LDH release, the kit offers two methods of assessing LDH; by LDH 

Total or Release methods that were used per published protocol (374, 379-381).  

LDH Release: In this assay, the LDH released in the medium after NPs exposure 

was evaluated. This indicated the membrane integrity and the cell viability. After 24 hr 

exposure to NPs, Calu-3 treated 96 well plates were centrifuged at 400 xg for 4 min to pellet 

the cells. Then aliquots of 50 µL of the supernatant were transferred to clean Plates. Freshly 
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prepared LDH assay mixture was added to each well as 100 µL and left at room temperature 

for 30 min in the dark. The reaction was terminated by adding 15 µL of 1 N HCL to each 

well then proceed to measurement. The results were expressed as a percent of the NC (n=3). 

LDH Total: In this assay, the total amount of LDH was evaluated. This evaluation 

would give an indication for the cell viability (378, 382). It was performed with another set 

of Calu-3 treated 96 well Plates, where the lysis buffer was added to each well as 20 µL and 

left at room temperature for 45 min in the dark and proceeded as the release assay. The 

absorbance of converted dye was measured at a wavelength of 490 nm with subtraction of 

the background noise at a wavelength of 690 nm. The results were expressed as a percent 

of the NC (n=3). 

3.3.2.7. Apoptosis and Necrosis Assay: 

Cell death was assessed by staining with annexin-V-FITC and 7-AAD using flow 

cytometry (374, 383, 384). One of the early signs of apoptosis is the flip of the inner cell 

membrane phosphatidylserine molecules to the outside. Annexin V is a high binding protein 

to these molecules in Ca++ rich environment. While, 7-AAD is a cell impermeable dye that 

in late apoptosis/necrosis cross through damaged cell membrane and attaches to DNA by 

intercalating to GC rich regions (243).  

Calu-3 cells were seeded at a density of 40 x103 per well (200 µL) in a 96 well plate 

for 48 hr, then media was removed followed by treatment of serial concentrations of NPs 

for 4, 12, and 24 hr. Thereafter, cells were washed three times by warm PBS, detached by 

100 µL TrypLE™ for 10-15 mins, and aliquots of 100 µL CM (containing 10% FBS) were 

added to each well to deactivate/neutralize TrypLETM, and then transferred to Eppendorf’s 

tubes. The samples were centrifuged at 400 xg for 2 mins. The supernatant was removed 

without disturbing the cell pellets prior to staining by a mixture containing 2/3 of its CM 

volume, 1/3 containing Ca++ rich binding buffer of 1 µL per sample of annexin-V solution 
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(the concentration is not disclosed by the manufacturer), and 1 µL per mL (7-AAD final 

concentration: 50 µg/mL) of 7-AAD for 15 min in the dark at room temperature and 

analysed immediately using a flow cytometer (BD Accouri). The results were expressed in 

comparison to the NC (n=3). 

Flow Cytometry Settings and Gating Strategy: 

For each experiment, the BD Accuri C6 flow cytometry (FC) was set to fast flow 

rate (66 µL/min), and 3 blue-1 red lasers. Density-plot (Dot-plot) showing the forward 

scatter characteristics (FSC-A) and side scatter characteristics (SSC-A) was used to gate 

around the morphologically viable and apoptotic cell population and exclude the cellular 

debris and acellular particles (Figure. 3.2. A: P1 gate). FSC-Area plotted against FSC-

Height (FSC-A vs FSC-H) was used to gate around the singlet cells (Figure. 3.2. B: P2 

gate).  

The acquisition limits based on the previous gating were set to 5000 events in the 

singlets P2 gate with 50 µL sample volume as a secondary limit. Non-labelled negative 

controls (untreated cells) and labelled negative controls stained with fluorescent probes 

(separately or both) were used to set the gates, exclude any debris, and determine the 

positive population gates. NPs samples were labelled with each dye separately, and both 

dyes were used to exclude the NPs interferences. The PC of cells exposed to heat shock of 

60 oC for 5 min then stained with the staining mixture was used to select the positive median 

fluorescence intensities (MFI) (385). MFI were collected in FL-1 (M1 for Annexin-V-

FITC: Ex/Em: 488/525 nm on green channel) and FL-3 (M2 for 7-AAD:  Ex/Em: 488/647 

nm on red channel) (Figure. 3.2. C & D). 
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Figure. 3.2. Flow cytometry gating strategy and analysis, (A) SSC-A vs FSC-A Dot-plot, 

(B) FSC-A vs FSC-H Dot-plot, (C) FL-1 or Annexin-v histogram, (D) FL-3 or 7-AAD 

histogram, (E) Quadrant analysis Dot-plot, (F) Schematic diagram of quadrant analysis. 

Single parameter histograms (FL-1 or FL-3), or two parameters dot-plot (FL-1 vs 

FL-3) (Figure. 3.2. E & F) using the quadrant analysis were used to determine the positive 

cell populations as follows; where live cells were double negatives for annexin-V and 7-

AAD, early apoptotic cells were only annexin-V positive, late apoptotic cells were double 

positives for annexin-V and 7-AAD, and the necrotic cells were only 7-AAD positive 

(Figure. 3.2. E & F) (n=3).   

3.3.2.8. Caspases Quantification Assay: 

Caspases 3/7, 8 and 9 were evaluated by Cell Meter™ Multiplexing Caspase 3/7, 8 

and 9 Activity Assay Kit, Triple Fluorescence Colours (AATBioquest®, USA) (242, 374, 

386). As per published protocol, after 24 hr of treatment with NPs, a triple wash with warm 
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PBS was performed. The reagents were prepared fresh by adding 50 µL of each solution in 

10 mL assay buffer prior to adding 100 µL per well. The 96-well plate was left at room 

temperature in the dark for 1 hr prior to fluorescence measurements using a plate reader 

(Caspase 3/7: red (Ex/Em: 535 nm/620 nm), Caspase 8: green (Ex/Em: 490 nm/525 nm), 

Caspase 9: blue (Ex/Em: 370 nm/450 nm). The results were expressed as a percent of the 

NC (n=3) and 10% DMSO was used as a PC. 

3.3.2.9. Inflammatory Response: 

3.3.2.9.1. IL-8 Detection ELISA Kit: 

IL-8 (previously known as neutrophil activating protein 1 (NAP-1), granulocyte 

chemotactic protein 1 (GCP-1), monocyte-derived neutrophil-activating peptide (MONAP) 

and protein 3-10C) is a pro-inflammatory chemokine (strong chemoattractant for immune 

cells especially T-cells, neutrophils and basophils) that is secreted by a variety of 

endothelial cells and monocytes. IL-8 ELISA assay is a quantitative solid-phase sandwich 

ELISA that measures the IL-8 by a sandwich bound of two antibodies (374, 387). The 

NUNC Maxisorp® plates were coated by IL-8 specific monoclonal antibody (immobilized 

capture antibody). The samples, standards, and control were added to the wells where any 

IL-8 would bind to the capture antibody. A sandwich or second antibody (detector antibody 

and linked to an enzyme) was added to the wells to bind to the IL-8 bound immobilized 

antibody. A substrate solution was added to each well that reacted with the sandwich linked 

enzyme and produced IL-8 concentration dependent measurable absorbance at 450 nm and 

subtracting the background noise at 570 nm by plate reader.  

Calu-3 cells were seeded at a density of 40 x103 per well (200 µL) in 96 well-plates 

for 48 hr, then culture media were removed prior to adding serial concentrations of NPs 

prepared in SFM. THP-1 cells were seeded at a density of 40 x103 per well (200 µL) in 96 
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well-plates and differentiated to macrophages upon stimulation with PMA (5 ng/mL) for 

48 hr. The culture media was removed prior to adding serial concentrations of NPs prepared 

in SFM. After 24 hr exposure, the supernatants were processed per the published protocol 

of Human IL-8 ELISA Ready-SET-GO!® kit from Affymetrix eBioscience®. Cells treated 

with LPS at 15 µg/mL concentration were used as a PC. The results were expressed as a 

percent of the NC (n=2). 

3.3.2.9.2. Cytokines Beads Array (CBA): 

Further inflammatory potentials were measured by BDTM CBA Human 

Th1/Th2/Th17 Cytokine Kit (BD biosciences). BD CBA kit measures IL-2, IL-4. IL-6, IL-

10, IL-17A, Tumour Necrosis Factor (TNF-α), and Interferon-γ (IFN-ɣ). The principle of 

BD CBA kit is similar to the sandwich detection of IL-8 (387) (capture antibody attached 

to bead + cytokine/analyte + detection antibody linked to a fluorescent reporter dye) where 

this assay uses the bead array technology to allow for multiple simultaneous measurements 

of seven cytokines using easy and fast flow cytometry (374, 388, 389). Each bead is coated 

with a specific antibody against one of these cytokines and characterized with a distinct 

fluorescence signal when bound to the target cytokines and with the addition of the detector 

antibody phycoerythrin (PE)–conjugated (fluorescent reporter dye), both produce 

characteristic fluorescence of the bead and the detector dye that can be resolved in a red 

channel (i.e., FL3 or FL4).  

THP-1 cells were seeded at a density of 40 x103 per well (200 µL) in 96 well plates 

and differentiated to macrophages upon stimulation with PMA (5 ng/mL) for 48 hr. The 

culture media was removed prior to adding NPs concentrations (0.125, 0.5, 2 mg/mL) 200 

µL per well prepared in SFM. After 24 hr, supernatants were collected and stored at -20 for 

the day of analysis. The samples thawed and processed as the published protocol and 
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analysed by a flow cytometer (BD Accouri). Briefly, standards (20-5000 PG/mL) dilutions 

and supernatant samples (without dilutions) were incubated with a solution of capture beads 

(2 µL of each bead per sample and toped up to 50 µL per sample of assay diluent) at room 

temperature in the dark for 1 hr. Then each sample was mixed with 50 µL of the detection 

reagent (10 µL of PE-detection antibody per sample+40 µL assay diluent per sample) and 

kept for further 2 hr. Thereafter, centrifuged at 200 xg for 5 min using Eppendorf centrifuge, 

and supernatants were removed, and samples were resuspended in 50 µL wash buffer. Cells 

treated with LPS at 15 µg/mL concentration were used as a PC. Cytokine beads were 

collected in FL2/FL4. The results were expressed as a percent of the NC (n=2). 

Flow Cytometry Settings and Gating Strategy: 

For each experiment, BD Accuri C6 FC was set to medium flow rate (33 µL/min), 

and 2 blue-2 red lasers. The SSC-A vs FSC-A dot-plot was used to gate around the 

population of beads exclude the debris and particles (Figure. 3.3. A: R1 gate) and the 

acquisition limits were set to collect 2100 events in R1.  

The beads were excited by the red laser and detected by FL-4 channel (Figure. 3.3. 

B), while the PE reporter was excited by the blue laser and detected in FL-2 single channel 

or in FL-2 vs FL-4 dot-plot (Figure. 3.3. C). MFI of FL-2 was used for the analysis.  
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Figure. 3.3. Flow cytometry gating strategy and analysis, (A) SSC-A vs FSC-A Dot-plot, 

(B) FL-4 histogram showing the beads, (C) FL-2 vs FL-4 dot-plot, (D) Example of one 

analyte bead; TNF-α showing an increase in its MFI. 

3.3.2.10. Comet Assay: 

DNA damage was evaluated by OxiSelectTM Comet Assay Kit (Cell Biolabs, Inc) 

and evaluated in Calu-3 cells (390-392) by conducting single cell alkaline electrophoresis 

to detect any single strand or double strand DNA breaks and alkali-labile sites. According 

to the manufacturer protocol, briefly, Calu-3 cells were seeded at a density of 40 x103 per 

well (200 µL) in 96 well plates for 48 hr, then culture media was removed prior to adding 

two concentrations of NPs prepared in SFM (0.125 and 2 mg/mL) in duplicates. After 24 

hr exposure, cells were harvested in Eppendorf’s tubes, counted by a haemocytometer, then 

centrifuged at 400 xg for 2 min followed by removal of supernatant and cell wash by warm 

PBS. This was followed by another cycle of centrifugation and removal of the supernatant 
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prior to preparing cell suspension of 10 x104 cells/mL in PBS (to avoid cell and comets 

overlapping) mixed with low gelling temperature molten comet agarose at 1:9 v/v dilution. 

100 µL of this mixture was added to the precoated comet slides with agarose. The slides 

were submerged in a lysis buffer (2.5 M NaCl, 10 mM Tris base, 100 mM Na2EDTA, 1 % 

Triton X-100, pH 10) for 45 min at 4°C in the dark. Thereafter, replaced with prechilled 

alkaline buffer (1 mM Na2EDTA, 300 mM NaOH, pH 13, to unzip the double strands) and 

kept for 30 min at 4°C in the dark. The slides were kept under alkaline conditions during 

the electrophoresis (25 V, 300 mA, 1.04 V/cm) for further 30 min at room temperature. The 

slides were washed with cold water and then fixed by 70% chilled ethanol and air-dried 

prior to staining with working solution of Vista Green DNA dye (1/104 dilution) at 100 μL 

per well at room temperature for further 15 min. The slides were visualized with Leica 

Fluorescence Microscopy using FITC filter where 50 cells or more per well were 

photographed. Image analysis was performed using TriTek CometScore Pro ver. 2.0.0.0. 

commercial software measuring the fluorescence intensity and the length of the head and 

of the tail of comets.  

 

Figure. 3.4. Comet shape and the calculations used to determine the DNA damage.  

DNA damage was quantified by calculating Head DNA%, Tail DNA % (100 – head 

DNA %), and Olive Tail Moment (Tail Moment Length*tail DNA %)/100) (393) (Figure. 
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3.4). Cells were treated by 100 µM H2O2 for 30 mins as a PC. The results were expressed 

in comparison to the NC (n=2). 

3.3.2.11. Statistical Analysis: 

as previously mentioned in section 2.3.4. 

3.4. Results: 

3.4.1. Polymeric Nanoparticles formulations and Characterizations:  

As previously mentioned in section 2.3, 2.4, and 2.5.  

3.4.2. Alamar Blue Assay: 

Cell viability after the exposure to different NPs was assessed by AB (Figure. 3.5., 

3.6, & 3.7 for readings after 1 hr (T1), 2 hr (T2), and 3 hr (T3) respectively). All NPs showed 

a trend of concentration-dependent decrease of the cell viability. 

For T1, Figure. 3.5. (A & B) showed the cell viability after 1 hr incubation with AB 

reagent. Negatively charged NPs (Figure. 3.5. A) showed significant statistical difference 

from NC at PG-2/1-2 mg/mL, PL-2/0.25-2 mg/mL, PG-5/1-2 mg/mL, and PG-8/1-2 

mg/mL. There was no significant difference between PG-2 and PL-2. However, PG-2 

showed slightly lower viability than PG-5 and PG-8 and was statistically different from 

PG-5/2 mg/mL.  

Positively charged (Figure. 3.5. B) NPs showed similar trend and were statistically 

different from NC at 1-2 mg/mL of PG+2 and PL+2, and 2 mg/mL of PG+5 and PG+8. 

PG+2 showed higher cell viability compared to PL+2 at all concentrations but was not 

significant. However, PG+2 showed lower viability from PG+5 and PG+8 with statistical 

difference at 0.25 mg/mL from PG+5 and PG+8. PG-2 NPs showed lower viability 

compared PG+2 but was non-significant. PL-2 showed higher viability to PL+2 and was 
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statistically different at 0.125 mg/mL.  PG-5 and PG-8 showed lower viability to PG+5 and 

PG+8 and was statistically different at 2 mg/mL for PG-5 and PG-8, and at 0.25 mg/mL 

for PG-8. 

No wash/T1, in Figure. 3.5. C & D represented Calu-3 cell viability after exposure 

to all NPs for 24 hr, followed by removing supernatants without a wash step (NPs were still 

covering the surface of monolayers) and further incubation for 1 hr with AB reagent. All 

NPs demonstrated a similar trend of decreasing the cell viability with increasing NP 

concentration.  The results indicate lower cell viability compared to applying wash step and 

were statistically different at PG-2/2mg/mL, PG-8/2mg/mL, PG+2/1-2 mg/mL, PG+5/1-2 

mg/mL, PG+8/2mg/mL. However, control samples of NPs mixed with the AB reagent only, 

were similar to blank wells (media only), but within the presence of cellular/ biological 

media, NPs interference and/or inefficient removal were possibilities explaining the lower 

viability reported when no wash of NPs was applied.     

For T2, Figure. 3.6. (A & B) showed the cell viability after 2 hr to investigate the 

ability of the cell to recover. All NPs showed a concentration-dependent decrease of the 

cell viability, but the cell viability showed an increase from T1. Negatively charged NPs 

(Figure. 3.6. A) showed reduced viability with statistical differences from NC for PG-2 at 

0.5-2 mg/mL, PL-2 at 0.25-2 mg/mL, PG-5 at 1-2 mg/mL, and PG-8 at 1-2 mg/mL. 

Furthermore, PG-2 showed a non-significant decrease in cell viability to PL-2 except at 1-

2 mg/mL. Moreover, PG-2 showed a higher viability than PG-5 and PG-8 with statistical 

difference from PG-5 at 2 mg/mL. Positively charged NPs (Figure. 3.6. B) NPs showed 

similar trend with statistical difference from NC with PG+2 at 1-2 mg/mL, PL+2 at 2 

mg/mL, PG+5 at 1-2 mg/mL, and PG+8 at 0.25, 1-2 mg/mL. PG+2 showed significantly 

lower viability from PL+2 at 1-2 mg/mL. PG+2 showed lower viability than PG+5 and 

PG+8 but no statistical difference at all concentrations. PG-2 and PL-2 NPs indicated lower 
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cell viability to PG+2 and PL+2 but was not statistically different. PG-5 indicated a slight 

decrease in cell viability compared to PG+5 and was statistically different at 2mg/mL. 

No wash/T2, Figure. 3.6. (C & D), comparing the no-wash experiments to the 3-steps wash, 

indicated a decrease in cell viability that was only significant at 2 mg/mL of PG-2 and 

PG+2. There were some variations in the cellular ability for the recovery denoted by large 

error bars showing the standard deviations that affected the statistical analysis comparison. 

 For T3, Figure. 3.7. (A & B), showed the cell viability after 3 hr. All NPs showed 

a concentration-dependent decrease of the cell viability that was higher viability compared 

to T1 and T2 for each concentration.  NPs showed similar trend as previously mentioned 

while the lower concentrations (0.125-0.5 mg/mL) showed similar or higher viability than 

the NC at T3. A higher viability from the NC was seen at PG-2/ 0.125 mg/mL (no statistical 

difference), PG-5/ 0.125 mg/mL (statistically different), PG-8/ 0.125-0.25 mg/mL 

(statistical different at 0.25 mg/mL), PG+2/ 0.125-0.25 mg/mL (no statistical difference), 

PL+2/ 0.125-1 mg/mL (no statistical difference), PG+5/ 0.125-0.25 mg/mL (statistically 

different), and PG+8/ 0.125-0.25 mg/mL (statistically different at 0.125 mg/mL). However, 

a reduced cell viability was statistically different from NC at PG-2/ 1-2 mg/mL, PG-5/ 0.5-

2 mg/mL, PG-8/ 1-2 mg/mL, PG+2/ 1-2 mg/mL, and PG+5 and PG+8 at both 1-2 mg/mL. 

In addition, PG-2 showed a decrease in cell viability that was statistical different to PL-2/ 

1-2 mg/mL. PG-2 showed a higher viability than PG-5 and PG-8 and was statistically 

different at 2mg/mL. PG+2 showed significant less viability than PL+2/ 2 mg/mL. 
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Figure. 3.5. AB at T1. (A) negatively charged NPs, (B) positively charged NPs with optimized wash step. (C) negatively charged NPs and (D) 

positively charged NPs without wash step (Results expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 2.3.4).  
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Figure. 3.6. AB at T2: (A) negatively charged NPs, (B) positively charged NPs with optimized wash step. (C) negatively charged NPs and (D) 

positively charged NPs without wash step (Results expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 2.3.4).  
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Figure. 3.7. AB at T3: (A) negatively charged NPs, (B) positively charged NPs with optimized wash step. (C) negatively charged NPs and (D) 

positively charged NPs without wash step (Results expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 2.3.4).  
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No wash/T3, Figure. 3.7. (C & D), comparing the no-wash experiments to the 3-steps 

wash, showed a decrease in cell viability that was statistically different at PG-2/ 1-2 mg/mL, 

PG+2/ 1-2 mg/mL, PG-5/1-2 mg/mL, PG+5/1-2 mg/mL, PG-8/2 mg/mL, PG+8/ 2mg/mL, 

PL+2/ 2 mg/mL. The lower cell viability and statistical differences in many NPs 

concentrations indicated the importance of removing the NPs prior to incubation with the 

reagent. However, the trend was not affected but better cell recovery, less NP interference 

and narrower error bars were obtained in the experiments involving removing the supernatant 

containing the NPs and performing 3-wash steps prior to adding the reagents. 

3.4.3. Reactive Oxygen Species (ROS) Detection Assay: 

2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA) Assay: 

ROS detected after 24 hr exposure of Calu-3 cells to NPs was evaluated via 

H2DCFDA reagent and represented in Figure. 3.8.  
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Figure. 3.8. A and B: ROS detection by H2DCFDA in Calu-3 cells after 24 hr exposure to 

NPs: (A) Negatively charged NPs, (B) Positively charged NPs (Results expressed as Mean 

± SD, for statistical symbols and P-value please refer to section. 2.3.4). 
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All NPs showed a trend of increasing the ROS production with increasing NP 

concentration compared to NC. Negatively charged NPs are shown in Figure. 3.8. A. PG-2 

and PL-2 showed a significant rise in ROS production but no statistical difference between 

both types at all concentrations. PG-5 showed non-significant ROS production at low 

concentrations (0.125, 0.25 mg/mL) but a significant increase at higher concentrations (0.5-

2 mg/mL). PG-8 showed a significant increase in ROS production above 0.5 mg/mL 

concentration. PG-2 showed a significant ROS production to PG-5/ 1- 2 mg/mL, and to PG-

8/ 1-2 mg/mL.  

Positively charged NPs are shown in Figure. 3.8. B. All NPs showed a similar trend 

of a concentration-dependent increase of ROS production. All positively charged NPs 

showed significant ROS production compared to the NC. PG+2 and PL+2 showed no 

statistical difference. However, PG+2 showed higher ROS production to PG+5/ 0.125-0.5 

mg/mL, but with significantly lower ROS production at 1-2 mg/mL. Furthermore, PG+2 

showed significantly lower ROS production to PG+8/ 1-2 mg/mL. PG+8 showed a 

significant increase in ROS production to PG+5 at correspondent concentrations of 0.125, 

0.25, 0.5 and 2 mg/mL. There was only statistical difference between PG-5 from PG+5/ 

2mg/mL. 

ROS detected after 24 hr exposure of Calu-3 cells to NPs evaluated via H2DCFDA 

confirmed a significant involvement of ROS induction in the cellular cytotoxicity after NPs 

exposure. PG and PL NPs showed no significant differences in a concentration-dependent 

ROS production. However, PG-5 and PG-8 showed no ROS production at low 

concentrations (0.125 – 0.25 mg/mL) denoting limited uptake of these larger sized NPs. PG-

5, PG+5, PG-8, PG+8 showed a significant higher ROS production at 1-2 mg/mL compared 

to PG-2, and PG+2 that can be correlated to their higher cytotoxicity. The effect of the charge 

and chemistry was negligible compared to the NP size.  
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 Cellular ROS (Deep Red) Assay (ab186029): Deep Red assay was used to evaluate 

the ROS production mainly O2
•−and OH•- radicals after Calu-3 cells exposure to NPs for 24 

hr and represented in Figure. 3.9. where (A & B) presents the results of the assay after 

removal of NPs and applying 3 wash steps, and (C & D) presents the results after removal of 

supernatant containing NP without efficient removal by washing (No wash step).  
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Figure. 3.9. ROS detection by Deep Red Assay in Calu-3 cells after 24 hr exposure to NPs: 

(A) Negatively charged NPs and (B) Positively charged NPs response after wash step, while 

(C) Negatively charged NPs and (D) Positively charged NPs with no wash step (Results 

expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 2.3.4).  
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There was significant high production of ROS at all concentrations (0.125, 0.5, and 

2 mg/mL only used) compared to NC using the Deep Red assay (Figure. 3.9. A & B). 

However, only PG-5 and PG-8 at 2mg/mL showed the highest production of ROS. There 

was no statistical difference between the different types of NPs except PG-2 which showed 

a statistical difference to PG-5 and PG-8 at 0.125 mg/mL (higher ROS) and 2 mg/mL (lower 

ROS). PG-5/ 2 mg/mL showed statistical difference to PG-8 (higher ROS), and PG+2/ 

2mg/mL showed statistical difference from PG+5 and PG+8 (lower ROS).  

Comparing the Deep Red assay (3 wash steps) to H2DCFDA assay demonstrated 

lower values and almost a concentration independent for the low concentrations of all NPs, 

except at 2mg/ mL of PG-5, PG+5, PG-8, and PG+8.  

No wash experiment presented in Figure. 3.9. C & D. There were significant 

differences between the two experimental procedures where the ROS production showed 

lower values compared to the experiment with applying 3-washes. The measured values were 

lower than what was evaluated using 3 washes step procedure. The lower values were 

statistically different to PG-2 (at all concentrations), PG-5 (at 0.5 and 2 mg/mL), PG-8 (at 

0.5 and 2 mg/mL), PG+2 (at all concentrations), PL+2 (at 0.5 and 2 mg/mL), PG+5 (at 0.5 

and 2 mg/mL), and PG+8 (at 0.5 and 2 mg/mL). This denoted a strong possibility of NPs 

interference with this assay (394).   

3.4.4. Mitochondrial Membrane Potential (JC-1): 

ΔΨm of Calu-3 cells after 24 hr exposure to NPs was evaluated by JC1 dye using the 

red/green ratio (Figure. 3.10. A and B). All NPs showed similar trend of a concentration-

dependent reduction of ΔΨm compared to NC and was statistically significant at all 

concentrations, indicating loss of mitochondrial polarized healthy state, which is a sign of 

cytotoxicity and apoptosis.   
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Negatively charged NPs (Figure. 3.10. A) showed a trend of decreasing ΔΨm with 

increasing NP concentration. PG-2 showed a less impaired ratio to PL-2 and was statistically 

different at concentrations 0.125-1 mg/mL. Furthermore, PG-2 showed a less impaired ratio 

from PG-5 and PG-8 at concentrations 0.125 and 0.25 mg/mL. Moreover, PG-5 and PG-8 

were almost similar in values of ΔΨm with no statistical difference between them.  

 

 

Figure. 3.10. MMP by JC-1 dye: (A) Negatively charged NPs, (B) Positively charged NPs 

(Results expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 

2.3.4).  

Positively charged NPs (Figure. 3.10. B) showed similar trend. PG+2 showed a 

significantly less impaired ratio to PL+2 (at 0.125-1 mg/mL).  PG+2 showed a significantly 

less impaired ratio to PG+5 (at 0.125 and 0.25 mg/mL) and PG+8 (at 0.125 and 0.25 mg/mL). 

However, PG+2, PL+2, PG+5, and PG+8 showed a less impaired ratio that was significant 

compared to their negative counterparts at PG+2 (0.125 and 0.25 mg/mL), PL+2 (0.125 

mg/mL), PG+5 (0.125 mg/mL), and PG+8 (0.125 mg/mL).  
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3.4.5. Cell Membrane Integrity (LDH):  

Cell membrane integrity was evaluated by LDH Total (with the use of total cell lysis) 

or release (spontaneous release in the supernatant without cell lysis step) assays after Calu-3 

cells exposure to NPs for 24 hr (Figure. 3.11).  

LDH Total; All NPs showed a similar trend of a concentration dependent decrease 

of LDH Total compared to NC. For negatively charged NPs (Figure. 3.11. A), PG-2 showed 

a statistical difference to NC at 1-2 mg/mL. PL-2 showed no statistical difference at all 

concentrations to NC. PG-5 showed statistical difference to NC at 0.25-2 mg/mL, and PG-8 

showed statistical difference to NC at 0.25-2 mg/mL. PG-2 showed a significant low LDH 

Total compared to PL-2 (at 1-2 mg/mL). Furthermore, PG-2 showed a significantly high 

LDH Total compared to PG-5 (at 0.5-2 mg/mL) and to PG-8 (at 0.25-2 mg/mL). PG-5 was 

significantly lower than PG-8 (at 0.5-2 mg/mL). Positively charged NPs (Figure. 3.11. B) 

showed similar trend with all NPs statistically different than NC at 1-2 mg/mL. However, 

there was no statistical differences between the different positively charged NPs. PG+2 

showed significant higher LDH Total to PG-2 at 1-2 mg/mL. This was also seen with PG+5 

which showed a significant higher LDH Total content compared to PG-5 (at 0.5-2 mg/mL). 

PG+8 showed a significant higher LDH Total content compared to PG-8 (at 0.25-2 mg/mL).  

LDH Release: All NPs showed a similar trend of a concentration dependent increase 

of LDH Release from the NC. However, all the released amounts were significantly lower 

than the NC at all concentrations of all NPs. For negatively charged NPs (Figure. 3.11. C), 

PG-2 was significantly lower than PL-2 at all concentrations. Positively charged NPs 

(Figure. 3.11. D) showed similar trend and were significantly lower than the NC at all 

concentrations of all NPs. PG+2 showed slightly higher LDH release compared to PL+2, but 

was slightly lower than PG+5, and PG+8. However, statistical difference was only observed 

at PG+8 (0.125 and 0.25 mg/mL). PG+2 showed higher LDH release to PG-2 and was  
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Figure. 3.11. LDH after NPs exposure for 24 hr, (A & B) are LDH Total, and (C & D) LDH Release.  
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statistically different at 0.125, 0.25, 0.5, and 2 mg/mL. PG+5 showed higher LDH release 

to PG-5 and was statistically different at 0.125-1 mg/mL. PG+8 showed higher LDH 

release to PG-8 and was statistically different at all concentrations.  

Comparing the two methods; All NPs showed a decrease of the LDH Release 

compared to corresponding NPs concentrations that showed a significant decrease of their 

LDH Total by the LDH Total method. For example, PG-2 at 1-2 mg/mL is showing a 

significant decrease of LDH Total that is not reflected with an increase in LDH Release 

with the correspondent concentrations. This represents a strong evidence of the ability of 

NPs to adsorb LDH released in the medium. Hence, this could lead to false negative 

results if the LDH Release assay was applied alone to assess the cell membrane potential. 

3.4.6. Apoptosis and Necrosis Assay: 

Based on the quadrant analysis results (% Live cells, % Annexin V positive cells 

(early apoptotic), % Double positives (Annexin V and 7-AAD; late apoptotic), and % 7-

AAD positive cells (necrotic)), the double positives and 7-AAD positives showed time-

course linked changes that were chosen to plot bar graphs between the different 

concentrations and time points and statistically analysed. Double positive graphs are 

represented in Figure. 3.12. A & B, C & D, and E & F for T4, T12, and T24 respectively. 

7-AAD positive graphs are represented in Figure. 3.13. A & B, C & D, and E & F for T4, 

T12, and T24 respectively. 

Double positive/late apoptosis percentage: At T4, (Figure. 3.12. A & B) all NPs 

showed a trend of increasing the NP concentration was associated with increasing the late 

apoptotic percentage. Only PG-2 and PG+2 showed a statistical difference to NC at 2 

mg/mL, and PG+8 showed a statistical difference to NC at 1 mg/mL.  
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At T12, (Figure. 3.12. C & D) all NPs showed a trend of increasing the NP 

concentration was associated with increasing the late apoptotic percentage except PG+8 

which showed a decreasing trend. There were no statistical differences to NC or between 

the NPs. However, there were huge variations as indicated by the large error bars that 

resulted in non-significant differences from the NC for all NPs.  

At T24, (Figure. 3.12. E & F) all NPs showed a non-significant decreasing trend 

with the small sized NPs; PG-2, PL-2, PG+2, and PL+2 from the NC. However, the large 

sized NPs; PG-5, PG+5, PL-8, and PG+8 showed an increasing trend that was significant 

at PG-8/ 2 mg/mL, PG+5/ 0.25 mg/mL, and PG+8/ 0.5-2mg/mL. There were no other 

statistical differences between the NPs and to NC. 

7-AAD positive/necrotic percentage: At T4 (Figure. 3.13. A & B), all NPs 

showed an increasing trend of necrotic percentage with PG-2, PL-2, PG-5, PG-8, PG+2, 

PL+2, PG+5, and PG+8 increasing concentration. There were statistical differences from 

NC at PL-2/ 2 mg/mL, PG-8/ 2 mg/mL, and PL+2/ 2 mg/mL. PG-2 was lower and 

statistically different to PG-8/ 2 mg/mL. PG+8 was lower and statistically different to 

PG-8/ 2 mg/mL. 

At T12 (Figure. 3.13. C & D), all NPs showed an increasing trend of necrotic 

percentage and was statistically different from the NC at all concentrations of PG-5, PG-

8, PG+5 and PG+8. PG-2 was lower and statistically different to PG-5 (0.125 and 0.5 

mg/mL) and PG-8/ 0.125 mg/mL. PG+2 showed significant difference from PG+8/2 

mg/mL. 

At T24 (Figure. 3.13. E & F), all NPs showed similar trend of increasing the 

necrotic percentage with increasing the concentration. However, there was a drop in the 

percentage of the necrotic percentage with PG-5/ 0.125-1 mg/mL, PG-8 at 0.125, 0.25,  
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Figure. 3.12. Double positive cells for Annexin V and 7-AAD: (A & B) At T4, (B & C) 

at T12, and (E & F) at T24 (Results expressed as Mean ± SD, for statistical symbols and 

P-value please refer to section. 2.3.4). 
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Figure. 3.13. 7-AAD positive cells: (A & B) at T1, (C & D) at T12, and (E & F) at T24 

(Results expressed as Mean ± SD, for statistical symbols and P-value please refer to 

section. 2.3.4).  
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and 2 mg/mL, PG+5/ 0.25-1 mg/mL, PG+8 at 0.125-0.5 mg/mL. PG-2 showed a 

significant difference from PG-5 and PG-8 at 0.125 mg/mL. PG+2 showed a significant 

difference from PG+5 and PG+8 at 0.125 mg/mL. There were no statistical differences 

between the other NPs and to their NC. 

3.4.7. Caspases Quantification Assay: 

Caspases 3/7, 8 and 9 quantification was evaluated in Calu-3 cells after 24 hr 

exposure to NPs (0.125, 0.5, and 2mg/mL) (Figure. 3.14).  Caspase 8 (Figure. 3.14. C & 

D) was the highest induced caspase followed by caspase 3/7 (Figure. 3.14. A & B) and 

then caspase 9 (Figure. 3.14. E & F). 

Caspase 3/7: All NPs (Figure. 3.14. A & B) showed a biphasic trend of caspases 

3/7 induction: At low concentrations (0.125 and 0.5 mg/mL) a trend of increasing the 

concentration was associated with increasing caspases 3/7 induction, while the highest 

concertation 2mg/mL showed a decrease. Negatively charged NPs (Figure. 3.14. A) 

showed statistical differences from the NC at PG-2/ 0.5 mg/mL, PL-2/ 0.5 mg/mL, PG-

5/ 0.125 and 0.5 mg/mL, and PG-8/ 0.125 and 0.5 mg/mL. PG-2 was similar to PL-2 with 

no statistical difference. PG-2 was lower than PG-5 and PG-8 at all concentrations. PG-

5/ 2 mg/mL was significantly lower than PG-8.  

Positively charged NPs (Figure. 3.14. B) showed statistical differences from NC 

at PG+2/ 0.5 mg/mL, PL+2/ 0.5 mg/mL, PG+5/ 0.125-2 mg/mL), and PG+8/ 0.125-0.5 

mg/mL). PG+2 was similar to PL+2 with no statistical difference. PG+2 was significantly 

lower than PG+5 at all concentrations and PG+8/ 0.125 mg/mL. PG+5 was significantly 

lower than PG+8/ 0.5-2 mg/mL. PG+2, PL+2, PG+5, and PG+8 was significantly higher 

from PG-2, PL-2, PG-5, and PG-8 at 2mg/mL. 
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Figure. 3.14. Caspases quantification: (A & B) Caspases 3/7, (C & D) Caspase 8, (E & 

F) Caspase 9 (Results expressed as Mean ± SD, for statistical symbols and P-value please 

refer to section. 2.3.4). 
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Caspase 8: All NPs (Figure. 3.14. C & D) showed a similar trend of a biphasic 

response. Negatively charged NPs (Figure. 3.14. C) showed statistical differences from 

the NC at PG-2 at all concentrations, PL-2/ 0.125-0.5 mg/mL, PG-5/ 0.125-0.5 mg/mL, 

and PG-8 at all concentrations. PG-2 showed a significant higher caspase 8 induction 

compared to PL-2 at 0.125 and 2 mg/mL. PG-2 showed a significant less caspase 8 

induction compared to PG-5/ 0.125 mg/mL, and to PG-8/ 2 mg/mL. PG-5 had a 

significantly higher caspase 8 induction compared to PG-8 at 0.5 mg/mL with lower 

significant induction at 2 mg/mL.  

While positively charged NPs (Figure. 3.14. D) showed similar trend and were 

statistically different from NC for all NPs at all concentrations. PG+2 showed a 

significant lower caspase 8 induction compared to PL+2/ 0.5 mg/mL, and to PG+5/ 

0.125-0.5 mg/mL. PG+2 showed a significantly higher caspase 8 induction compared to 

PG+8/ 0.5 mg/mL. PG+5 showed a significantly higher caspase 8 induction compared to 

PG+8/ 0.5-1 mg/mL. PL+2 showed a significantly higher caspase 8 induction compared 

to PL-2/ 2 mg/mL. PG+8 showed a significant lower caspase 8 induction compared to 

PG-8/ 2 mg/mL.  

Caspase 9: All NPs (Figure. 3.14. E & F) showed a concentration-dependent 

decrease that was significant from the NC at PG-2, PG-5, and PG+5, all at 0.125 mg/mL. 

PG+2 showed a significant less caspase 9 induction compared to PG+5/ 0.125 mg/mL. 

PG+5 showed a significant higher caspase 9 induction compared to PG+8/ 0.125 mg/mL. 

The reduction of the caspases productions at high concentration could be correlated to 

the cytotoxicity. 
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3.4.8. Inflammatory Response: 

3.4.8.1. IL-8 Detection ELISA Kit: 

All NPs (0.125-2 mg/mL) did not cause any significant rise of IL-8 after Calu-3 

cells exposure for 24 hr (Figure. 3.15. A & B). All PG NPs showed similar results to PL 

NPs with no statistical differences. To exclude any bacterial contamination to NPs that 

might be causing a rise in IL-8 production for THP-1 cell line exposure, NPs at 

concentrations 0.125 and 0.25 mg/mL were centrifuged and the supernatant (NPs free) 

used as treatments for THP-1 using the same protocol (Figure. 3.15. C), and non-

significant rise in IL-8 was observed.  

Upon THP-1 exposure to NPs, (Figure. 3.16. A & B) NPs showed a size, charge, 

and chemistry dependent differences. PL-2 showed a significant rise at 0.125-0.25 

mg/mL, followed by a non-significant decrease of IL-8 production. PG-5 and PG-8 

showed a highly significant rise of IL-8 compared to the NC with a concentration-

dependent decrease. However, PG+2 showed a non-significant rise of IL-8 followed by 

a decrease. PL+2 showed a significant rise at 0.125-0.25 mg/mL, followed by a non-

significant decrease of IL-8 production. PG+5 and PG+8 showed a highly significant rise 

of IL-8 compared to the NC with a concentration-dependent decrease. The negatively 

charged NPs didn’t show any significant difference to their positive counterparts at the 

same correspondent concentrations. PG-5, PG+5, PG-8, and PG+8 showed a 

significantly higher IL-8 rise compared to PG-2 and PG+2 respectively.  

To investigate if the IL-8 decrease with increasing the NP concentration was due 

to cell reduction or a possible adsorption to NPs surface, a viability assay by AB was 

performed (Figure. 3.16. C & D). This indicated that PL-2 and PL+2 had the highest 

viability, followed by PG-2, PG-5, and PG-8. PG+2, PG+5, and PG+8 showed the  
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Figure. 3.15. IL-8 Production: After Calu-3 Exposure 

for 24 hr, to (A) Negatively charged NPs and (B) 

Positively charged NPs, and after THP-1 Exposure to (C) 

NPs supernatants (Results expressed as mean ± SD, for 

statistical symbols and P-value please refer to section. 

2.4.3).  
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Figure. 3.16. IL-8 Release after THP-1 Exposure for 24 hr, to (A) Negatively charged and (B) Positively charged NPs, (C, D) Corresponding 

Viability of THP-1 estimated by Alamar Blue assay(Results expressed as Mean ± SD, for statistical symbols and P-value please refer to 

section. 2.3.4).
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highest viability at the lowest concentrations of 0.125 mg/mL (denoting their higher 

toxicity to differentiated THP-1 macrophages). Hence, this concentration (0.125 

mg/mL) was selected to further investigate the inflammatory response using CBA kit. 

3.4.8.2. Cytokines Beads Array (CBA): 

To further investigate the cytokines release, CBA was used to screen multiple 

cytokines in the same sample. NPs at concentration of 0.125 mg/mL was evaluated as 

the highest viability of THP-1 cells was achieved at this concentration after 24 hr 

exposure. The cytokines screened were IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-ɣ, and IL-

17a. Only IL-6, IL-10, TNF-α, IFN-ɣ (Figure. 3.17. A, B, C, D respectively) increased 

to significant levels compared to the NC.  

IL-6 (Figure. 3.17. A) showed a significant rise to NC for PG+2, PL+2, PG-5, 

PG-8, PG+5, and PG+8 NPs. PL+2 was statistically higher than PL-2. There were no 

statistical differences between the other NPs. 

IL-10 (Figure. 3.17. B) showed a significant rise to NC only for smallest NPs; 

PG-2, PL-2, PG+2, and PL+2 NPs. PG-2 was higher and statistically different to PG-

5 and PG-8. PL+2 was higher and statistically different to PL-2. PG+8 was higher and 

statistically different to PG-8. There were no statistical differences between the other 

NPs. 

TNF-α (Figure. 3.17. C) showed a highly significant rise to NC for larger NP; 

PG-5, PG-8, PG+5, and PG+8 NPs. PG-2 was lower and statistically different to PG-

5 and PG-8. PG+2 was lower and statistically different to PG-8. There were no 

statistical differences between the other NPs. 

 IFN-ɣ (Figure. 3.17. D) showed a significant rise to NC for small NPs; PG-2, 

PL-2, PG+2, and PL+2 NPs and a significant downregulation to NC for larger NPs; 
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PG-5, PG-8, PG+5, PG+8. PG-2 was higher and statistically different to PG-5 and PG-

8. PG+2 was higher and statistically different to PG+5 and PG+8. There were no 

statistical differences between the other NPs. 
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Figure. 3.17. Cytokines release after THP-1 Exposure to NPs (0.125 mg/mL) for 24 hr, 

(A) IL-6, (B) IL-10, (C) TNF-α, and (D) INF-ɣ (Results expressed as Mean ± SD, for 

statistical symbols and P-value please refer to section. 2.3.4).  

3.4.9. Comet Assay: 

Comet assay results are shown in Figure. 3.18. (A & B) representing head DNA 

%, (C & D) representing Tail DNA %, and (E & F) representing Olive Tail Momentum.  
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Figure. 3.18. Comet assay: DNA%:(A) Negatively charged NPs, and (B) Positively 

charged NPs, Tail DNA%:(C) Negatively charged NPs, and (D) Positively charged, 

Olive Tail Momentum:(E) Negatively charged NPs, and (F) Positively charge (Results 

expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 

2.3.4). 
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All different NPs exposure for 24 hr treatments didn’t show any significant 

DNA damage compared to the NC (the bigger the DNA tail area, the longer the tail, the 

smaller the DNA head area, the more significant is the DNA damage). Hence there was 

no genotoxicity such as single or double strands break when evaluated by Comet assay 

alkaline gel electrophoresis.  Significant DNA damage was only observed in PC (100 

µM H2O2 for 30 mins). 

3.5. Discussion: 

3.5.1. Alamar Blue Assay:  

Cell cytotoxicity was assessed by AB viability assay. AB is a redox indicator of 

the general metabolic cellular function and is widely used for evaluating cellular 

viability after NPs exposure (395). Cell viability after NP exposure was evaluated at T1 

after discontinuing the NP exposure (application of 3 washes or No wash) to evaluate 

the metabolic state immediately after NPs removal, while the viability was evaluated at 

T2 and T3 to indicate the ability of cell recovery. The outcomes can be noted in the 

following: 

The effect of chemistry: PL and PG NPs of the same size and surface charge 

had shown differences in their cytotoxicity and recovery. At low concentrations (< 0.5 

mg/mL), both NPs showed no statistical difference of the cellular viability denoting 

their biocompatibility at these low concentrations over time. While high concentrations 

(1-2 mg/mL), showed more cytotoxicity of PG compared to PL NPs over time. This 

indicated the cellular tolerability of the low concentrations with slightly better 

biocompatibility of PL NPs at higher concentrations. This could be due to faster PL 

NPs degradation compared to PG NPs as concluded from Chapter.2 results. The ability 

of the cellular recovery (back to NC), the PL NPs showed almost 90-100% similarity 
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to NC after 3 hr at all concentrations while PG NPs at low concentrations were similar 

to PL NPs but at high concentrations staggered around 75-80% of NC. This represented 

either slower recovery at high PL NP concentrations or irreversible cellular insult with 

a loss of cellular function compared to NC.  

The effect of size: PG NPs of 200 nm of the same surface charge showed lower 

cell viability to their larger size NPs of 500 and 800 nm at lower concentrations, while 

at high concentrations they showed higher viability. This can be explained by the size, 

surface area, mass, and NPs number relationship. For the same mass, decreasing the NP 

size is associated with increasing the surface area (more reactivity), and the number of 

NPs (396). Hence, for the same concentration of the 200 nm size NPs, there is larger 

surface area and higher number of NPs available for cellular interaction than 500 nm 

and 800 nm. Consequently, this indicated lower NP number was delivered to the cells 

in case of PG-5, PG+5, PG-8, and PG+8 compared to PG-2 and PG+2. In addition, at 

high concentration, higher cytotoxicity with the larger NPs can be explained by higher 

mass delivered per NP which induced higher toxicity and slower degradation for the 

larger size. In addition, as concluded from Chapter.2 experiment of size changes in 

culture media, the agglomeration and size changes were slight with PG-2 and PG+2 in 

comparison to the larger sizes NPs, which can result in better uptake for the smaller 

size (397). The ability of the cellular recovery showed the larger sized NPs, at the lower 

concentrations had higher viability than the smaller size and even higher than the NC 

at T3 indicated their limited uptake. While the high concentrations (of all PG NPs) 

staggered between 50-80% of the NC that denoted irreversible cellular injury. 

The effect of surface charge: The negatively charged NPs (with PVA, more 

hydrophilic) showed higher cytotoxicity to their positively charged (with DOTAP, 

more hydrophobic) counterparts. Based on Chapter.2 experiment of size changes in 
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culture media, size and zeta potentials changes of positively charged NPs showed a 

huge size increase and charge conversion to negativity after dispersion in media 

compared to their negative counterparts. This implied larger size for the positively 

charged NPs that denoted their lower uptake.  

However, many studies have indicated conflicting results regarding the effect 

of NP charge on cellular interactions. Cationic NPs show more electrostatic interaction 

with the negatively charged cell membranes hence more cytotoxicity while the anionic 

NPs show repulsion from the negatively charged membranes (398). However, there are 

many examples showing more cytotoxicity with anionic NPs compared to cationic NPs 

(251, 344, 399). That’s due to the interplay of the different surface coatings with 

different hydrophobicity and agglomeration behaviour rendering each NPs with unique 

physicochemical properties affecting their cellular interactions outcomes (251, 344, 

399).  

The trend over time and cellular recovery. All NPs concentrations showed 

improved viability over time (up to T3). At the lowest concentrations (0.125-0.25 

mg/mL), cell viability had resumed to 100% or more from the NC, indicating the ability 

of the cells to recover and the cellular injuries were reversable. The increase above the 

100% of NC is associated with the hyperactive state of the cells that were under stress 

compared to untreated cells (400). At high concentrations, small NPs of PG and PL 

were recovered to 80-100% while the larger sized NPs staggered at 50-75% denoting a 

serious and irreversible cellular injury. This was similar to what was previously 

reported for cellular haemostasis in response to different cell injuries (400); where mild 

to moderate cell injury, the cell survives by upregulating protective mechanisms to 

maintain its survival. However, in severe cell injury, the cells activate stress signalling 
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pathways trying to survive but failure to handle the stress, drives the cell into cell death 

either through apoptosis or necrosis (401).  

The experimental technical difference (3 washes and no wash): The 

application of 3 wash steps to remove the NPs prior to adding the reagent provided 

better results with smaller error bars, better viability and recovery. This was due to the 

efficient removal of NPs from the media, and avoidance of NPs interference with the 

AB reagent ensuring the measured endpoint was due to genuine NPs effects on the cells. 

However, the no wash experiments showed a decreasing viability trend with increasing 

NP concentrations, but the viability percentages were always lower than the 

experiments with 3 washes, denoting a false higher cytotoxicity. This indicated the 

importance of optimizing the in vitro experiments when it comes to NPs testing.   

The current findings are in a good agreement with has been previously published 

in the literature for PG and PL NPs. A study by Kunda et al., (38) investigated PG NPs 

(~200 nm size, negatively charged with PVA) and their viability after 4 hr NP exposure 

in JAWS II DCs to concentrations up to 1.25 mg/mL evaluated by MTT assay (2 hr). 

There was a decreasing trend of viability with increasing the NPs concentration 

reaching ~ 55% at 1.25 mg/mL. However, this could denote a higher cytotoxicity at the 

high concentration and of shorter duration of NP exposure compared to the current 

study findings. Kunda et al. demonstrated the use of MTT assay with addition of the 

reagent onto the cells without prior removal of the content or applying any washes, as 

well as the different cell line; DCs. This can be compared to the no-wash experiments 

at T2 where a higher cytotoxicity encountered due to inefficient removal of NPs from 

the extracellular environment and possible NP interactions.  
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Another study by Mohamed et al., (79) investigated PG NPs of ~245 nm size,  

negatively and positively charged (PVA or DOTAP (15% w/w)) and their viability after 

18 hr NP exposure in A549 lung cell line to concentrations up to 1.25 mg/mL evaluated 

by MTT assay (2 hr). There was a decreasing trend of viability with increasing NPs 

concentration reaching ~ 65% for positively charged PG NPs (more cytotoxic) while it 

was ~ 80% for negatively charged PG NPs at 1.25 mg/mL. That was contradictory to 

the current study findings which could be due to the use of A549 cell lines rather than 

Calu-3 and the higher concentration of DOTAP used by Mohamed et al., (15% w/w) 

compared to 10% (w/w) was used in this current study that increased their cytotoxicity. 

There are many reports that showed the negatively charged NPs had higher 

cytotoxicity compared to the positively charged NPs. Mura et al., (251) showed 

PL/PVA, PL/CS, PL/PF68 (~230 nm) viability on Calu-3 cell lines, with concentrations 

up to 5 mg/mL after 4, 24, and 72 hr exposure, and showed well tolerated cell 

compatibility. However, the negatively charged PL/PVA and PL/PF68 demonstrated 

higher cytotoxicity to PL/CS that was similar to current findings where the negatively 

charged NPs were more cytotoxic (251). The authors reported quantifying the 

internalisation of NPs to confirm the PL/PF68 had higher internalization to the other 

NPs. Similar findings were reported in two studies by Grabowski et al., (264, 384) who 

investigated PL NPs ~230 nm  up to 3.5 mg/mL concentration and negatively-charged 

with pluronic® F68 (PL/PF68) had shown more cytotoxicity than the neutral PL/PVA 

NPs and positively charged PL coated with chitosan (PL/CS) after 48 hrs exposure 

using MTT assay (2 hr) in A549 and THP-1 cell lines, which was in agreement to the 

study findings. However, the viability percentages were higher than the correspondent 

T2 interval which could be due to the use of MTT assay, CM and difference in cell 

lines.  
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There have been many studies reported in literature which explored larger sized 

NPs for PL for comparison to PG NPs of 500 nm and 800 nm size. A study by Xiong 

et al., (397) investigated cytotoxicity of PL NPs of different sizes (60, 100, and 200 nm, 

concentrations: 10 to 100 μg/ml) on RAW264.7 and BEAS-2B after 24 hr exposure. 

The results indicated the smaller the size of NP the higher the cytotoxicity. This was 

due to increasing the surface area, NPs number, and reactivity with lowering the NPs 

size, which is of relevance to findings in this study (396).  

Similar findings were reported for PG NPs by Kunda et al., (81) who evaluated 

PG NPs (~ 235 nm and positively charged with cationic surfactant didodecyl dimethyl 

ammonium bromide (DMAB)) cytotoxicity in A549 by MTT assay after 24 hr exposure 

up to 0.32 mg/mL. There was increasing cytotoxicity with higher concentration 

reaching 50% with 0.156 mg/mL for PG NPs of 200 size evaluated after 2 hr incubation 

with MTT. PG NPs viability can be correlated to T2 with no wash and was showing 

higher cytotoxicity compared to PG+2 that can be due to the use of DMAB coating  

rather than  DOTAP for PG+2 NPs  (396).  

Another study of PL NPs of different sizes was reported by Roces et al., (402) 

(~200 nm, 450 nm, 1 µm sizes) prepared from different monomeric ratio of PL polymer  

(50:50, 75:25, 85:15) loaded with a model antigen (H56 TB vaccine) and the viability 

analysed by CellTitre Blue® assay on THP-1, RAW264.7, and MH-S (alveolar 

macrophages) cell lines at concentrations of 0.1-0.2 mg/mL for 24 hr exposure. This 

can be compared to PG NPs of 200 nm, 500 nm, and 800 nm where at these very low 

concentrations the larger NPs and MPs showed slightly higher viability than the smaller 

NPs. A study by Gratton et al., (403) investigated the internalisation of different sizes 

(~ 100 nm up to 10 µm) of NPs and MPs of non-spherical shape and their uptake into 

Caco-2 cells.  NPs showed a 2.5 folds higher internalisation than 1μm and 6 folds higher 
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than 10 μm size. Hence this demonstrated smaller particles have higher uptake and 

hence show higher cytotoxicity.   

3.5.2. Reactive Oxygen Species (ROS) Detection Assay: 

H2DCFDA Assay: ROS detected after 24 hr exposure of Calu-3 cells to NPs 

was evaluated via H2DCFDA. There was direct correlation of ROS production with 

increasing NPs concentration. At low concentrations (< 0.5 mg/mL), ROS production 

was not associated with low viability (as detected by AB) indicating the cellular ability 

to combat oxidative stress by effective antioxidants (404, 405). However, at high 

concentrations (1-2 mg/mL), ROS production was associated with cytotoxicity which 

indicated the induction of oxidative stress had a significant involvement of cytotoxicity 

and cell death after NPs exposure (406). This agreed with previously reported literature 

for the cellular haemostasis after excessive ROS production (405, 406). In addition, 

mild to moderate ROS production can be tolerated with efficient antioxidant 

mechanisms or cell death via apoptosis. However, high ROS production inhibits the 

apoptosis and cell death via necrosis (243, 407, 408).  

This assay is indicative for ROS production but doesn’t indicate the cause or the 

sources of increased intracellular ROS (409). ROS are produced by many intracellular 

sources due to their immense roles in cellular signalling and regulatory pathways (405) 

such as membranous ROS (produced by (NADPH) oxidases (NOXes)), mitochondrial 

ROS (produced via aerobic respiration and electron chain), cytosolic ROS (produced 

via xanthine oxidases), peroxisomes and endoplasmic ROS (via to their oxidases, 

primarily H2O2) (404, 405, 407). Mitochondria are the main producers of ROS due to 

their involvement in aerobic oxidation and electron chain with primarily O2
•− radicals 

that are dismutated by SOD dismutase to H2O2 that are further decomposed to O2 and 

H2O via antioxidants such GSH (410, 411). Thus, increasing ROS production could be 
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due to NPs intracellular hydrolytic degradation leading to further oxidation of the 

degraded products by Krebs cycle (more mitochondrial ROS production) (64, 65), or 

increased molecular interactions, or decreasing the antioxidant mechanisms or all 

together (222, 407, 412).  

The effect of chemistry; PG vs PL NPs where all NPs showed similar increase 

in ROS production denoting similarity in their intracellular metabolic pathways that 

would generate ROS.  

The effect of size; smaller NPs (PG-2 and PG+2) showed higher ROS 

production at low concentrations (< 0.5 mg/mL) than larger sized NPs. This implied the 

limited uptake of these large size NPs. However, at high concentrations (1-2 mg/mL), 

larger sized NPs showed higher ROS production than the smaller sized NPs. This 

symbolised larger doses being delivered intracellularly (413), and the larger NPs 

showed enhanced toxicity that could be related to their slower degradation. Similarly, 

PG-5 and PG+5 showed lower ROS production to PG-8 and PG+8.  

The effect of surface charge; all negatively charged NPs showed similar ROS 

production levels to their positively charged NPs. However, there are limited reports 

evaluating polymeric NPs ability of ROS production or evaluating it at very low 

concentrations that rarely induce any significant high ROS levels.  

A study by Singh and Ramarao, (414) investigated eight different polyester 

based NPs which were negatively charged by PVA; (i) PL NPs of different underlying 

monomeric ratio (50:50, 65:35, 75:25, 85:15) with a size range of ~ 234 - 295 nm, (ii) 

DL-PLA (~ 288 nm), (iii) poly-ε-caprolactone (PCL, ~ 360 nm), (iv) poly(lactide-co-

caprolactone (PLCL, of different monomeric ratio; 25:75 and 80:20 and size range ~ 

228 - 241 nm). NPs (suspended in CM) were tested for ROS induction by DCFDA for 
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24 hr exposure in RAW 246.7 cells to concentrations up to 1 mg/mL. Increasing the 

concentrations (0.1-0.3 mg/mL) showed an increase of ROS production that was highly 

significant at 0.3 mg/mL at ~ 1.5 – 2.5 folds greater than NC. This can be related to 

0.125 and 0.25 mg/mL for the small NPs (~ 200 nm) in the current study findings. 

However, Singh and Ramarao reported the increase of concentration to 1 mg/mL 

showed less ROS production which was explained by a quenching effect at this high 

concentration, that was contradictory to our findings. The procedure used by Singh and 

Ramarao was after 24 hr exposure of macrophages to different NPs, this was followed 

by 5 washes of PBS prior to incubating the cells with DCFDA reagent (50 µM) for 30 

min.  

Singh and Ramarao had stated the corresponding viability of cells at the high 

concentrations; ~80% at 0.3 mg/mL while it was ~50-60% at 1 mg/mL. Their procedure 

might induce an artefact by losing cells at high concentration with ~ 50% viability, 

where the cells were damaged and liable to detach easily. This indicated lower number 

of viable cells were able to uptake the DCFDA dye and produce any signals, and the 30 

min dye incubation, could be of a very short duration for these cells to uptake enough 

dye.  However, treating the cells with DCFDA dye prior incubating them with NPs, 

ensured enough dye delivered, equal uptake, and equal cell viability. The cell (RAW 

246.7), and cellular density (1x 105) reported in their study was different to our study 

where Calu-3 used at a higher density (4 x 104).  

A study by Stevanović et al., (412) PL NPs (~270 nm, negatively charged with 

PVA) was reported not to generate ROS at very low concentrations up to 66.5 µg/mL 

in HePG2 cell lines for 5 hr (412) which indicated the very low concentration didn’t 

induce any ROS. The concentrations were very low to induce any ROS or cell death.  

The ROS production after NPs exposure could be considered as a toxic effect as well 
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as employed for therapeutic purposes. The ROS produced can be enhanced as 

synergistic ROS inducer as a cytotoxicity mechanism for cancer therapeutics (222, 415-

417). However, to exclude any toxic effect for lung drug delivery, these experimental 

doses are very high compared to realistic dose distribution over the large surface area 

of lungs (~ 80-140 m2 surface area) that denoted a very low induction of ROS. The ROS 

reported in this current study were after 24 hr exposure to high doses of NPs which are 

not expected to be seen in a realistic lung exposure denoting their safety. 

Cellular ROS (Deep Red) Assay (ab186029): Deep Red assay was used to 

evaluate ROS production (O2
•−and OH•- radicals) after Calu-3 cells exposure to NPs for 

24 hr, and  showed non-significant differences between all different types of NPs and 

almost a concentration-independent response. ROS detected was similar at low 

concentrations (< 0.5 mg/mL) while the viability was near NC, however, at highest 

concentration, where viability was reduced, ROS showed similar levels to the low 

concentrations. That was contradictory to what was seen with H2DCFDA assay. 

The experimental technical difference (3 washes and no wash): In the no-

wash experiments, there was a significant concentration dependent decrease of ROS 

production, and with statistically significant lower values to 3 washes-experimental 

procedures denoting a strong possibility of NPs interference with this assay. Therefore, 

precautions are needed to exclude any NP interference with the assays. It is 

recommended when it comes to NPs testing, to choose multiple assays to ensure the 

accuracy of the measured endpoints (11, 166, 418, 419) 

Comparing the Deep Red (3 wash steps) to H2DCFDA assay results showed 

that there were lower values and almost a concentration independent for all NPs, except 

at 2 mg/ mL of larger size NPs: PG-5, PG+5, PG-8, and PG+8, which had a higher 
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ROS induction. This might be due to the sensor of Deep Red assays measuring mainly 

O2
•−and OH•- radicals, whereas the H2DCFDA assay is a more general indicator for 

reactive species including both oxygen and nitrogen species (420-422). Moreover, O2
•− 

is known to be rapidly reduced to H2O2 by superoxide dismutase (SOD)(400, 405, 416) 

which may explain the cellular ability of O2
•− clean-up in the low concentrations and all 

small NPs compared to impaired clean-up and accumulation at the highest 

concentration of larger sized NPs. To the best of our knowledge, there was no study for 

polymeric NPs that had used Deep Red assay. 

3.5.3. Mitochondrial Membrane Potential (JC-1): 

ΔΨm of Calu-3 cells after 24 hr exposure to NPs was evaluated by JC1 dye, 

which is a cationic fluorescent probe of ΔΨm. This ratiometric dye indicates lowering/ 

loss of ΔΨm by a decrease in the red/green ratio (J-aggregates/monomers ratio; 

healthy/non healthy ratio) due to the spectral shift of fluorescence that is potential-

sensitive (423). Lowering ΔΨm implied impairment of the mitochondrial membrane 

polarized state and permeability that might adversely affect the cellular haemostasis 

and is considered as a sign of apoptosis (408, 424).  

JC1 dye is a slow cationic potentiometric/ratiometric dye (600 Da) that gives an 

indication of the ΔΨm (423, 425). The dye resides in the mitochondria in the 

intermembranous space and respond to changes in ΔΨm and membrane permeability 

in a slow manner that allows it to track slow or steady changes in ΔΨm and hence, 

render it unsuitable to measure fast changes. Other examples are rhodamine 123, 

safranin O, JC-9, and DiOC6. Consequently, in this study the cells were incubated with 

the JC1 dye prior to NPs treatments for 24 hr.  
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ΔΨm is an electrical potential of mitochondrial membranes generated by the 

electron transfer chain complexes that generate a proton gradient of hydrogen ions by 

the charge separation (chemiosmosis: electrons trapped inside mitochondrial matrix and 

protons pumped outside the inner mitochondrial membrane generating negative ΔΨm 

and alkaline pH) (426, 427). ΔΨm is essential for energy production via oxidative 

phosphorylation to produce ATP (ATP synthase) and maintenance of mitochondrial 

haemostasis (importing and exporting essential molecules and ions required for normal 

function as well as mitochondrial regeneration) (426, 428). Besides the proton pumps, 

ΔΨm is maintained by tight control of the mitochondrial membrane permeability via 

highly regulated pores most importantly, mitochondrial permeability transition 

pore (mPTP) (429-431). Hence, lowering ΔΨm (depolarized state) is due to the loss of 

control on mitochondrial membrane permeability and opening mPTPs (404, 408, 432). 

mPTPs are large channel proteins at the inner mitochondrial membrane that are 

stimulated to increase the membrane permeability to molecules with MW ~ 1.5 KDa 

and a size ~3 nm (427, 428). Consequently, the mitochondrial membranes lose the 

ability to maintain the proton gradient with a drop in ΔΨm and failure to produce ATP. 

This further leads to a loss of metabolic gradients with molecules and ions released into 

the cytoplasm (a release of Ca2+, mitochondrial key proteins such as proapoptotic 

proteins, i.e., cytochrome c, Smac/ Diablo, and HtrA2/Omi) resulting in osmotic 

swelling, rupture, and ultimately cell death ensues either through apoptosis or necrosis. 

Circumstances that have been shown to induce mPTPs openings include Ca2+ ions 

overload, elevated ROS, ATP depletion, inorganic phosphates, cellular acidosis (233, 

426-428). 

All NPs showed a significant decrease of ΔΨm that could be mirrored with the 

increased ROS production (H2DCFDA assay) and decreased viability (T1 with 3 
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washes; was measured after 1 hr from discontinuing the NPs exposure following 24 hr 

incubation) and can be noted as following: 

The effect of chemistry; PG vs PL NPs where PG NPs showed higher ΔΨm 

than PL NPs denoting that PG NPs were less impairing ΔΨm than PL NPs. PL NPs 

showed higher viability and similar ROS production but a higher mitochondrial 

impairment in comparison to PG NPs. This can be correlated to the faster degradation 

and acidic pH changes encountered with PL NPs than the slowly degrading PG NPs 

and their alkaline pH changes (as concluded from Chapter.2 results). 

The effect of size; smaller NPs (PG-2 and PG+2) showed less impaired ΔΨm 

at low concentrations (< 0.5 mg/mL) than larger sized NPs. While at high 

concentrations, they were similar with low ΔΨm. This indicated less impaired ΔΨm for 

the smaller NPs than their larger sized NPs which could be due to their faster 

degradation (349, 433).  

The effect of surface charge; positively charged NPs showed less impaired 

ratio to their negative counterparts at low concentrations (mostly at 0.125 mg/mL). This 

could be associated to the higher viability encountered with the positively charged NPs 

than negatively charged NPs by AB assay. Furthermore, this can be correlated to the 

large size differences as well as the neutralization or conversion to negative charge after 

dispersion in the medium leading to limited cell uptake (as concluded from Chapter.2 

results) (332).  

Many therapeutic approaches have been reported for PL NPs based on the 

ability to interact and co-localise with the mitochondria. For example, PL NPs (~ 200 

nm and negatively charged) ability to localise in mitochondria (visual confirmation by 

microscopy) and successful delivery of cyclosporine A as a cardioprotective agent 



 

153 

against reperfusion injury in cardiomyocytes as a model of myocardial infarction and 

as inhibitor of mPTP (oxidative stress induced by H2O2) in vitro (433-435). In addition, 

PL NPs have been used for NP mediated therapies for mitochondrial knockout approach 

as anticancer therapies (436-439) or reducing the oxidative stress for many aging and 

mitochondrial based diseases (437, 440). However, in the study by Singh and Ramarao 

(414), the authors reported ΔΨm assessed by rhodamine 123 and safranin O uptake 

assays. The authors investigated a very low concentration (0.3 mg/mL) of the eight NPs 

after 24 hr exposure in RAW 264.7 cell lines. The assay was performed post-exposure 

to NPs and after 30 min incubation with the reagents. The rhodamine assay showed no 

effect on ΔΨm compared to the NC, while safranin O showed a significant low ΔΨm 

with two NPs only (PLCL 25:75 and PLCL 80:20). This indicated the difference and 

sensitivity of the assays had a major impact on the results. In the current study, ΔΨm 

was evaluated with the use of JC1 assay that was reported to be a very sensitive assay 

to evaluate ΔΨm and cells were treated with JC1 dye prior to NPs exposure (376, 441). 

As previously mentioned, rhodamine 123, safranin O, and JC1 are slow cationic dye 

not be suitable for fast change measurements of ΔΨm that can give underestimated 

measurements (423). 

The time course of AB assay indicated the low concentrations (< 0.5 mg/mL) 

were reversable after discontinuation of NP exposure while the high concentrations (1-

2 mg/mL) were associated with irreversible reduction of viability. This denoted similar 

effects on ΔΨm would be expected where reversible changes allow the mitochondria to 

regenerate and resume its functions. A study by Fan et al., (442), demonstrated in vitro 

induction of ROS and oxidative stress in C2C12 mouse myocytes (rich in mitochondria) 

with increasing concentrations of H2O2 (250, 1000, 2000 μM H2O2) for 5 hr followed 

by 24 and 48 hr recovery. Post-exposure, ΔΨm showed a reduction of 40% from its 
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NC, with low cytotoxicity for 250 μM H2O2. In addition, CLSM imaging showed a 

significant mitochondrial impairment manifested by increased fragmentation with all 

treatments after 5 hr, that was mainly reversable to a more healthier network 

morphology after 24 and 48 hr with only 250 μM H2O2.  

3.5.4. Cell Membrane Integrity (LDH): 

LDH is an intracellular enzyme found in the cytoplasm and mitochondria and 

catalysing anaerobic glycolysis (pyruvate oxidation to lactate that is more favoured in 

cancer cell lines even in presence of oxygen; ‘Warburg effect’). LDH release is 

indicative for cytotoxicity, loss of membrane integrity, and cell death via necrosis.  

LDH Total: LDH Total is the total content of LDH in all cells. So, an increase 

or a decrease of viable cell number would have a huge effect on the measurements and 

reading (443). Hence, this assay can be correlated to the AB viability assay. There was 

a concentration dependent decrease of the total LDH content that was dependent on 

NPs physicochemical characters as following: 

The effect of chemistry: PG vs PL NPs. PG-2 NP were similar to PL-2 at low 

concentrations while at high concentration PG-2 NPs were showing lower content of 

LDH Total. However, PG+2 was slightly less than PL+2 but non significantly different. 

This can be due to the faster degradation of PL NPs than PG NPs. This can be correlated 

to their viability assessed by AB and showing similar effects.  

The effect of size: at low concentration, PG-2 showed a higher content of LDH 

compared to PG-5 and PG-8. While the PG+2 showed similar LDH Total to the larger 

NPs. This confirmed the positively charged NPs behaved in a similar way due to their 

larger size encountered after dispersion as concluded from Chapter.2 results.   



 

155 

The effect of surface charge: there was a clear difference in LDH Total based 

on NPs charge that was mainly apparent at higher concentrations. Here, negatively 

charged NPs showed decrease of LDH Total compared to the positively charged 

counterparts. This can be explained due to the positively charged NPs showing a 

stronger adsorption to extracellular proteins that limited their uptake while the 

electrostatic repulsion between the negatively charged NPs and the negatively polarized 

cell membrane induced cell membrane damage (330, 344, 444, 445). This was similar 

to the AB viability where the positively charged NPs showed higher underlying 

viability to the negatively charged NPs.  

LDH Release: using LDH Release method, the assay indicated the loss of 

membrane integrity with the leakage of key cytosolic markers (443). The results were 

different to those obtained with LDH Total. All NPs exposures showed a concentration 

dependent increase in LDH Release in supernatants that was significantly very low to 

NC spontaneous LDH Release. The increase of the LDH Release was associated with 

the decrease of the Total LDH that correlated with the cytotoxicity at higher 

concentration as evaluated with AB viability.  

Regarding the NPs physicochemical characters dependency, noted as following:  

The effect of chemistry: PG vs PL NPs. There was more association of LDH Release 

to the surface charge than the chemistry. PG-2 NPs was less than PL-2 NPs however, 

the PG+2 showed more release compared to PL+2 NPs. This can be correlated to their 

underlying viability.  

The effect of size: the larger sized NPs showed a higher release of LDH than the smaller 

NPs indicating their higher cytotoxicity was associated with membrane damage.  



 

156 

The effect of surface charge: the positively charged NPs showed higher release than 

their negatively charged NPs. This can be correlated to the higher LDH content that 

indicated a higher underlaying viability as assessed by LDH Total and AB assays 

respectively.   

Comparing LDH Total to LDH Release: the LDH Release showed lower 

amounts in comparisons to the highly significant LDH Total decrease at the same 

concentrations denoting:  

(i) a strong possibility of NPs adsorption effect: Here the LDH Total decrease 

signified a high underlying cytotoxicity that was expected to increase the 

membrane leakage of LDH. However, the LDH release was not amounting to 

the NC that indicated a NP interference. The LDH as a cellular protein can be 

subject to adsorption to the surface of the NPs (as the measurements evaluated 

the supernatants where the NPs were located) that limits its detection.  

In a study where PL NPs of ~ 60 nm, 100 nm, 200 nm were incubated with BSA 

protein as a model protein to uncover the adsorption properties, the NPs showed an 

increase in the protein adsorption with the smaller larger surface area NPs (397). As PG 

NPs belong to the same α-polyester family, it is feasible this can happen too. Another 

study where PL/PVA, PL/CS, PL/PF68 had shown LDH Release that was low 

compared to the NC on A549 cells after 24 hr exposure to concentrations up to 4 mg/mL 

(384). These results are similar to the current study of LDH Release assay that indicated 

a possibility of NPs interference.  

(ii) and /or the underlying cytotoxicity with down expression/inhibition of the 

cellular activity and certain cellular proteins is associated with a decrease of 

total LDH and is a sign of late apoptosis (secondary necrotic cell death) (401). 
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This agreed with previous findings in which the reduced Total LDH was 

associated with cells undergoing apoptosis, and the increase of the ROS 

production, increase mitochondrial membrane permeability (Ca2+ release, 

cytochrome c release (subsequent activation of caspase-9 then caspase-3)), 

with a decrease of the ΔΨm (446).  

LDH release cannot differentiate between a primary necrosis (acute accidental 

cell death) and secondary necrosis (late apoptotic/necroptotic) (447). Hence it is 

important to differentiate between apoptosis and necrosis, preferably in a time coarse 

manner as well as quantification of caspases. These were evaluated in the subsequent 

experiments. Experimental designs that neglect the possibility of NPs adsorption, might 

perceive similar LDH Release results as no effect on the cell membrane integrity had 

been caused, and was possibly masked by the adsorption to NPs surface. Based on these 

results, the ability of measuring cellular markers released in the supernatant containing 

NPs should carefully exclude the adsorption to NPs surface by evaluating the response 

of different methods prior to draw a conclusion.   

When mirroring the results obtained by LDH Total (as a cytotoxicity assay) to 

AB viability (immediately after 24 hrs exposure: T1 with 3 washes), the ability of AB 

to measure the cellular recovery was advantageous. The AB uses a redox indicator that 

can be applied after removal of NPs from the surrounding medium and measuring 

cellular recovery. However, this recovery effect cannot be evaluated with the LDH 

Total where cell lysis step is used. Moreover, the evaluation of LDH either Total or 

Release had to be done from cell supernatants (where NPs were existing) that might 

increase NP interference.  
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LDH measurements had shown many cases of NPs interference that was 

previously reported, .e.g. by adsorption to CNTs when mixed with LDH standard (448), 

metallic NPs as Ag and Cu NPs (449) were proved to have dissolution and ions 

shedding deactivating the LDH, in the same study using a rat lung epithelial Type-I cell 

line R3/1, however, TiO2 NPs showed adsorption deactivation for LDH. Other reports 

of Au NPs (450) and platinum NPs (451) can independently oxidize the NADH causing 

false positive LDH release. Thus, NPs can show various protein interactions via 

adsorption or inactivation and its likely to be nonspecific and requires extra caution to 

interpret and validate assays using protein measurements (449, 452, 453). For this 

experiment, the kit lacks the LDH standard to perform a control experiment, however, 

using a controlled amount of cell lysate as a NC and as a standard to be mixed with 

serial concentrations of NPs to prove or exclude the adsorption effect can be done in 

future directives.   

3.5.5. Apoptosis and Necrosis Assay: 

Necrosis is unprogrammed passive cell death, which is initiated by sudden 

severe cellular insults such as heat stress, hypoxia, and extremely high concentrations 

of drugs. It is characterized by loss of membrane integrity, cell haemostasis and 

eventually osmotic swelling and cell lysis (454).  

A time coarse study of apoptosis and necrosis was performed after 4 hr, 12 hr 

and 24 hr of Calu-3 exposure to NPs. Annexin-V/7-AAD staining assays are frequently 

employed using FACS analysis (455-458). FACS allows for cellular segregation based 

on their staining that facilitates the quadrant analysis of different cell populations in the 

same sample. However, live (double negative) and early apoptotic (Annexin-V positive 

only) quadrants were not shown as their trends and percentages of these cell populations 

were almost negligible over time. In contrast to the other quadrants, late apoptotic 
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(double positives) and necrotic (7-AAD positive only) indicated time related changes 

and can be noted as following:  

Firstly, the trends over time: At T4: the late apoptotic populations were higher 

among smaller NPs than larger NPs and ranging from 20-35% of the total cell 

population, whereas the necrotic populations were mainly seen at higher concentrations 

and ranging from 10-20% of the total cell population.  

At T12: there was a general decrease of the percentages of both quadrants, while 

late apoptotic population ranged between 10-20% of the total cell population that was 

similar to all NPs. The necrotic population showed an increase with larger NPs with 

population percentage ranging between 15-30% of the total cell population especially 

at the high concentrations.  

At T24: there was further decrease of the percentages of both quadrants, while 

late apoptotic population ranged between 10-15% of the total cell population that was 

higher in larger than the smaller NPs. Although the necrotic population showed a 

similar or slight decrease in population percentage of smaller NPs ranging ~ 15% of the 

total cell population. The larger NPs showed a decrease of necrotic population 

percentage even less than the NC and ranging ~5%.  

Secondly, the effects of physicochemical properties of NPs: There was a 

difference based mainly on the size of NPs rather than the chemistry and charge. This 

can be explained by the following reasons: 

(i) FACS sample preparation required the removal of free NPs found in the 

supernatants, 3 washes, trypsinization, centrifugation, and decanting the 

supernatant prior to addition of staining mixture. While FACS analysis 

provides great technical advantages such as multiparametric analysis, its use 
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for NPs assays showed some problems such as interfering with the gating. In 

such assays requiring collecting, adding dye or dead cells detached in the 

supernatants, with washes to remove NPs, will inevitably result in a loss of 

these cells (459, 460). 

(ii) FACS analysis had shown large error bars which resulted in non-significant 

statistical differences between all types of NPs. The issue with the FACS 

Sampling and detectors is the dependability on the gating strategy (or cell 

population selection) for subsequent analysis. This meant the gate had to be the 

same with each sample of cells, however cells are responding to different NPs 

concentrations and have different characteristics that makes the planned gate 

unsuitable for each individual sample and need to be adjusted accordingly that 

creates some variations (385). 

(iii) Differences between PL and PG NPs were minimal indicating the size was a 

very critical factor for the cytotoxicity response. While all smaller NPs 

demonstrated earlier and higher peak of late apoptotic response at T4, the larger 

NPs showed a slow and sustained high late apoptotic response over the three 

time points. A higher induction of necrotic response detected at T12 with a 

drop at T24 indicated a huge loss of cell number after 12 hr of NPs exposure. 

This indicated the smaller NPs were taken up earlier and within 4 hr intervals 

they exerted cellular response, and within the next 12-24 hrs were decreasing 

to NC levels. However, larger size NPs were slowly up taken and exerting their 

maximum response in 12 hr interval, which dropped in the next 12 hr. This can 

be clearly seen with low concentrations.  

(iv) The results of T24, when compared to AB viability and LDH Total and 

Release, the cytotoxicity seen was mainly due to apoptosis due to the high late 
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apoptotic populations in comparison to the necrotic population. This was 

confirmed with subsequent caspases quantification. 

Thirdly, comparing these findings to the literature; Most of the available 

studies measured only one time point, commonly 24 hr, and either presenting their 

results in different ways such as presenting the quadrant graphs of FACS, or presenting 

one or more of the quadrants analysis as bar or line graphs depending on the study 

interest. However, some studies were suitable for comparison with the current study 

findings.  

In a study by Grabowski et al., (264) who investigated the effect of surface 

coating on apoptosis and necrosis induction (via FACS Annexin-V/7-AAD) by PL NPs 

on THP-1 cell lines. PL NPs of similar size and different surface charge PL/PF68, 

PL/PVA NPs, PL/CS as well as PL NPs-stabilizer free without any surfactants were 

used at 0.1 or 1 mg/mL concentrations for 24 hr. The authors’ findings indicated the 

NPs with surface coating were all involved in inducing a necrotic response that was 

slightly higher than stabilizer free PL NPs and non-significant differences between the 

different NPs due to the large error bars. The differences here are related to use the NPs 

in CM rather than use of SFM that was proven in earlier chapter.2 to have an impact on 

the size of NPs, as well as THP-1 is a professional macrophage that can employ more 

phagocytic uptake than the epithelial Calu-3 cell lines. The authors had not detailed the 

FACS gating strategy used with referring to merely apoptosis and necrosis without 

clarifying what were the subpopulations.  

Grabowski et al.,  (399) further investigated the uptake and apoptosis and 

necrosis of the previous NPs (0.1 mg/mL for 24 hr) using FACS and an in-house 

developed coculture of A549 and THP-1 cell lines (CD14-PE labeling where A549 
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were negative while THP-1 were positive). The uptake of NPs was higher for THP-1 

than A549 cells. There was more induction of necrosis (7-AAD positive only) in case 

of THP-1 than A549 cells, and more necrosis of PL NP stabilizer free than stabilized 

NPs. 

However, the two studies showed ~ 10% necrotic population with very low 

apoptotic populations. Possible artefacts in the procedure followed by Grabowski et al.,  

(264, 399), (i) one wash step was employed, however a very low NPs concentration 

was used but the NPs require efficient removal from surface of monolayers with many 

washes required, (ii) staining of the cells prior to their trypsinization, that might induce 

loss of staining, especially Annexin-V, where it was surface attached and with 

trypsinization, erosion and loss of surface molecules on the outer membrane layer, are 

frequently reported (460-462). This might explain the persistent of 7-AAD (retained 

inside the cell) while lowering the Annexin-V staining (463, 464), and (iii) very late 

time point, 24 hr, in which usually the cells would show higher necrosis and earlier time 

points are recommended (465). 

3.5.6. Caspases Quantification Assay: 

Caspases are a group of enzymes that regulate cell survival. There are two 

subsets; initiators and executors (242). The initiators are caspase 8, 9, and 10 and they 

stimulate the activation of the executor caspases. The executors are caspase 3, 6, and 7 

and they initiate cellular reactions to process the biochemical and morphological 

pathway of apoptosis such as vacuolation, DNA fragmentation and loss of cytoskeleton 

(401).  

Apoptosis is a programmed cell death, and it is initiated either through extrinsic 

or intrinsic pathways (Figure. 3.19) (466). The extrinsic pathway initiated by external 
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stimuli mediated through cell membrane death receptors (DRs), and caspases 

dependent. The major signalling cascades are: (i) DRs signalling followed by activation 

of caspase 8 then executor caspases 3/7.  According to Redza-Dutordoir & Averill-

Bates, (467) “These receptors include Death receptor 1 (DR1) (also known as TNF-R1, 

CD120a, p55), DR2 (Fas, CD95 or Apo-1), DR3 (Apo-3, TRAMP, LARD or 

TNFRSF25 (TNF receptor superfamily 25)), DR4 (TNF related apoptosis-inducing 

ligand (TRAIL)-R1 or Apo-2), DR5 (TRAILR2 or TRICK2) and DR6 (TNF receptor 

superfamily member 21(TNFRSF21))”. These receptors can be stimulated by TNF-α, 

ROS production, and FasL (454, 467).  

 (ii) DRs signalling and activation of caspase 8, followed by activation of 

domain death agonist (BID), impairment of mitochondrial outer membrane 

permeability (MOMP including mPTPs), then activation of caspases 9 and then 

executor caspases 3/7.  

The intrinsic pathway initiated by internal stimuli such as ROS production, 

genotoxicity, and many metabolic disturbances that will affect the mitochondria 

(Figure. 3.19). This was mediated by Bcl-2, Bax and Bak proteins (468-470). MOMP 

is affected with the release of cytochrome c (a hallmark of mitochondrial mediated 

apoptosis) triggering activation of APAF-1 apoptosome that activates caspase 9 that 

will activate executor caspases 3/7 and apoptosis ensues.   

From our results, induction of caspases was caspase 8 > caspases 3/7 > caspase 

9. This denotes that extrinsic apoptosis pathway was mainly activated, and later 

followed by intrinsic pathway activation following the cellular exposure to NPs. NPs 

cytotoxicity was proved to be associated with high ROS production (as previously 

confirmed in section 3.5.2), that can provide the link for induction of extrinsic and 
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intrinsic of apoptosis pathways. However, other stimuli include TNF-α (was evaluated 

in subsequent inflammatory section 3.5.7), or over expression of Fas and FasL (can be 

evaluated in future directive studies) (243).  

 

Figure. 3.19. Apoptosis signalling pathways.  

The effect of chemistry: PG vs PL NPs. All NPs induced similar trends that 

can be related to their ROS production. The effect of size: Larger sized NPs induced 

higher caspases than smaller NPs. When correlated to their viability, the larger NPs 

showed higher viability at low concentrations that denoted limited uptake. However, at 

high concentrations there was higher cytotoxicity with higher ROS production. The 

effect of surface charge: The positively charged NPs showed a higher induction of 

caspases at all concentration compared to their negative counterparts NPs. This can be 

correlated to their high viability and ROS production.  
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The biphasic trend: The trend was increasing at low concentrations (0.125 and 

0.5 mg/mL) and decreased at the highest concentrations (2 mg/mL). Such a decrease 

can be explained by: 

(i) The correspondent high underlying cytotoxicity at the highest concentrations 

seen by AB, and associated with high ROS production and low ΔΨm 

(ii) The decrease of caspases at highest concentrations could be correlated to the 

decrease of LDH Total and the increase of LDH release; indicative of late 

apoptosis or secondary necrotic cell death involvement (400). 

(iii) Several lines of evidence confirming ROS role in regulating the caspases (404): 

Where mild to moderate ROS, can activate the apoptosis and caspases increase, 

while the very high ROS inhibit the caspases (471). In addition, ROS were 

reported to regulate FasL expression and subsequent activation of extrinsic 

pathway (472). 

Caspases evaluation showed completely novel insights of induction of caspases 

and apoptosis pathways by PG NPs as well as PL NPs in Calu-3 cell lines. Most of 

studies in literature (as previously mentioned in the previous section) they evaluated 

the cell death either apoptosis or necrosis after exposure to drug free PL NPs, without 

further investigations of caspases involvement. This was usually due to the expensive 

nature of these assays that commonly employed for drug loaded NPs. 

3.5.7. Inflammatory Response: 

Calu-3 cells response: All NPs (0.125-2 mg/mL) did not induce IL-8 after 

Calu-3 cells exposure for 24 hr. This was similar to the findings of Mura et al. (251) 

where the study used PL NPs of ~200 nm size coated with PVA and Chitosan (CS) 

didn’t induce any IL-8 or other cytokines (IL-6, TNF-α) up to 0.2 mg/mL for 24 hr 
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exposure on Calu-3 cell lines. All PG NPs of different sizes showed similar results to 

PL NPs and this is a novel observation. Calu-3 as a human in vitro model derived from 

lung adenocarcinoma can produce inflammatory mediators upon exposure to particulate 

matter to stimulate the inflammatory cells. It has been used in different studies to assess 

the airway epithelial inflammatory response (251, 473, 474) (475). 

 There are many studies reporting NPs adsorption to protein and cellular 

molecules with many examples of polymeric polyester NPs such as PL NPs that 

increased with decreasing the size and increasing surface area (334, 335, 337, 344, 397). 

IL-8 cytokines were released in the supernatants that contained the NPs where 

possibility of interaction and adsorption exist. However, the adsorption ability of these 

NPs to the IL-8 was not investigated in the current study and future investigation would 

be recommended.  

The possibility of NPs contamination by LPS was excluded by investigating the 

supernatants of NPs and no IL-8 was induced. However, this method has been criticized 

by some researchers as the supernatants might be free from contamination while the 

NPs might be adsorbing the LPS into their surfaces (367). It is better to exclude the 

bacterial contamination by some commercial assays (Limulus Amebocyte Lysate 

(LAL) assay) or quantify the LPS contamination so it can be excluded. However, 

artefacts had been reported due to NPs interference with these assays (266, 267). Other 

suggestions of incubating the NPs with LPS inhibitor such as polymyxin B might 

reduce the LPS contamination but the risk of altering the NPs surface might interfere 

with the results (476). However, almost all glassware, reusable consumables, and lab 

equipment (as possible) were decontaminated with 70% ethanol prior to autoclave. The 

water was used from Milli Q dispenser and all cell culture consumables were 
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industrially sterilized and endotoxin free. These efforts kept the risk of contamination 

to the lowest possible.  

THP-1 Response: IL-8 and CBA: CBA was chosen over ELISA for measuring 

the released cytokines (374, 381). ELISA allows one cytokine to be measured at a time, 

implementing higher cost for each cytokines, extensive Sampling and time-consuming 

procedures, requiring more sample volume to screen multiple cytokines that might limit 

its uses when multiple cytokines are needed (387, 389). CBA techniques facilitate the 

multiple detections of different cytokines in the same sample, requiring smaller 

volumes, using the flow cytometry analysis that facilitate faster, sensitive, and more 

efficient detections (389).   

THP-1 macrophages are more professional inflammatory cell lines compared to 

Calu-3 cells. It gives vital insights for which cytokines of interest that can be secreted 

following an exposure and helps to determine them prior to screening upon in-vivo 

response (239). For the lungs, inflammatory responses are implicated in development 

of serious diseases as COPD, asthma, CF, and cancer (235). The tested concentration 

is far higher than the actual exposure in-vivo where these experimental doses are 

distributed over a large surface area over adult lungs (~70-140 m2). 

There are many other cytokines regulated and secreted by T cells. However, the 

study screened a representative group of cytokines. TNF-α is proinflammatory cytokine 

that increases the phagocytosis, has a well-known role in endotoxic shock (induction of 

fever, muscle fatigue, loss of appetite, increase C- reactive protein), Plays a role in 

programmed cell death, and metabolic disturbances in cancer cells (477). IL-6 is an 

important mediator of innate response; increases the acute phase inflammatory 

cytokines and stimulate B-lymphocytes. IL-10 has anti-inflammatory effect on B-cells 
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and macrophages and controlling the regulatory T cells that involved in controlling the 

inflammatory response and the tolerance reaction (478, 479). IL-2 and IL-4 induce 

proliferation and activation of both B and T cells (480). IFN-γ increases the 

macrophages activation (480). IL-17A has proinflammatory effect and neutrophil 

recruitment (481).  

However, THP-1 exposure to NPs (0.125mg/mL) for 24 hr showed stimulation 

of IL-8 (earlier evaluated by ELISA Kit), IL-6, TNF-α, IFN-γ, and IL-10 while no effect 

on IL-17A, IL-2, and IL-4 that denoted a generation of proinflammatory reaction was 

dependent on NPs physicochemical properties as following: 

The effect of chemistry: PG vs PL NPs: Both NPs induced similar 

inflammatory response of inducing IL-8, IL-6, IL-10, TNF-α, and IFN-ɣ. This indicated 

the size had more potent effect than the chemistry.   

The effect of size: Larger NPs showed a higher induction of IL-8 and TNF-α, a 

lower induction of IL-10 and IFN-ɣ, and almost similar induction of IL-6 than smaller 

NPs. Similar findings were reported where ~400 nm PL NPs coated with PVA on 

murine macrophages induced significant high levels of TNF-α (477) after 4 hr 

incubation. This explained that the bigger the size of NPs are, the more the macrophages 

recognize and phagocytose the NPs (482).   

The effect of surface charge: The positively charged NPs didn’t show any 

difference in IL-8 induction to the negatively charged NPs, but showed slightly higher 

production in IL-6, IL-10, TNF-α, and IFN-ɣ. This denoted more interactions of the 

positively charged NPs with the THP-1 as noted from its AB results; the positively 

charged NPs were more cytotoxic on the macrophages than their negatively charged 

counterparts. Similar findings were reported by Grabowski et al., (264) for ~200 nm 
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PL/ PVA, PL/ PF68, PL/ CS, PL-stabilizer free using THP-1 cell lines that showed 

induction of IL-8, IL-6, TNF-α, but was at a high concentration (1 mg/mL). However, 

the authors used similar THP-1 cell density, but the procedure involved using 12 well 

plates and using 2 mL of NPs suspended in CM. The current study used 96 well plates 

with 200 µl volume of NPs suspended in SFM which meant the concentration of 0.125 

mg/mL was a concentrated microenvironment compared to 12 well plates with lower 

number of NPs (less surface area for adsorption). Hence, the inflammatory induction 

emerged with IL-6, IL-8 and TNF-α at a lower concentration. Another study by Xiong 

et al., (397) where ~200 nm PL/PVA NPs showed non-significant increase of TNF-α 

release up to 0.3 mg/mL on murine macrophages RAW264.7 cell lines that was similar 

to the small NPs (PG and PL) findings of the current study. Furthermore, Guedj et al., 

(483) investigated PL/ PVA NPs coated with and without BSA (~ 200 nm size) and 

showed no inflammatory induction using ex-vivo human neutrophil apoptosis assay. 

Moreover, they followed up the studies in-vivo murine air pouch acute inflammatory 

model where 0.1 mg/mL didn’t induce any significant leucocytes lung infiltrations. 

Using the above studies as examples to prove the inflammatory response evaluation 

vary between different experimentation models according to the type of cell lines or 

models used and the cytokines measured. The PG NPs results here in comparison to PL 

NPs of the current study or previously published studies exhibited similar responses.    

3.5.8. Comet Assay: 

Genotoxicity assays can evaluate different mutagenicity or carcinogenicity 

endpoints, i.e., SD or DS DNA damage, mutations, micronuclei, chromosomal 

aberration, cell repair mechanism and cell cycle checkpoints. Many assays are available 

for in vitro as well as in vivo assessment of NP such as comet assay, micronucleus assay, 

chromosomal aberration, Ames test etc (367).  
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Genotoxicity potentials of NPs was evaluated by Comet assay alkaline gel 

electrophoresis. Comet assay is a reliable tool to detect genotoxicity of NPs as 

previously reported (230, 390, 392, 484). Comet assay can detect SS or DS DNA 

damage or oxidative lesions that could be repairable or irreversible. All different NPs 

exposure (two concentrations: 0.125 mg/mL (minimal toxicity effect) and 2 mg/mL 

(maximum toxicity observed)) for 24 hr didn’t induce any genotoxicity in Calu-3 cells 

when evaluated by Comet assay alkaline gel electrophoresis.  

The current findings for PL NPs are in agreement with the literature where PL 

NPs of different sizes, coated with different coatings, and tested in different cell lines 

(231, 232, 485) showed no genotoxicity potential evaluated by comet or micronucleus 

assays. However, there has not been any previous genotoxicity studies published for 

PG and PL NPs on Calu-3 and limited genotoxicity studies for PL NPs on other cell 

lines were reported.  

 PG NPs of different sizes showed no genotoxicity and were similar to PL NPs. 

A study by Tulinska et al., (231) investigated two PL NPs functionalized with 

polyethylene oxide (size ~ 140 and 180 nm, a negatively charged) and showed no 

genotoxicity when evaluated in human blood cell model. There was no genotoxicity 

reported with no SS or DS or oxidative DNA lesions by comet assay as well as no 

increase of the micronucleated-binucleated cells by micronucleus assay after 24 hr 

exposure up to doses 3 μg/cm2. 

Another study where PL NPs of similar sizes (~ 80 nm) and different surface 

charges (negatively charged/ bare PL, neutrally charged/ PEG, and positively charged/ 

CTAB) were studied in three cell lines (16HBE14o-, mouse lymphoma L5178Y, and 

TK6 human B-lymphoblastoid cells) for their genotoxicity. All NPs didn’t show any 
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genotoxicity by comet or micronucleus assay in these two cell lines: L5178Y and TK6 

cells (24 hr exposure, up to 75 µg/cm2). However, PL NPs functionalized with CTAB 

showed genotoxicity only on 16HBE14o- cells (increase the number of micronucleated 

cells) (230). All PL NPs had induced concentration dependent cytotoxicity associated 

with higher ROS production. This confirmed that not only the physicochemical 

properties of NPs Play a role in their NP-cellular interactions but also the cell lines 

show an effect on the outcomes of this interaction (231, 232). In addition, cancer cells 

are expected to be more susceptible to genotoxicity potentials of NPs due to their 

frequent divisions, impaired DNA repair mechanisms and with being more prone to 

accumulate DNA damage over time (486).  

NPs are reported to cause DNA damage, but in a physicochemical dependent 

manner. For example, smaller NPs of ~10 nm can directly cross through the nuclear 

pores to the DNA while NPs size  > 15 nm can bind to the DNA during the cell division 

where the nuclear envelop is dissolute (367, 487). These NPs cause DNA damage via 

strong adsorption to DNA bases or stands or via impairing the repair enzymes. For 

example, TiO2 NPs (~ 20 nm) were reported to induce genotoxicity in lung cell lines 

(BEAS-2B and A549 cells) due to the impairment of DNA repair process. While larger 

sized NPs can cause DNA damage indirectly via other mechanisms such as oxidative 

stress, inflammation, and organelles damages. ROS are commonly encountered with 

genotoxicity of metallic NPs such as silver NPs (488) or gold NPs (489), and ZnO NPs 

(490). However, the exact mechanisms are yet under investigations.  

3.6. Conclusion: 

There is a fast-growing application and use of NPs in various scientific and non-

scientific fields of life and the growing use of these NPs for medical purposes due to 
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their exceptional properties. The safety evaluation of these NPs remains as a corner 

stone for their faster widespread applications, however, it’s a quite challenging and 

demanding. Given the exceptional physicochemical properties of NPs, the adoption of 

the classical/standard chemical safety assays can confound the nanotoxicological 

profiles of these NPs that has been proved with the current study requiring researchers 

to practise extra caution in validating and concluding the experimentation results. NPs 

had shown a size-dependent property interfering with the established in vitro assays. 

This requires a full characterization of NPs in the physiological media, and within the 

experimental environment with subsequent validation of the results by proper controls 

or the use of different methods to uncover toxicity endpoints by different mechanisms. 

An urgent need is to find a common ground for NPs testing standards agreed nationally 

and internationally between the scientific and industrial communities. Technological 

growth in developments of less NP-interference labile assays remains a must for the 

future. 
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4. In vitro Evaluation of Polymeric 

Nanoparticle Uptake and Intracellular Co-

localisation using Calu-3 Cells 
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4.1. Introduction: 

Due to the particulate nature and high MW, NPs uptake is most likely to be 

through endocytosis (173, 491-493). Endocytosis are different cellular uptake 

mechanisms with underlying variable molecular and structural basis, i.e., phagocytosis, 

micropinocytosis, and several receptor-mediated mechanisms (clathrin-dependent, 

caveolin-dependent, caveolin and clathrin-independent). All these mechanisms have a 

common feature of vesicular uptake with subcellular endolysosomal destination (169). 

However, non-vesicular or free cytosolic NPs have also been reported due to 

endolysosomal escape or other uncharacterized/non vesicular transport mechanisms 

that are yet to be explored (178, 494). Numerous studies have emphasized that the NPs 

characteristics, i.e., size (491, 495-498), shape (499-501), surface charge, chemistry and 

lipophilicity (502, 503), all play a critical role in the cellular uptake, subcellular 

interaction and trafficking from the site of entry to the distribution and localisation in 

target diseased cells (504). Understanding how these NPs are internalized is critical for 

subsequent modification of the physicochemical properties to optimize their drug 

delivery capabilities (494).  

To determine and understand the mechanism of NPs internalisation, 

pharmacological inhibitors are used for certain processes using in vitro cell lines (159, 

505). NPs are usually tagged with certain labels, i.e. fluorescent dyes, either chemically 

bound or physically loaded. Initially, internalisation is probed under cold temperature 

(4 o C) to exclude any passive transcytosis transport (159, 506). Then the internalisation 

is probed under physiologic temperature (37 o C) to exploit the active mechanisms 

requiring ATP (507). The experimental principal compares cell exposure under no 

inhibition to exposures under selective inhibitors to explore the affected/inhibited 

pathway (169, 506). This can be achieved by using different techniques, such as 
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fluorescence labelling of NPs that can be evaluated by spectrofluorimetric plate readers, 

flow cytometry or fluorescent microscopy (508, 509).  

Fluorescence labelling is one of the commonly used strategies to study NPs 

uptake and internalisation. The NPs are labelled with certain fluorescent dyes (such as 

Nile Red, FITC, and BODIPY-FL) that allows to trace the NP cellular interaction and 

their intracellular fate by fluorescence detectors in microscopes, plate reader or flow 

cytometry (510). This strategy provides many advantages such as sensitivity, 

specificity, cost effective, feasibility and simplicity allowing the scanning of many NPs 

in a short time, as well as allowing multiple fluorophores labelling for evaluating 

multiple signals such as in co-localisation studies (511). This can be studied in vitro 

using multiwall plates to evaluate the transcellular transport (transcytosis transport 

including endocytosis, active transport, or passive diffusion), or re-structuring the 

epithelial barrier over Transwell permeable inserts to evaluate both; transcellular 

transport and paracellular passive transport, as well as evaluating the integrity of the 

barrier upon NP exposure (512). Paracellular passive transport describes the transport 

of molecules through the intercellular spaces where the rate of NPs permeability is 

controlled by the tight junctions (TJs).  

TJs are complex groups of integral transmembrane proteins including claudins, 

occludins, and junctional adhesion molecules that attach with the corresponding 

proteins from the neighbouring cells on their lateral surfaces. These proteins are 

connected to peripheral membrane proteins such as zonula occludins (ZO-1, ZO-2, and 

ZO-3), which link transmembrane proteins to regulatory cytoskeleton proteins. TJs are 

at the apical part of the intercellular contact and regulate the paracellular permeability 

and the integrity of the epithelial barrier (513). TJs are highly selective and allow for 

water and solutes, such as Na+ and Cl- ions, exchange in the extracellular spaces (514).   
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Air-to-blood lung epithelium is the main rate-limiting factor for the transport of 

drugs and NPs, and its integrity is vital for successful inhalation delivery (276). Thus, 

restructuring the TJs in polarized monolayers provides invaluable information to study 

lung barrier integrity after NP exposure (276-278). Calu-3 cells is such an in vitro model 

of human lung bronchial adenocarcinoma derived to study lung barrier permeability 

(515). Calu-3 cells can develop polarized monolayers with strong TJs. To mimic in vivo  

lung epithelium, Calu-3 are grown on Transwell permeable inserts to confluence over 

two to three weeks under air-liquid interface (ALI) with basolateral cell feeding while 

the apical surface is exposed to air (276). Calu-3 under ALI showed differentiation to 

mimic primary airway epithelium (516). 

Barrier integrity and tightness are evaluated by measuring the electrical 

resistance and/or determining the paracellular permeability of paracellular markers. 

Transepithelial electrical resistance (TEER) are usually measured by epithelial 

voltohmmeter to ensure the confluent monolayers developed tight polarized 

monolayers and  post exposure to ensure the integrity of the barrier was maintained 

after NP exposure (517). Furthermore, the paracellular permeability can be determined 

by calculating the apparent permeability coefficient (Papp) of paracellular markers or 

tracers to ensure the integrity was preserved throughout the duration of the experimental 

NP exposure (276, 278, 281, 518). Paracellular markers such as [14C]-mannitol or 

sodium fluorescein, lucifer Yellow, are passively transported across TJs. These 

molecules are of small MW, hydrophilic, small size (514, 519) where TJs are 

impermeable to molecules with a diameter larger than 22-30 Å (Å or Angstrom is 0.1 

nm) which effectively excludes all NPs above 1 nm size (512, 519, 520).  
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4.2. Aims: 

To investigate PGA-co-PDL and PLGA NPs internalisation and mechanism of uptake 

in Calu-3 cell lines through the following objectives: 

• To investigate the NPs effect on the integrity of the epithelial barriers through 

calculating the apparent permeability coefficient of [14C]-mannitol as a 

paracellular marker after polarized Calu-3 cell exposure to NPs at different 

concentrations and time points, 

• To determine the underlying mechanisms for NP uptake using different 

pharmacological inhibitors, 

• To visually confirm the NPs internalisation and the subcellular co-localisation 

by confocal microscopy. 

4.3. Materials and Methods:  

4.3.1. Materials: 

• Genistein, Chlorpromazine hydrochloride, Nocodazole, Dynasore hydrate, 

Methyl-β-cyclodextrin, 5-(N-Ethyl-N-isopropyl) amiloride (EIPA), 

Cytochalasin D, 4',6-diamidino-2-phenylindole dilactate (DAPI), Nile red (NR) 

dye, Phosphate buffered saline tablets (pH 7.4), FluoromountTM Mounting media 

were purchased from Sigma-Aldrich Chemicals, UK. Methanol, dimethyl 

sulfoxide (DMSO), TrypLE™ Express, MitoTracker™ Green FM, 

paraformaldehyde, and Nunc™ Lab-Tek™ II Chamber Slide™ System and 

chambered cover glass 8-wells were purchased from Thermofischers, UK. 

Purified water (DW) from a Millipore Purification System (Billerica, MA, USA) 

was used. LysoTracker® Green DND-26 and Alexa Flour® 488-Phalloidin were 

purchased from Cell Signalling Technology, UK. CoStar Corning 12-well plates; 
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12 mm Transwell® with 0.4 µm Pore Polycarbonate Membrane Insert from 

Corning Lab, UK. Radioactive D-[2-14C]-Mannitol, 50µCi, (MW: 182 Da, 

selective reactivity of 57.0 mCi/mmol), liquid scintillation cocktails, and vials 

were purchased from PerkinElmer, USA. Other lab chemicals and solvents were 

purchased from Sigma unless otherwise specified. Cell culture consumables 

were supplied (including 25 and 75 cm2 vented-capped flasks, 96 multi-well flat 

bottom Plates, micro-tips, disposable serological pipettes, centrifuge tubes, cryo-

vials, reservoirs).  

4.3.2. Methods: 

4.3.2.1. Polymeric Nanoparticles Formulations and Characterisations: 

As previously mentioned in sections; 2.3, 2.4, and 2.5.   

4.3.2.2. Cell Culture Maintenance: 

As previously mentioned in section 3.3.2.2 

4.3.2.3. The Apparent Permeability Coefficient (Papp): 

Culturing the tight polarized monolayers: Calu-3 cells were cultured as 

previously described by Ehrhardt et al, (521) with modifications. Briefly, Calu-3 cells 

(80-90% confluent) were trypsinized using TrypLE™ Express. Transwells were pre-

conditioned with 0.25 mL CM supplied with 10% FBS in apical and 0.5 mL in 

basolateral chambers and kept in an incubator (humified air with 5% CO2  at 37 oC) for 

30 min. Calu-3 cell suspension (0.5 mL) were seeded at a density of 5×105 cells/mL on 

Transwell apical chambers (1.12 cm2 surface area, 0.4 μm pore, 12 well plate, CoStar 

Corning, UK), and CM (1 mL) was added to the basolateral chamber prior to 

incubation. Schematic diagram of the method is presented in Figure. 4.1. 
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After one day, the medium was removed from both apical and basal 

compartments and only replaced in the basal compartment with fresh 1 mL to produce 

ALI. Every other day, renewing the basal compartment media was completed by adding 

fresh 1 mL prewarmed medium and the apical layer was gently washed with 0.5 mL 

medium. After 3-4 days, TEER values were measured by chopstick electrodes of an 

epithelial voltohmmeter (World Precision instruments, precalibrated by standard 

resistances and tared to zero prior to the measurements) every other day. The chopsticks 

were initially sterilized by submerging into 70% ethanol for 15 mins then left to air dry. 

Prior to TEER measurements, submerged culture conditions were resumed by adding 

prewarmed media (0.5 mL) to the apical compartment and (1 mL) to the basolateral 

compartment and left to equilibrate for 30 minutes in the incubator (humified air with 

5% CO2 at 37 oC). Following TEER measurements, apical medium was removed to 

retain the ALI. After an additional 10 days, the cell layers were expected to reach 

maximum confluency of ~100% on Transwell inserts and TEER values had increased 

to a minimum value of 800 Ω cm2 under the conditions described earlier. This denoted 

the formation of tight polarized epithelial layers that can be used to study the NPs effect 

on integrity of the epithelial barrier.  

Permeability experimental procedure: The apical layers were washed three 

times with warm PBS. Prewarmed SFM was used to replenish basal compartment then 

left to equilibrate for 30 min in the incubator (humified air with 5% CO2 at 37 oC) 

(Figure. 4.1). NPs solutions (Concentrations used: 0.125, 0.5, 2 mg/mL) were added as 

300 µL SFM containing (2 µM, 0.1 µCi per mL) radiolabeled mannitol to the apical 

layers. A control for monolayer integrity was performed using radiolabeled mannitol at 

300 µL SFM containing (0.1 µCi per mL) radiolabelled mannitol and added to the 
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apical chamber for untreated cells as a negative control and cell-free Transwell inserts 

serving as blank. 

Within 1 min, a sample of 10 μL of the solution was removed from each donor 

chambers to establish the initial donor concentration (C0), and a sample of 100 μL from 

each basal compartment was collected to establish initial recipient concentration at T0 

that was replaced with fresh 100 μL SFM. The inserts were maintained in the incubators 

(humified air with 5% CO2 at 37 oC), and samples (100 μL) were taken from the basal 

compartment at 1, 2, 3, 4, 5, and 24 hr intervals with the replacement of sampled 

solution with fresh 100 μL SFM. At 5 and 24 hr, another 10 μL samples from the apical 

chambers were taken to determine the final donor concentrations. Samples were 

collected in scintillation vials and 5 mL of scintillation cocktails were added per sample 

prior to being analysed by liquid scintillation counter (Beckman Tri-Carb). 

The apparent permeability coefficients (Papp) for each type of NPs was 

calculated according to the following equation: 

Papp =(dQ/dt)/CS.   

Where dQ/dt: change rate of radiolabeled mannitol concentration in the basal 

chamber (mol/sec); C0: was radiolabeled mannitol concentration in the donor chamber 

(mol/mL) at time T0; S: was the surface area of the PET membrane of the Transwell 

chamber (1.12 cm2), and Papp is the apparent permeation rate (cm sec-1). The data is 

presented as Mean ± SD, for three independent experiments (n=3). 
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Figure. 4.1. Schematic diagram of the apparent permeability method used.  
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4.3.2.4. Investigation of Nanoparticle Internalisation Mechanisms: 

To confirm NPs internalisation; Calu-3 cells were treated with NP-NRs 

concentrations (0.5 mg/mL) for 1 hr. Briefly, Calu-3 cells were seeded at a density of 

40 x103 per well (200 µL) in 96 well plates and incubated (37 oC and 5% CO2) for 48 

hr, then supernatant was removed. NR-NPs were added (200 µL per well, in triplicates) 

and cells incubated (37 oC and 5% CO2) for 1 hr and supernatants were removed 

followed by washing of the monolayers with ice-cold PBS containing (5%) trypan blue 

(cell impermeable) to quench the effect of free and surface-bound NPs (522, 523). After 

trypsinization by TrypLE™ Express (200 uL for 20 min), cells were collected in 

Eppendorf’s and centrifuged for 2 minutes at 4°C (400 xg). Cell pellets were 

resuspended in 50 µL of fresh warm CM prior to analysis by flow cytometry. MFI of 

cells internalising NP-NRs was quantified and used as control (NP treated cells) for the 

subsequent experiment for NP internalisation inhibition by pharmacological inhibitors. 

NR dye release was excluded by preparing NR-NP suspension (0.5 mg/mL) in SFM 

and incubated for 1 hr prior to centrifuging and filtering through 0.2 µm filter and 

measuring any fluorescence by plate reader (Ex/Em: 550/647 nm).  

Determination of the mechanism of NP transport: A group of inhibitors was 

selected to block passive, active, and endocytic pathways of transport (Table. 4.1). 

Initially, a pre-optimization experiment was done via AB viability assay (as previously 

mentioned in Chapter.3, section 3.3.2.3) to determine the suitable concentration of each 

of the pharmacological inhibitors (tested concentrations: 50, 25, 12.5, 6.25, 3 µM, for 

2 hr exposure) to block the transport without inducing overt toxicity (< 20% cell death) 

on Calu-3 cell lines.  

At 4 oC experiment to block the active transport (505); briefly, Calu-3 cells were 

seeded at a density of 40 x103 per well (200 µL) in 96 well plates for 48 hr, then the 
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supernatant was removed. SFM was added to wells prior to their storage at 4 oC for 30 

mins. After 30 mins, supernatants were removed and NP-NRs solutions (0.5 mg/mL) 

were added to the wells then further stored at 4 oC for 1 hr prior to sample processing 

as above.  

At 37 oC, Calu-3 cells were seeded (40 x103 per well (200 µL)) in 96 well plates 

incubated (humified air with 5% CO2 at 37 oC) for 48 hr, then supernatant was removed. 

Pharmacological inhibitors were added (as 100 µL per well) and incubated for 30 mins. 

Supernatants were removed and a solution of NP-NRs (0.5 mg/mL, as 200 µL per well) 

containing the same concentration of the inhibitors were added to the wells and further 

incubated for 1 hr prior to sample processing as above. 

Flow Cytometry Settings and Gating Strategy: BD Accuri C6 FC was set to 

fast flow rate (66 µl/min), and 3 blue-1 red lasers. Dot-plot FSC-A vs SSC-A was used 

to gate around the cell population and exclude the debris and particles (Figure. 4.2. A, 

P1 gate). Dot-plot FSC-A vs FSC-H was used to gate around the singlet cells (Figure. 

4.2. B, P2 gate). The acquisition limits were set based on the gating to 5000 events/P2 

in the singlets gate with 50 µL sample volume as a secondary limit. MFI was collected 

in FL-3 (M1 for NR, 550/647 nm on red channel) (Figure. 4.2. C). The results were 

expressed as a percentage of NP treated cells under no inhibition at 37 oC. 
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Figure. 4.2. Flow cytometry gating strategy: (A) FCS-A vs SCC-A: gating around the 

cells/P1 gate, (B)FSC-A vs FSC-H: gating around single cells/P2 gate, and (C) FL-3 

histogram: gating around the negative (M2) and positive (M1) populations. 

4.3.2.5. Visual Confirmation of Nanoparticle Internalisation and Intracellular 

Trafficking by Confocal Microscopy: 

NP internalisation was visually confirmed by confocal laser scanning 

microscopy (CLSM; Carl Zeiss LSM 710, UK). NPs were fluorescently labelled/ 

physically loaded with NR (Ex/Em: 550/647 nm, red fluorescence, Sigma-UK) as 

described in section 2.3.2. The cells were visualized while outlining cell membranes 

with green fluorescence using Alexa Flour®488-Phalloidin ((AF488), Ex/Em: 495/518, 

Cell Signalling Technology, UK) that binds to F-actin filaments of the cytoskeleton, 

and the nuclei counterstained with blue fluorescence using 4',6-diamidino-2-

phenylindole (strong binding to Adenine-Thymine DNA regions, DAPI, Ex/Em: 

358⁄461 nm, Sigma-UK).  
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Table. 4.1. Pharmacological inhibitors (their key labels) and their mechanism of actions and doses used (159, 493, 505). 

Pharmacological Inhibitor       Mechanism of Action                           Dose used 

Dynasore Hydrate (Inh1) Dynamin-dependent endocytosis: GTPase inhibitor for 

dynamin1 and 2.  

Stock solution (10 mM) prepared in DMSO and 

final concentration of 12 µM in SFM was used. 

Genistein (Inh2) Caveolin-mediated endocytosis inhibitor (Tyrosine Kinase 

inhibitor; caveolin formation requires phosphorylation and 

dependent on kinase): Inhibits epidermal growth factor 

receptor kinase. 

Stock solution (10 mM) prepared in DMSO and 

final concentration of 25 µM in SFM was used. 

Cytochalasin-D (Inh3) Cytoskeleton inhibitor: disturbs the polymerization of 

Actin filaments 

Stock solution (10 mM) prepared in DMSO and 

final concentration of 25 µM in SFM was used. 

Nocodazole (Inh4) Cytoskeleton inhibitor: disturbs the polymerization of 

microtubules 

Stock solution (10 mM) prepared in DMSO and 

final concentration of 25 µM in SFM was used. 

EIPA (Inh5) Macropinocytosis: inhibits the NA+/H+ 

exchange/Ca++channel blocker, lowers cytoplasmic pH 

Stock solution (10 mM) prepared in DMSO and 

final concentration of 12 µM in SFM was used. 

Methyl-β-cyclodextrin 

(Inh6)  

Caveolin-mediated endocytosis inhibitor: cholesterol 

depletion and inhibition of lipid raft formation 

Stock solution (10 mM) prepared in H2O and 

final concentration of 50 µM in SFM was used. 

Chlorpromazine (Inh7) Clathrin-mediated endocytosis inhibitor: inhibit the 

Clathrin pits assembly 

Stock solution (10 mM) prepared in H2O and 

final concentration of 12 µM in SFM was used. 
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Briefly, Calu-3 cells (5×104 cells per well, 0.5 mL) were seeded in an 8-well 

chambered cover glass slides (Nunc Lab-Tek, Thermo Scientific, UK) and incubated 

(humified air with 5% CO2 at 37 oC) for 48 hr. The supernatant was removed, and cells 

were treated with 0.5 mg/mL NR-NPs freshly prepared in SFM and further incubated 

for 1 hr.  Cells were then washed with PBS three times followed by staining the nucleus 

with DAPI (100 µL per well of 100 nM DAPI solution prepared in PBS) for 15 mins, 

followed by three PBS washes (5 mins soaking each wash). Cells were fixed with 4% 

paraformaldehyde for 10 mins followed by three PBS washes (5 mins soaking each 

wash). AF488 staining was prepared in methanol (as 6.6 µM, 20X solution) and diluted 

to 0.33 µM working solution in PBS and added as 100 µL per well for 15 mins followed 

by three PBS washes (5 mins soaking each wash). The chambers were removed, and 

coverslips were mounted on the slides using FluoromountTM mounting media (Sigma, 

UK). The slides were visualized under CLSM using a plan-Apochromat 63× objective 

lens (numerical aperture 1.40, oil immersion), and pinhole diameter was set near ~1 

AU. Lasers used were a diode laser 405 nm to excite DAPI, an argon laser 488 nm to 

excite AF488, and a helium neon (HeNe) laser 543 nm to excite NP-NR. Band pass 

filters were set to collect the emitted fluorescence 410-480 nm for the blue channel, 

490-550 nm for the green channel, and 590-690 nm for the red channel (to avoid 

channel crosstalk). Autofluorescence from untreated Calu-3 cells was negligible under 

the acquisition settings and did not interfere with the fluorescently labelled NPs. Images 

were processed by Fiji software. 

NP intracellular co-localisation: NPs trafficking to the cytoplasm and co-

localisation with cell organelles were investigated. Calu-3 cells (5×104 cells per well, 

0.5 mL) were seeded in 8-well chambers (Nunc Lab-Tek, Thermo Scientific, UK) and 

incubated (humified air with 5% CO2 at 37 oC) for 48 hr. The supernatant was removed, 
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and cells were treated with 0.5 mg/mL NR-NPs freshly prepared in SFM and further 

incubated for 1 hr. Cells were then washed with PBS three times followed by staining 

the nucleus with 100 µL per well of 100 nM DAPI solution for 15 mins, followed by 

three PBS washes (5 mins soaking each wash). Cells were stained with either 

LysoTracker® Green DND-26 ((LT-26), Ex/Em: 495/518 nm, Cell Signalling 

Technology, UK) as 100 µL per well of 50 nM prepared in CM to counterstain the 

lysosomes or with MitoTracker™ Green ((MT), Ex/Em: 490/516 nm, Thermofischers) 

as 100 µL per well of 100 nM prepared in PBS to counterstain the mitochondria. Cells 

were washed three times with warm PBS (5 mins soaking each wash) and CM were 

added (200 µL per well) prior to visualizing under live conditions. The chambers were 

visualized under CLSM using a plan-Apochromat 63× objective lens (numerical 

aperture 1.40, oil immersion), and pinhole diameter was set near ~1 AU. Lasers used 

were a diode laser 405 nm to excite DAPI, an argon laser 488 nm to excite LT-26 or 

MT, and a helium neon (HeNe) laser 543 nm to excite NP-NR. Band pass filters were 

set to collect the emitted fluorescence 410-480 nm for the blue channel, 490-550 nm 

for the green channel, and 590-690 nm for the red channel. Images were processed by 

Fiji software. 

4.3.2.6. Statistical Analysis: As previously mentioned in section 2.3.4. 

4.4.  Results: 

4.4.1. Polymeric Nanoparticles Formulations and Characterisations:  

As previously mentioned, and discussed in previous sections 2.3.2., 2.4.2, 2.5.1 

4.4.2. The Apparent Permeability Coefficient (Papp): 

TEER values recorded over 15 days of Calu-3 growth under ALI over Transwell 

permeable inserts are shown in Figure. 4.3. The graph shows an increasing trend of the 
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epithelial electrical resistance over time. TEER values reached a maximum of ~1000 

ohms.cm2 at day 15. This denoted the successful development of polarized monolayers 

and tight junctions and was similar to previously reported work (281, 513, 521, 524). 

 

Figure. 4.3. TEER values measured over time for Calu-3 cell lines grown under ALI 

(Mean± SD, n=3).   

The permeability coefficient (Papp) of the radioisotope [14C]-mannitol as a 

paracellular marker was used to confirm the barrier integrity after exposure to NPs at 

three concentrations (0.125, 0.5, and 2 mg/mL) over time (1, 2, 3, 4, 5, 24 hr). Papp 

values were presented as line graphs for each NPs to show the differences between the 

three concentrations over time (Figure. 4.4) and as bar graphs to compare between the 

different types of NPs at the same concentration and time point (Figure. 4.5. & 4.6).  

In Figure. 4.4; all NPs concentrations had followed the same trend. Papp of 

[14C]-mannitol had initial high values (~ 4 x 10-7 cm sec-1) at T1 that was the maximum 

with a subsequent slow decline of Papp rate over time until T24 hr (~ 1.5-2 x 10-7 cm 

sec-1). All concentrations showed the same trend with the highest concentration (2 

mg/mL; Orange lines) showed the highest Papp values compared to lower 



 

189 

concentrations (0.5 mg/mL (dark green lines) and 0.125 (light green lines)). These 

changes followed the same trend of the untreated cells (NC, Pink lines). However, the 

Papp values were slightly higher than NC. PG-2 and PG+2 (Figure. 4.4. A & B), PL-2 

and PL+2 (Figure. 4.4. C & D), PG-5 and PG+5 (Figure. 4.4. E & F), and PG-8 and 

PG+8 (Figure. 4.4. G & H) showed similar Papp behaviour and pattern where the 

highest concentration showed the highest level of Papp values, followed with 0.5 

mg/mL, then the lowest 0.125 mg/mL. 

To compare the different types of NPs on the epithelial integrity at the same 

concentrations and time point:  

In T1; Figure. 4.5 (A & B) NPs of PG-2 and PL-2 had similar trend of 

increasing the Papp values with increasing NPs concentration but no statistical 

differences to NC. Their positive counterparts showed the same trend with no statistical 

differences between them, or to their negative counterparts. However, PG-5 NPs 

showed slightly higher Papp values compared to PG-2 and PG-8. PG+5 was similar to 

the PG-5 and slightly higher than PG+8 but no statistical differences. The highest Papp 

values reached were (~ 4 x 10-7 cm sec-1) for the 2mg/mL concentrations for all different 

NPs. 

In T2; Figure. 4.5 (C & D) showed all NPs had universal drop of the Papp 

values after 2 hr with all NPs and NC (with a concentration dependent differences in 

Papp values preserved as previously mentioned). The highest concentrations (2mg/mL) 

showed the highest Papp values with all types of NPs (~ 3 x 10-7cm sec-1) and were 

statistically significant from the NC with PG-2, PG-5, PG+2, PL+2, PG+8, while the 

PL-2, PG-8, PG+5 were not statistical different to the NC.  
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Figure. 4.4. Papp of [14C]-mannitol measured under different NPs exposures over time: 

(A) PG-2, (B) PG+2, (C) PL-2, (D) PL+2, (E) PG-5, (F) PG+5, (G) PG-8, and (H) 

PG+8 (Results expressed as Mean ± SD, for statistical symbols and P-value please refer 

to section. 2.3.4).  
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In T3; Figure. 4.5 (E & F) showed all NPs concentration of (0.125 and 0.5 

mg/mL, orange and green bars respectively) had a decline of Papp rates that was almost 

in line with NC, whereas the highest concentrations of (2mg/mL, blue bar) staggered 

slightly less than its values at T2 (~2.5 - 3 x 10-7cm sec-1). These trends of a 

concentration-dependent increase of Papp were similar at all negative and positive NPs 

and didn’t show any statistical differences except PG+8/2mg/mL. 

In T4; Figure. 4.6 (A & B) showed all NPs concentration had a further decline 

of concentration-dependent increase of Papp values that was similar to NC. However, 

the highest concentrations staggered slightly less than its values at T3 (~ 2.5 - 3 x 10-7 

cm sec-1). These were similar to all negative and positive counterparts and didn’t show 

any statistical differences except PG+8/2 mg/mL was still high and significantly 

different from the NC.  

In T5; Figure. 4.6 (C & D) showed a consistent decline Papp values where the 

highest two concentrations (0.5 and 2mg/mL) were near (~ 1.7 – 2.5 x 10-7 cm sec-1) 

values. There were slight differences between the different types of NPs but no 

statistical difference. Only PG-5/ 2mg/mL, and PG+8/ 2mg/mL were the highest values 

and were statistically significant different from the NC at T5.  

In T24; Figure. 4.6 (E & F) showed a consistent decline Papp values where the 

highest two concentrations (0.5 and 2mg/mL) were near ~ 1.5 – 2 x 10-7 cm sec-1 values. 

There were slight differences between the different types of NPs but no statistical 

difference. Only PG+8/ 2mg/mL was the highest and statistically significantly different 

from NC at T24. 
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Figure. 4.5. Comparisons of Papp of [14C]-mannitol measured under different NPs at 

the same time point; (A & B) all NPs at T1, (C & D) at T2, (E & F) at T3 (Results 

expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 

2.3.4).  
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Figure. 4.6. Comparisons of Papp of [14C]-mannitol measured under different NPs at 

the same time point; (A & B) all NPs at T4, (C & D) at T5, (E & F) at T24 (Results 

expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 

2.3.4).  
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4.4.3. Transport Mechanisms: 

The confirmation of NPs uptake and elucidation of the endocytosis mechanism 

following 1 hr exposure was carried by flow cytometry and shown in Figure. 4.7. All 

NPs were internalised to Calu-3 cells (NP treated, blue bars) and was almost 100 times 

more than the untreated cells (grey bar). All NPs transport showed a significant 

inhibition at 4 oC indicating the energy dependent transport.  

In Figure. 4.7. A, PG-2 internalisation was statistically significantly inhibited 

by Inh1 ((~40%  reduction of NP treated), Dynasore: Dynamin 1 and 2 inhibitor, green 

bar),  Inh2 ((~40% reduction of NP treated), Genistein: tyrosine kinase inhibitor for 

caveolin endocytosis, light blue bar), Inh4 ((~50% reduction of NP treated), 

Nocodazole: Cytoskeleton inhibitor (disturbs the polymerization of microtubules, pink 

bar), and Inh6 (~40% reduction of NP treated), Methyl-β-cyclodextrin: cholesterol and 

lipid depletion for caveolin-inhibition, red bar). While there was slight but no statistical 

significant reduction of Inh5 (EIPA, Na+/H+ ionic channel exchange for 

micropinocytosis inhibition, light brown) and no effect for inh3 (Cytochalasin-D: 

Cytoskeleton inhibitor: disturbs the polymerization of actin filaments, purple bar) and 

Inh7 (Chlorpromazine: Clathrin pits assembly inhibitor, black bar).  

In Figure. 4.7. B, PG+2 internalisation was inhibited by ~ 50% reduction with 

Inh1, Inh2, Inh3, and Inh4. There was slight reduction of the internalisation by Inh5 

and Inh6 but was not statistically significant difference, and Inh7 had no effect on the 

uptake.  

In Figure. 4.7. C, PL-2 internalisation was inhibited by ~25% by Inh1, ~ 30% 

by Inh2, and ~ 25% Inh7. There were reductions of the internalisation by Inh3, Inh4,  
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Figure. 4.7. NPs internalisation and the effects of different inhibitors on the 

internalisation of (A) PG-2, (B) PG+2, (C) PL-2, (D) PL+2, (E) PG-5, (F) PG+5, (G) 

PG-8, (H) PG+8; where Inh1: Dynasore, Inh2: Genistein, Inh3: Cytochalasin D, Inh4: 

Nocodazole, Inh5: EIPA, Inh6: Methyl-β-cyclodextrin, Inh7: Chlorpromazine (Results 

expressed as Mean ± SD, for statistical symbols and P-value please refer to section. 

2.3.4). 
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and Inh5 but were not statistically significant difference, and Inh6 had no effect on the 

uptake. 

In Figure. 4.7. D, PL+2 internalisation was inhibited by ~ 20% reduction with 

Inh1, Inh2, and Inh3. There were reductions of the internalisation by Inh3, Inh4, and 

Inh5 but were not statistically significant, and Inh6 had no effect on the uptake. There 

was no effect of Inh4 but there was an increase of the uptake with Inh5, Inh6, and Inh7 

but was not statistically significant.  

In Figure. 4.7. E, PG-5 internalisation was inhibited by ~50% by Inh2, ~20% 

by Inh4, ~78% by Inh7. There was an increase of the internalisation by Inh1 and Inh6 

but was not statistically significant. There was no effect of Inh5 on the uptake.  

In Figure. 4.7. F, PG-5 internalisation was inhibited by ~30% reduction with 

Inh2, ~20% by Inh4, ~70% by Inh7. There was an increase of the internalisation by 

Inh1, Inh3, and Inh5 but was no statistically significant difference. There was no effect 

of Inh6 on the uptake. 

 In Figure. 4.7. G, PG-5 internalisation was inhibited by ~25% by Inh7. There 

was no effect of Inh1, Inh2, Inh3, Inh4, and Inh5 on the uptake. There was an increase 

with Inh6 but was no statistically significant difference. 

In Figure. 4.7. H, PG+8 internalisation was inhibited by ~15% by Inh3, and ~ 

20% by Inh7. There was an increase of uptake with Inh2, Inh4, Inh5, Inh6 but was no 

statistically significant difference. There was no effect of Inh1 on the uptake. 

4.4.4. Visual Confirmation of NP Internalisation and Co-localisation: 

Visual confirmation of NPs internalisation by CLM is shown in Figure. 4.8: (A) 

PG-2 and (B) PG+2, Figure. 4.9: (A) PL-2 and (B) PL+2, Figure. 4.10: (A) PG-5 (A) 
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and (B) PG+5, and Figure. 4.11: (A) for PG-8 and (B) PG+8. Nuclei of Calu-3 cells 

were stained by DAPI (blue channel) whereas the cell membranes were stained by 

AF488 (green channel), and NP-NR shown in red channel. The three channels were 

merged in overlay images. All types of NPs were internalised into the cell cytoplasm. 

NPs could be observed in the space between the nuclei and the outer cell membranes 

indicating internalisation and successful cytoplasmic delivery. 

NP co-localisation with lysosomes shown in Figure. 4.12: (A) PG-2 and (B) 

PG+2, Figure. 4.13: (A) PL-2 and (B) PL+2, Figure. 4.14: (A) PG-5 and (B) PG+5, 

and Figure. 4.15: (A) PG-8 and (B) PG+8. The lysosomes were counterstained by LT-

26 (green channel), and NP-NR in red channel. Co-localisation of lysosomes and NP-

NRs are shown by green and red channel overlay giving an orange to golden-yellow 

colour denoting the co-localisation). The three channels were merged in overlay images 

to show signals from NPs superimposed/co-localised with lysosomes and the relation 

to nucleus.   

NP co-localisation with mitochondria shown in Figure. 4.16: (A) PG-2 and (B) 

PG+2, Figure. 4.17: (A) PL-2 and (B) PL+2, Figure. 4.18: (A) PG-5 and (B) PG+5, 

and Figure. 4.19: (A) PG-8 and (B). The mitochondria were counterstained by MG 

(green channel), and NP-NR in red channel. Co-localisation of mitochondria and NP-

NRs are shown by green and red channel merge giving an orange to golden-yellow 

colour denoting the co-localisation. The three channels were merged in overlay images 

to show signals from NPs superimposed/co-localised with mitochondria and the 

relation to nucleus. 
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Figure. 4.8. Confocal microscopy study of Calu-3 internalisation of NPs where nuclei labelled by DAPI and cell membranes labelled by AF488 

after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-2, (B) PG+2. 
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Figure. 4.9. Confocal microscopy study of Calu-3 internalisation of NPs where nuclei labelled by DAPI and cell membranes labelled by AF488 

after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PL-2, (B) PL+2. 
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Figure. 4.10. Confocal microscopy study of Calu-3 internalisation of NPs where nuclei labelled by DAPI and cell membranes labelled by AF488 

after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-5, (B) PG+5. 
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Figure. 4.11. Confocal microscopy study of Calu-3 internalisation of NPs where nuclei labelled by DAPI and cell membranes labelled by AF488 

after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-8, (B) PG+8. 
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Figure. 4.12. Confocal microscopy study of NPs co-localisation with lysosomes in Calu-3 cells where nuclei labelled by DAPI and lysosomes 

labelled by LT-26 after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-2, (B) PG+2. 
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Figure. 4.13. Confocal microscopy study of NPs co-localisation with lysosomes in Calu-3 cells where nuclei labelled by DAPI and lysosomes 

labelled by LT-26 after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PL-2, (B) PL+2. 
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Figure. 4.14. Confocal microscopy study of NPs co-localisation with lysosomes in Calu-3 cells where nuclei labelled by DAPI and lysosomes 

labelled by LT-26 after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-5, (B) PG+5. 
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Figure. 4.15. Confocal microscopy study of NPs co-localisation with lysosomes in Calu-3 cells where nuclei labelled by DAPI and lysosomes 

labelled by LT-26 after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-8, (B) PG+8. 
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Figure. 4.16. Confocal microscopy study of NPs co-localisation with mitochondria in Calu-3 cells where nuclei labelled by DAPI and mitochondria 

labelled by MG after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-2, (B) PG+2. 
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Figure. 4.17. Confocal microscopy study of NPs co-localisation with mitochondria in Calu-3 cells where nuclei labelled by DAPI and mitochondria 

labelled by MG after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PL-2, (B) PL+2. 
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Figure. 4.18. Confocal microscopy study of NPs co-localisation with mitochondria in Calu-3 cells where nuclei labelled by DAPI and mitochondria 

labelled by MG after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-5, (B) PG+5. 
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Figure. 4.19. Confocal microscopy study of NPs co-localisation with mitochondria in Calu-3 cells where nuclei labelled by DAPI and mitochondria 

labelled by MG after incubation for 1 hour with (0.5 mg/mL) NP-NRs (A) PG-8, (B) PG+8.  
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4.5. Discussion: 

4.5.1. TEER and The Apparent Permeability Coefficient (Papp): 

Calu-3 under ALI showed formation of tight polarized monolayers that have 

been reported to have strong resemblance to lung cells in vivo (277), improved 

reproducibility and more differentiation (single columnar epithelium with apical cilia, 

mucous secretion, and tight junctions) (518, 524) to the airway epithelium than other 

lung cell lines such as primary (human bronchial epithelial cells,  HBEC), or continuous 

(BEAS) bronchial epithelial cell (525). Moreover, Calu-3 under ALI have been reported 

to secrete mucous (rich in mucin) more than the liquid-covered culture LCC (281, 526). 

In addition, Calu-3 shows airways functional properties such as transferrin transporter, 

metabolizing enzymes; cytochrome P450, and express cystic fibrosis transmembrane 

conductance regulator (CFTR) genes (527). Hence, they have been reported to show 

good IVIVC correlation for predicting the in vivo lung drug absorption (278, 513, 527). 

Furthermore, Calu-3 tight monolayers showed consistent TEER values that represent 

the measured electrical resistances developed by the monolayers for the passage of the 

electric current through the epithelium (518). Hence, Calu-3 under ALI represent a 

powerful in vitro model to study the in vivo lung barrier.  

 TEER values measured over time (Figure. 4.3) showed increasing TEER 

values until the experimental day (Day 15) for NP exposure. TEER values recorded and 

accepted for the experiment were > 800 ohms.cm2, which denoted successful 

development of TJs and polarized monolayers mimicking in vivo conditions (518). 

TEER values reported in literature for Calu-3 polarized models varies from 500-1200 

ohms.cm2 (276, 278) depending on the condition of growth, time and passage number 

(526). In this current study, Calu-3 with passage numbers [20-30] grown under ALI for 
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15 days produced TEER values of ~800-1200 ohms.cm2. These results were similar to 

what was previously reported for Calu-3 under ALI, with TEER values peaking above 

500 Ohms.cm2 deemed as confluent monolayers with tight TJs (281, 518, 521, 526, 

528). 

Apparent permeability coefficient (Papp): The integrity of the epithelial 

barrier, using Papp coefficient of [14C]-mannitol as a paracellular marker, was 

investigated on Calu-3 polarized monolayers grown under ALI (Figure. 4.4, 4.5, & 

4.6.). Radiolabelled [14C]-mannitol is one of many paracellular markers (e.g. Na 

fluorescein, Inulin, and lucifer yellow (276)) available to study the paracellular 

transport across polarized monolayer. It has small MW (182 Da), hydrophilic molecule 

that is passively transported across the monolayers and has been used in many studies 

(276, 518, 527). The experimental NPs exposures used 8 different types of NPs based 

on their physicochemical characters under different concentrations and time intervals. 

The outcomes from this experiment can be noted at the following: 

Firstly, there were no statistically significant differences between the different 

types of NPs under the tested concentrations (0.125, 0.5, & 2 mg/mL) over the study 

interval (1, 2, 3, 4, 5, & 24 hr). In addition, there were no statistical differences between 

the different sizes of NPs: 200 nm, 500 nm, 800 nm, or charge: negative or positive, or 

chemistry (PG vs PL NPs). Most of the Papp values under these exposure conditions 

were similar to the control and not significantly different.  This denoted the strength 

and well preserved integrity of the Calu-3 polarized monolayers over the study interval 

and confirmed the barrier ability to filter a wide range of NPs with variable underlying 

physiochemical properties (281, 518, 521). That’s similar to what is seen with the 

natural lung barrier being able to act as a defence barrier against various inhaled 

particles, dust, bacteria and viruses (246).  
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Secondly, the Papp coefficient of [14C]-mannitol were sustained under what 

was previously reported in literature as acceptable range of paracellular or passive 

absorption rates across Calu-3 monolayers. This range varies from 1- 4 x 10-7 cm sec-1  

for the integrity of Calu-3 polarized monolayers under ALI (276, 281, 513, 518, 524, 

527). This range was reported for other types of polarized monolayers for different 

epithelial cells, such as NCI-H441 (529), hAELVi cells (530), MucilAir (527), 

16HBE14o- (531, 532), and non-lung epithelia such as Caco-2 (533, 534), MDCK 

(527) and many other cell lines (534).  

Thirdly, the trend of the Papp coefficient of [14C]-mannitol with increasing the 

NPs concentrations; Papp coefficient of [14C]-mannitol showed a concentration 

dependent increase, with the highest concentrations (2 mg/mL) responsible for the 

highest Papp values. This meant the barrier integrity was negatively influenced at these 

high concentrations and was manifested by increasing the Papp values/permeability. 

However, the paracellular Papp values were in the acceptable range of paracellular 

marker permeability reported by different studies (516, 518, 521, 535). If paracellular 

Papp values showed levels above the maximum of the acceptable range (Papp values 

> 4 x 10-7 cm sec-1 denoting cellular injury and serious damage to TJs), it meant the 

barrier integrity or TJs had been damaged. For example, if the tested compounds 

damaged the TJs or caused cellular toxicity, this deterioration to the barrier integrity 

would result in an increase of the paracellular Papp values. However, all NPs and their 

concentrations showed Papp values that were maintained within the acceptable range 

of paracellular permeability denoting no adverse effects on TJs.  

It must be emphasised these are experimental doses that are rarely or not going 

to be achieved on therapeutic inhalation doses due to the high surface area of the lungs. 

To explain more, a schematic illustration of the dose distribution over the surface area 
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of different in vitro and in vivo exposures is shown in Figure. 4.20. This illustration 

shows the dose dilution by the surface area under different exposures, for example in 

96 wells plate or 12 Transwells plate used for in vitro experiments in comparison to an 

inhalation dose in adult lungs in vivo. The lowest concentration (0.125 mg/mL) is the 

nearest to a therapeutic dose range and showed almost similar or even overlapping trend 

to the NC. This confirmed the lung barrier safety at such exposure to very low doses of 

NPs investigated in this study.  

The highest concentration used (2 mg/mL) had shown cytotoxicity effects on 

Calu-3 cell lines after 24 hr exposure as previously reported in Chapter.3 such as 

reducing the viability by AB, producing ROS etc.  Hence, it was expected to see some 

cytotoxicity on the barrier manifested by increasing barrier permeability with Papp 

values > 4 x 10-7 cm sec-1. However, there was no indication of cytotoxicity or impairing 

the barrier integrity. This was due to Calu-3 under ALI being tightly packed monolayers 

with well-developed TJs over the Transwells in comparison to 2 days interval of Calu-

3 growth (~ 80% confluency) in case of 96 well plates experiments. The dose delivered 

per surface area (as explained above in Figure. 4.20) of Transwells was lower than the 

96 well plates and hence showed no toxic effects manifested by impairing the barrier 

integrity. In addition, Calu-3 under ALI were reported to be well differentiated and 

express mucus production (281, 518, 524), which has been shown to reduce or inhibit 

the molecules mobility across the epithelium (247). 

This inhibitory effect correlates with the MW and lipophilicity that may hinder 

the permeability of the NPs. In addition, mucus has high mucin content of high viscosity 

and mucus mesh pores size. The size filtering pores are reported to be in the range of 

100 nm up to few micrometres in diameter and effectively can entrap various sizes of 

NPs (246, 247). Taking into consideration, the agglomeration and size increase with 
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increasing the concentrations, and more pronounced with positively charged NPs (as 

shown from chapter.2 results), the big agglomerates are filtered earlier on the initial 

mucosal layers, leaving only smaller NPs to migrate deeper tightening the mucosal 

mesh. This could possibly explain the lack of toxicity associated at the highest 

concentrations. 

 

Figure. 4.20. Schematic representation for the dosing between in vitro exposure: 96 

well plates and 12 wells Transwell permeable inserts, and in vivo exposure.  

A study by Mura et al., (474) investigated the surface charge effect of three PL 

NPs (size: 100-200 nm, functionalized by three different surface charges; neutral/ PVA, 

negative/ PF68, and positive/ CS) on Calu-3 monolayers integrity under ALI. This was 

investigated by evaluating the TEER values over time and quantifying the fluorescent 

labelled NPs permeability. Neutral and negatively charged PL NPs didn’t induce any 
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TEER value changes over time (up to 24 hr). However, PL/CS NP had induced a 

transient lowering of the TEER values with increase in NPs permeability that recovered 

to normal after 3 hr. This was due to the ability of CS to interact with the negatively 

charged mucus. This was documented for CS as a mucosal absorption enhancer (536) 

that interacts with the mucus with high mucoadhesive/ penetrative properties and opens 

TJs (537). Moreover, Mura et al., studied the NPs permeation through mucus by 

staining with a fluorescent label (AlexaFluor-488-labeled wheat germ agglutinin) by 

confocal microscopy. PL/PF68 (highest hydrophilicity) had crossed the barrier earlier 

than PL/PVA and PL/CS and was internalised faster. However, the later NPs showed a 

slow and sustained crossing over the mucus. The cellular uptake evaluated by 

quantifying the fluorescent labelled (Rhodamine dye) showed PL/ PF68 (negatively 

charged) were better internalised than PL/CS and PL/PVA, which showed similar 

amounts. When evaluating the mucus gene expression (via MUC5AC mRNA 

expression or MUC5AC protein levels), none of the NPs induced any change in the 

mucus production. This indicated the ability of tuning the NPs physicochemical 

properties as well as the safety of PL NPs on the lung barrier.  

Another study used three different PL polymers (PL 50:50 ester terminated 

(R1), PL 50:50 acid terminated (R2), PL-PEG diblock (50:50 ester terminated and 10% 

PEG) (R3)) to formulate 12 NPs with median size differences 100-600 nm and 

negatively charged with PVA. Blank NPs and drug-loaded with a model drug showed 

well preserved epithelial integrity of Caco-2 cell lines and a better Papp profile for R1 

NPs confirming the chemistry had an effect on the internalisation and permeability of 

NPs (538). However, the authors’ focus was to improve the permeability of the model 

drug, their results confirmed the versatile ability of tuning the NPs physicochemical 

characters to control NP residence time and drug release profile when meeting the tight 



 

216 

polarized monolayers. These NPs successfully delivered fenretinide as a model drug 

with lowering its toxicity on the epithelial barrier whilst preserving the TJs integrity. 

That was similar to the observed results of PL NPs in the current study where the 

epithelial integrity was preserved. These are just examples for PL NPs, while all PG 

NPs have acted similarly to PL NPs denoting their well tolerability and safety 

interactions with the epithelial barrier.  

Fourthly, the trend of the Papp coefficient of [14C]-mannitol over time. The 

highest values of Papp were reported at T1 with a subsequent slow decline over time 

until T24.  While under all different NPs exposures, the Papp values were higher at all 

study time intervals (apart from the lowest concentrations almost mirrored NC) than 

NC but followed similar decreasing trend as the NC. This indicated the decline was 

related to the barrier where the barrier was developing more restrictive properties (less 

permeable) over time. From T1 to T2, the barrier or cells developed some cellular 

machinery to restrict the TJs for the next study intervals. During the interval of 2-5 hr, 

the barrier showed a very slow decline with slight changes to the permeability. This 

suggests that these intervals are more suitable times to measure the Papp for drug 

loaded NPs. Papp studies of many NPs and other drugs across the polarized monolayers 

use the Papp of paracellular marker or evaluating TEER values postexposure or both 

as probes of the barrier integrity after NPs exposure. However, postexposure 

assessment of TEER values after the experiment were not recorded to avoid radioactive 

contamination to the electrodes. The paracellular Papp values were reported showing a 

decreasing trend over time in many studies such as Bol et al., (535), Ehrhardt et al., 

(521) Foster et al., (524), Bharatwaj et al.,(528), Stentebjerg-Andersen et al., (518) and 

Grainger et al., (281). These studies had evaluated TJs proteins; ZO-1 occludens during 

the experimental exposure to show the TJs proteins expression was increasing over 
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time, with surrounding TJs as belts that can restrict the paracellular flow of solutes and 

molecules (535).  

4.5.2. Transport Mechanisms: 

All NPs had been internalized mainly via transcellular active endocytosis 

processes. However, quantifying NPs uptake to uncover which NPs were better 

internalised was not feasible (due to the unequal NR dye loading capacities). The 

current study investigated NPs internalisation process by using a group of 

pharmacological endocytosis inhibitors covering many mechanisms as indicated in 

Table. 4.1 (505, 506, 522, 523). The study of the internalisation and its mechanisms by 

inhibitors was limited for one-hour exposure (491). It is commonly recommended to 

study the internalisation under these inhibitors for short periods of exposures preferably 

for one hour (539). The long periods of exposure to these inhibitors allows the cell to 

activate alternative pathways of internalisation (159, 493, 505, 506, 523). The toxicity 

under these inhibitors as well as the NR dye released during the exposure were 

excluded. However, the concentrations for these inhibitors used were similar to what 

was reported in literature for Calu-3 and other cell lines (173, 491, 522, 523, 540). The 

NR dye is reported to be released within culture media containing high amounts of 

serum proteins (541-544).  Here, the current study used SFM with all cellular exposures 

to NPs due to the reduced size and charge variation compared to CM containing 10% 

FBS as concluded from Chapter.2 experiments; section 2.4.3. The NP-NRs were used 

from freshly prepared emulsions and there was no degradation risk. However, the 

uptake of any released NR to the surrounding medium was found to be very low and 

slow process requiring more than 3 hr to achieve 25% NR uptake compared to NR 

internalized via NPs (poly(n-butyl cyanoacrylate) PBCA based NPs) per cell (541, 
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543). Furthermore, another study by Raudszus et al., (545) had reported a release of < 

0.1 % Lumogen® Red dye from PLA NPs in media containing 10% FBS up to 24 hr.  

The possibility of NP-NRs being attached to the cell membranes rather than 

being intracellularly internalized were excluded by the following experimental 

procedures;  

• The cell monolayers were washed three times with ice-cold PBS containing 5 % 

trypan blue.  This step immediately stopped the active internalisation at this time 

point by cold temperature (159, 178). Moreover, the trypan blue is a cell 

impermeable dye that quenches the fluorescence from free NPs in solution and 

NPs attached to the outer cell membranes (522, 523). 

• Trypsinization step was to detach the cell monolayers from the plate. In the 

process, the cell membranes were gently eroded and detached from one-another, 

the underlying well-surface, and from NPs on their outer surfaces (463, 464).  

• The samples were collected in Eppendorf’s and centrifuged. The speed used was 

enough to collect the cells and leaving any free NPs in the solution to be decanted 

and discarded. However, this was investigated by a study (543) and proved three 

washes with PBS and after one centrifugation had greatly diminished the 

attached NP-NR from the surface of the monolayers.  

• Flow cytometry techniques are highly advanced with high precision. They 

enable the differentiation between the cellular component of the sample and the 

non-cellular debris and particles that can be excluded by the gating strategy (508, 

544, 546). 

Thus, the fluorescent signals measured were solely originated from intracellular 

internalised NP-NRs. However, the low MFI recorded at 4 °C can be attributed to 
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passive NR dye entry via diffusion into the cells from the NPs attached to  cell 

membrane as previously reported  (353, 547). A summary of the results is shown in 

Table 4.2. All different types of NPs internalisation were active/energy dependent 

processes where a large inhibition of the uptake under 4 oC was encountered with all 

NPs. This was similar to what was reported for different polymeric and non-polymeric 

NP due to their large size and MW that limits their passive diffusion (499, 505).  

PG-2 NPs internalisation was dependent on GTPase-dynamin, tyrosine kinase-

caveolin, microtubules, and cholesterol rafts and not dependent on actin 

polymerization, Na+/H+ ionic channels of micropinocytosis, and Clathrin. PG-2 NPs 

showed ~ 20% internalisation under passive uptake (4 oC). The uptake was mostly by 

caveolin and macropinocytosis. While its positive counterpart, PG+2 NPs 

internalisation was dependent on GTPase-dynamin, tyrosine kinase-caveolin, actin 

polymerization and microtubules, and not dependent Na+/H+ ionic channels of 

micropinocytosis, cholesterol depletion, and clathrin. PG+2 NPs showed ~ 25% 

internalisation under passive uptake (4 oC). It is uptake mostly by caveolin 

endocytosis. 

PL-2 NPs internalisation was dependent on GTPase-dynamin, tyrosine kinase-

caveolin, and clathrin pits assembly. It was not dependent on actin polymerization, 

microtubules, and Na+/H+ ionic channels of micropinocytosis. It showed more 

inhibition under caveolin than clathrin, so its uptake mostly caveolin and clathrin 

mediated endocytosis. PL-2 NPs showed ~ 10% internalisation under passive uptake 

(4 oC). While its positive counterparts, PL+2 NPs internalisation was dependent on 

GTPase-dynamin, tyrosine kinase-caveolin, actin polymerization. PL+2 NPs showed ~ 

20% internalisation under passive uptake (4 oC).  PL+2 NPs uptake mostly facilitated 

by caveolin endocytosis. PG-5 and PG+5 NPs internalisations were dependent on 
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clathrin (70% reduction, Inh7), caveolin (50% reduction, Inh2), and to lower extent 

microtubules and macropinocytosis (20%, Inh4). They are mostly facilitated by 

clathrin and caveolin endocytosis. PG+5 showed more passive uptake (~ 15% 

internalisation under passive uptake (4 oC) than PG-5 (~ 5% internalisation under 

passive uptake (4 oC). 

PG-8 internalisation was dependent on clathrin while PG+8 was dependent on 

clathrin and actin polymerization. Their uptake was facilitated by clathrin endocytosis. 

Their passive uptake amounted to ~ 30% internalisation under passive uptake (4 oC). 

Comparing the current study findings to the literature, there were many studies 

supporting the physicochemical properties of NPs generated a unique identity for each 

NPs, with dependence on the cell type, showed internalisation by different mechanisms 

(159, 493). To the best of our knowledge, the current study represents a novel 

evaluation of both PL and PG NPs internalisation mechanisms in Calu-3 cell lines. 

However, PL NPs internalisation mechanism had been evaluated in many cell lines. 

The physicochemical properties of the NPs and the cell type Play a major role in the 

internalisation mechanism.  

PL NP ~ 100 nm size negatively charged showed internalisation by different 

mechanisms; clathrin, caveolin, and lipid raft endocytosis in MDCK cell line (548). 

While the same authors reported in another study (549) that PL NPs ~ 80 nm size 

negatively charged showed internalisation by the same mechanisms with addition of 

macropinocytosis in Caco-2 cell line. PL NPs of ~ 160 nm size and negatively charged 

was preferentially internalised by monocyte derived DCs via macropinocytosis while 

the cationic CS coated PL NPs of ~180 nm size were internalised via clathrin 

endocytosis (550). Another study by Vasir et al., (551) investigated PL NPs (290 nm 



 

221 

and negatively charged NP, and 310 nm coated with cationic poly(L-lysine) with 

negative charge in neutral pH and turns positive in acidic pH in human breast carcinoma 

cell line MCF-7 to show both NPs were preferentially internalised by clathrin 

endocytosis. In addition, another study by Sahin et al., (552) investigated the 

internalisation mechanism of two PL NPs of different sizes (230 nm, 160 nm, 

negatively charged) in HEK293 cell line and  both NPs were internalized by different 

mechanisms via caveolin, clathrin, and macropinocytosis with higher uptake compared 

to smaller NP. The current results are favourably similar to what was previously 

reported by literature where NPs of size 150-200 nm are internalized by either caveolin 

or clathrin endocytosis for the small NPs of 200 nm; PG-2, PG+2, PL-2, and PL+2. 

However, the larger sizes NPs (PG-5, PG+5, PG-8, and PG+8) indicate internalisation 

via clathrin and caveolin that are commonly reported for smaller NPs ~ 200 nm. This 

could be due to the dispersity of NPs with the smaller particles were more effectively 

internalised than the larger NPs (552).  

Visual confirmation by CLSM showed all NPs had been internalised. The NPs 

were trafficked intracellularly and showed some co-localisation with the lysosomes 

denoting and confirming their vesicular transport. NPs showed some co-localisation 

with mitochondria denoting their ability to interact with subcellular targets that can be 

used for therapeutic purposes and designing less-toxic carriers.  
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Table. 4.2. Summary of the endocytosis transport inhibitors results. 

Mechanism Inhibited PG-2 PG+2 PL-2 PL+2 PG-5 PG+5 PG-8 PG+8 

Energy/active process (4 oC) + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

GTPase-dynamin (Inh1) + + + + + + + + + + + + - - - - 

Tyrosine Kinase-Caveolin assembly 

(Inh2) 

+ + + + + + + + + + + + + + + + + + +  - - 

Actin polymerization (Inh3) - + + + - + + - - - + + 

Microtubules arrangement (Inh4) + + + + + + + - - + +  + +  - - 

NA+/H+ exchange marcopinocyctosis 

(Inh5) 

- - - - - - - - 

Cholesterol dePLetion-Caveolin (Inh6) + + + + - - - - - - - 

Clathrin pits assembly (Inh7) - - + +  - + + + + + + + + + + + + + 
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4.6. Conclusion: 

Understanding the NPs interaction at the cellular and molecular levels provides 

immense abilities to tune the NP physicochemical characters to enhance nano based 

medicines. There are many available methods to quantify and confirm the NPs 

internalisation. The current methods faced with many challenges not only because of 

NP novelty but also for the complex nature of their cellular and subcellular interactions 

that require careful monitoring of possible NP interference and to minimize it as 

possible. For reliable NPs determination of NPs internalisation, it is recommended to 

combine different approaches, e.g., flow cytometry and visual microscopy. 
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5. General Discussion, Conclusion, and 

Future Directives 
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5.1. General Overview: 

NPs Are Promising Vehicles for Pulmonary Drug Delivery:  

At nano scale, i.e., 1-1000 nm, NPs develop exceptional physicochemical 

properties rendering them very attractive to pharmaceutical and clinical applications. 

NPs are renovating new class of medicines known as Nanomedicines that have 

enhanced properties to cross biological barriers (32), encapsulate a variety of active 

agents (553), allow for active targeting and control of drug release (554), and allow for 

combinational therapy (50). Consequently, NPs enabled drug delivery enhances the 

clinical outcomes, e.g., lowering off-target side-effects, lowering dose frequency, 

improving the therapeutic efficacy, and increasing patient compliance.  

Recently, biodegradable polymers appeared very attractive for NPs 

formulations, fuelling the development of drug delivery systems due to their 

biocompatibility, biodegradability, diversity and versatility of physicochemical 

properties, and ease of fabrication and functionalization (10, 55-58). PL is an aliphatic 

polyester polymer and widely used for many biomedical applications approved by FDA 

for clinical use (68-70). The main drawbacks of PL as a polymer in fabricating NPs are 

the bulk hydrolytic degradation, accumulation of acidic monomers causing a reduction 

of local pH at the site of drug action. This affects the stability of pH-sensitive drugs and 

the long degradation with repeated doses and local acidity promoting an inflammatory 

response (68). Thus, PG is such an alternative polymer that has been developed and 

characterized in-house in LJMU laboratory to improve upon the physicochemical 

properties of PL. It has successfully encapsulated many small drugs and 

macromolecules, i.e., ibuprofen, dexamethasone phosphate, bovine serum albumin, 

pneumococcal protein, gene delivery, and vaccine; showing very promising results for 

treating lung diseases and vaccine delivery (23, 25, 34, 38, 74, 77, 79-81).  



 

226 

There is burgeoning interest in NP drug delivery to the lungs via aerosols. NP 

aerosols can localize the drug topically in the lungs with enhanced pharmacokinetic 

properties in terms of retention and direct local action in the treatment and management 

of lung diseases, compared to other routes of administration. This limits the systemic 

off-target side effects. Moreover, lung delivery can be used as a systemic portal for drug 

delivery with better patient compliance and enhanced therapeutic efficiency (32, 86, 

87) 

The aims of the project were to evaluate the nanotoxicological effects of NPs 

formulated from PL and PG polymers stem from their chemistry, size, and surface 

charge using pulmonary cell lines.  

5.2. NP Formulation and Characterisation, NP Stability and 

Degradation: 

Eight different NPs were formulated from PG and PL polymers using 

emulsification-solvent evaporation methods and characterised for their size, charge, 

and shape. 

NPs stability after dispersion in culture media, e.g.  in SFM or CM was 

investigated immediately (T0) and after 24 hr (T24) incubation (37 oC) for any changes 

in NP size and surface charge (Figure. 2.6.). All NPs showed an increase in their size 

at T0 and further increase at T24. All negatively charged NPs indicated lowering their 

charge, while the positively charged exhibited conversion to negatively charge. The 

positively charged NPs showed higher size increase than their negative counterparts. 

The changes were more manifested in CM than SFM. These findings were similar to 

literature findings where protein rich media showed more adsorption to the surface of 

NPs and to a greater extent to the positively charged NPs than the negatively charged 
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NPs (97, 253, 345). Hence, NPs dispersion in SFM were more stable than in CM, thus 

SFM was chosen as the dispersing medium for NPs in subsequent investigations. 

The degradation profiles of PG and PL NPs (200 nm) was studied under two 

conditions; PBS stored at 4 oC (to simulate in vitro storage conditions) and in SLF, to 

simulate in vivo degradation) for 0, 1, 3, 7, 14, 28 days. PG and PL NPs size, charge, 

MW, and pH changes were evaluated.  

Size: PG and PL NPs had similar sizes but different trends of changes under 

different conditions (Figure. 2.7. A & B). PG-2 indicated aggregation after one week 

with high variations towards D28 which were more pronounced in SFL than PBS. PL-

2 had shown slight changes in size either increasing (in PBS) or decreasing (SLF) after 

one week. This implied; firstly, a more stable size for PL-2 NPs in the suspension than 

PG-2, and secondly, a degradation trend of PL-2 in SLF than in PBS that indicated the 

ionic and salt strength of SLF over PBS (346). 

Zeta potential: PG-2 showed two different trends of a charge increase with 

time in PBS and SLF that was more manifested in SLF than PBS representing a 

difference between the two buffers (Figure. 2.7. C & D). However, PL-2 zeta potential 

changes in PBS and SLF showed a trend toward zero by the end of the experiment. This 

was due to the effect of chelation by ionic and salts contents of the media that were 

more manifested in SFL than PBS (348). 

MW changes: MW changes observed for both polymers under PBS and SLF 

conditions showed modest changes in MW over time with small decrease toward the 

end of experiment; D28 (Figure. 2.7. G & H). This indicated MW changes could be 

slower compared to size, zeta potential and pH changes. This was due to the nature of 
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these polymers of having linear chains of variable lengths giving a wide distribution of 

MW, with the shorter chains degrading faster (347).   

pH changes: pH changes are related to the polymeric structure, its functional 

surface groups and its degradation products (Figure. 2.7. E & F). PL-2 NPs are based 

on PLGA 50:50 acid terminated polymer (the terminal functional group is capped by 

carboxyl group) that expressed acidic pH. PL-2 showed a decrease in pH after two 

weeks/ D14; the sharp acidic changes toward the end of the experiments (pH 5.5 in 

PBS, pH 6.5 in SLF) that denoted the degradation products were of acidic nature and 

more degradation occurred in PBS than SLF. PG-2 NPs were based on PGA-co-PDL 

ester terminated with OH group expressing alkaline pH.  PG-2 showed gradual decrease 

of pH with time and towards the end of the experiment was almost a neutral or slightly 

alkaline pH. This denoted less acidic degradation products (adipic acid of less acidic 

nature) and a slower degradation compared to PL-2 suggesting better performance of 

PG-2 in the biological media and of potential importance to lower toxicity and 

inflammatory effects that would enhance PG use for lung delivery.  

Both PL and PG polymers of α-polyester family are known to degrade 

heterogeneously via bulk erosion by chain random scission through hydrolysing ester 

linkages, where the rate of hydrolysis and water diffusion into the NP carriers are faster 

than the release of by-products (348, 349). The hydrolytic degradation rate of PG and 

PL NPs are influenced by many parameters such as monomeric ratio, nature of the 

monomers as well as polymer hydrophobicity and surrounding medium acidity. PL with 

monomeric ratio of 50:50 show faster degradation among all PL polymers. However, 

PG has equal monomeric ratio of its three monomers that indicated a longer polymeric 

chain of each molecule, and one of its monomers (ω-pentadecalactone) is composed of 

a macrolide lactone which is a 15 membered cyclic lactone ring that can be correlated 
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to its slower degradation and hydrophobicity (351). The increased acidity over time 

enhanced the degradation of PL NPs by facilitating autocatalytic degradation (349) and 

was consistent to previously published reports (350, 352).  

5.3. Toxicological Assessment of Polymeric NPs Using In vitro 

Methods: 

5.3.1. Pulmonary Cell Lines: 

Calu-3 Cell Line: Calu-3 is one of the commonly used human lung cell lines. 

They are of bronchial epithelial adenocarcinoma origin. They can be cultured under 

ALI as well as LCC. Calu-3 under ALI develop tight polarized monolayers and more 

differentiation to airway epithelium (columnar epithelia, ciliated, mucin production). 

Hence, it is a widely available in vitro model mimicking in vivo lung (279). 

THP-1 Cell Line: THP-1 is a human monocytic cell line and a commonly used 

model to represent immune response. THP-1 undergo differentiation to adherent non-

proliferative macrophages by activation of PKC pathway by PMA (399, 478). THP-1 

macrophages retain their inflammatory characteristics, i.e., they express differentiation 

markers (CD14, CD36) that respond to LPS. They are reported to produce a variety of 

inflammatory mediators such as TNF-α and IL-1ß, denoting intact TL4R, activation of 

NF-κß and MAPK pathways (555). Hence, THP-1 was chose to represent an 

inflammatory lung model (381, 556).   

5.3.2.  Toxicological Screen: 

General Viability: Cell viability after NP exposure was evaluated at T1 after 

discontinuing the NP exposure (application of 3 washes or No wash) to evaluate the 

metabolic state immediately after NPs removal, while the viability evaluated at T2 and 

T3 was to indicate the ability of cell recovery (Figure. 3.5., 3.6, & 3.7). All NPs showed 
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a trend of concentration-dependent decrease of the cell viability. Cell recovery: At the 

lowest concentrations (0.125-0.25 mg/mL), cell viability had resumed to 100% or more 

from the NC, indicating the ability of the cells to recover and the cellular injuries were 

reversable. At high concentrations, small NPs of PG and PL were recovered to 80-

100% while the larger sized NPs staggered at 50-75% denoting a serious and 

irreversible cellular injury. This was similar to what was previously reported for cellular 

haemostasis in response to different cell injuries (A summary of results are showed in 

Table. 5.1) (400). 

ROS: ROS detected after 24 hr exposure of Calu-3 cells to NPs evaluated via 

H2DCFDA confirmed a significant involvement of ROS induction in the cellular 

cytotoxicity after NPs exposure (Figure. 3.8.). All NPs showed a trend of increasing the 

ROS production with increasing NP concentration compared to NC (Table. 5.2).  

Mitochondrial Membrane Potential: All NPs showed a significant decrease 

of ΔΨm that could be mirrored with the increased ROS production (H2DCFDA assay) 

and decreased viability (T1 with 3 washes) after 24 hr NPs exposure (Figure. 3.10.). 

Lowering ΔΨm (depolarized state) was due to the loss of control on mitochondrial 

membrane permeability and opening mPTPs (404, 408, 432) that might adversely affect 

the cellular haemostasis and is considered as a sign of apoptosis (Table. 5.3) (408, 424).  

Cell Membrane Integrity: Cell membrane integrity was evaluated by LDH 

Total (with the use of total cell lysis) or LDH Release (spontaneous release in the 

supernatant without cell lysis step) assays after Calu-3 cells exposure to NPs for 24 hr 

(Figure. 3.11).  All NPs showed a similar trend of a concentration dependent decrease 

of LDH Total compared to NC, whereas, NPs showed a similar trend of a concentration 

dependent increase of LDH Release from the NC. However, all the released amounts 
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were significantly lower than the NC at all concentrations of all NPs that denoted a 

possibility of NP interference and or underlaying cytotoxicity (Table. 5.4). 

Apoptosis and Necrosis: A time coarse study of apoptosis and necrosis was 

performed after 4 hr, 12 hr and 24 hr of Calu-3 exposure to NPs. Two quadrants: Late 

apoptotic (double positives, Figure. 3.12.) and necrotic (7-AAD positive only, Figure. 

3.13.) indicated time related changes. At T4: the late apoptotic populations were higher 

among smaller NPs than larger NPs and ranging from 20-35% of the total cell 

population, whereas the necrotic populations were mainly seen at higher concentrations 

and ranging from 10-20% of the total cell population.  At T12: there was a general 

decrease of the percentages of both quadrants, while late apoptotic population ranged 

between 10-20% of the total cell population that was similar to all NPs. The necrotic 

population showed an increase with larger NPs with population percentage ranging 

between 15-30% of the total cell population especially at the high concentrations. At 

T24: there was further decrease of the percentages of both quadrants, while late 

apoptotic population ranged between 10-15% of the total cell population that was 

higher in larger than the smaller NPs. Although the necrotic population showed a 

similar or slight decrease in population percentage of smaller NPs ranging ~ 15% of the 

total cell population. The larger NPs showed a decrease of necrotic population 

percentage even less than the NC and ranging ~5% (Table. 5.5).  

Caspases: Activation of caspases was caspase 8 > caspases 3/7 > caspase 9 

(Figure. 3.14). This denotes that extrinsic apoptosis pathway was mainly activated, and 

later followed by intrinsic pathway activation following the cellular exposure to NPs. 

NPs cytotoxicity was associated with high ROS production (as previously confirmed in 

section 3.5.2), that can provide the link for induction of extrinsic and intrinsic of 

apoptosis pathways. However, other stimuli include TNF-α (that showed an increase 
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after NPs exposure), or over expression of Fas and FasL (can be evaluated in future 

directive studies) (Table. 5.6) (243). 

Inflammatory: Calu-3 cells response: All NPs (0.125-2 mg/mL) did not 

induce IL-8 after Calu-3 cells exposure for 24 hr (Figure. 3.15. A & B). THP-1 

Response: THP-1 exposure to NPs (0.125mg/mL) for 24 hr showed stimulation of IL-

8 (earlier evaluated by ELISA Kit), IL-6, TNF-α, IFN-γ, and IL-10 while no effect on 

IL-17A, IL-2, and IL-4 that denoted a generation of proinflammatory reaction (Figure. 

3.16 and Figure. 3.17) (Table. 5.7).   

Genotoxicity: Genotoxicity potentials of NPs was evaluated by Comet assay 

alkaline gel electrophoresis (Figure. 3.18) (230, 390, 392, 484). All different NPs 

exposure (two concentrations: 0.125 mg/mL (minimal toxicity effect) and 2 mg/mL 

(maximum toxicity observed)) for 24 hr didn’t induce any genotoxicity in Calu-3 cells 

when evaluated by Comet assay alkaline gel electrophoresis (Table. 5.8). 
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Table. 5.9. Summary of physicochemical dependent cytotoxicity concluded in this project. 

Investigation Chemistry Size Charge 

Higher 

viability 

PL > PG PG 800 > PG 500 > PG 200   Positive NPs > negative NPs 

Higher ROS 

production 

PG = PL At low concentrations: PG 200 > PG 500 > PG 800, while at high 

concentrations, larger sized produced more ROS than smaller 

Negative = Positive NPs 

Lowering 

ΔΨm 

PL > PG PG 800 > PG 500 > PG 200 Negative NPs > Positive NPs 

LDH Total PL > PG  PG-2 > PG-5 and PG-8 but PG+2 almost the same as PG+5 and PG+8 Positive NPs > Negative NPs 

LDH Release PL-2 > PG-2 

PG+2 > PL+2 

PG 800 > PG 500 > PG 200 Positive NPs > Negative NPs 

Apoptosis or 

Necrosis 

PG = PL 

Apoptosis 

induction 

Smaller NPs showed earlier apoptosis than larger size NPs, 

Larger size NPs showed higher necrosis in later interval (T12) 

Positive NPs = Negative NPs 

Caspases  PG = PL Larger sized NPs induced higher caspases than smaller NPs. Positive NPs > Negative NPs 

Inflammatory 

inducer 

PG = PL  Larger sized NPs induced higher IL-8 and TNF-α than smaller NPs, lower 

induction of IL-10 and IFN-ɣ, similar induction of IL-6 

Positive NPs > Negative NPs 

Genotoxicity No genotoxicity potential was detected with any of these NPs 
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5.4. NP Uptake and Internalisation in Calu-3 Cell lines: 

5.4.1. Calu-3 Epithelial Integrity: 

Calu-3 under ALI showed the formation of tight polarized monolayers with a 

strong resemblance to lung cells in vivo (277), improved reproducibility and more 

differentiation (single columnar epithelium with apical cilia, mucous secretion, and 

tight junctions) (518, 524) to the airway epithelium. 

 TEER values measured over time (Figure. 4.3) showed increasing TEER values until 

the experimental day (Day 15) for NP exposure. TEER values recorded and accepted 

for the experiment were > 800 ohms.cm2, which denoted successful development of 

TJs and polarized monolayers mimicking in vivo conditions (518). 

Apparent permeability coefficient (Papp): The integrity of the epithelial 

barrier, using Papp coefficient of [14C]-mannitol as a paracellular marker, was 

investigated on Calu-3 polarized monolayers grown under ALI (Figure. 4.4, 4.5, & 4.6.) 

overtime (1, 2, 3, 4, 5, and 24 hr following NPs exposure). Radiolabelled [14C]-mannitol 

is one of many paracellular markers (e.g. Na fluorescein, Inulin, and lucifer yellow 

(276)) available to study the paracellular transport across polarized monolayer. 

All NPs concentrations showed a decreasing trend and was similar to NC. Papp 

of [14C]-mannitol had initial high values (~ 4 x 10-7 cm sec-1) at T1 that was the 

maximum with a subsequent slow decline of Papp rate over time until T24 hr (~ 1.5-2 

x 10-7 cm sec-1). The highest concentration (2 mg/mL) showed the highest Papp values 

compared to lower concentrations (0.5 and 0.125 mg/mL). The Papp coefficient of 

[14C]-mannitol were sustained under what was previously reported in literature as 

acceptable range of paracellular or passive absorption rates across Calu-3 monolayers. 
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This range varies from 1- 4 x 10-7 cm sec-1 and indicated the integrity of Calu-3 

polarized monolayers under ALI are preserved (276, 281, 513, 518, 524, 527). 

Most of the Papp values under these exposure conditions were similar to the 

control and not significantly different. This denoted the strength and well preserved 

integrity of the Calu-3 polarized monolayers over the study interval and confirmed the 

barrier ability to filter a wide range of NPs with variable underlying physiochemical 

properties (281, 518, 521). That’s similar to what is seen with the natural lung barrier 

being able to act as a defence barrier against various inhaled particles, dust, bacteria 

and viruses (246). The paracellular Papp values were reported showing a decreasing 

trend over time in many studies such as Bol et al., (535), Ehrhardt et al., (521) Foster 

et al., (524), Bharatwaj et al.,(528), Stentebjerg-Andersen et al., (518) and Grainger et 

al., (281). These studies had evaluated TJs proteins; ZO-1 occludens during the 

experimental exposure to show the TJs proteins expression was increasing over time, 

with surrounding TJs as belts that can restrict the paracellular flow of solutes and 

molecules (535).  

5.4.2. NP Uptake and Internalisation Mechanisms, and Subcellular Co-

localisation: 

The current study investigated NPs internalisation process by using a group of 

pharmacological endocytosis inhibitors covering many mechanisms as indicated in 

Table. 4.1 (505, 506, 522, 523). All NPs had been internalized mainly via transcellular 

active endocytosis processes that were mainly caveolin, clathrin, and macropinocytosis 

(a summary was shown in Table. 4.2) 

Visual confirmation by CLSM showed all NPs had been internalised. The NPs 

were trafficked intracellularly and showed some co-localisation with the lysosomes 
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denoting and confirming their vesicular transport. NPs showed some co-localisation 

with mitochondria denoting their ability to interact with subcellular targets that can be 

used for therapeutic purposes and designing less-toxic carriers.  

5.5. Future Directives: 

• Further confirmation and validation of the obtained results in multicellular co-

culture, primary lung epithelial models and microfluidic systems.  

• Further investigation of NPs interactions with the mucous layer, NPs adsorption 

with LDH or inflammatory cytokines, and NPs adsorption to serum proteins, 

• Further investigation of these NPs in in vivo models: to evaluate a whole 

systemic body response for acute and chronic studies, with a focus on exploring 

the inflammatory response, histological picture of the lung after exposure, NPs 

deposition, lung retention, distribution, metabolism, and elimination, 

• Visual confirmation of the mechanism of internalisation of NPs under live 

imaging with labelling with certain markers that specific for certain endocytosis 

mechanisms, confirmation of intracellular NPs fate after internalisation and 

subcellular interaction, and cellular recovery after removal of NPs using highly 

advanced microscopy, for example, super-resolution microscopy (STORM) 

technique, particle tracking technologies , and imaging flow cytometry,  

• Evaluation of residual surfactant of DOTAP and PVA in each NPs, 

• Further investigation of in vitro degradation of larger sized NPs, 

• Investigating functionalisation of PG polymer by covalent chemical fluorescent 

labelling to facilitate accurate quantification of NPs internalisation, and 

minimize risk of dye release,  

• Further investigation of scalability of PG NPs using newer methods of 

fabrications such as microfluidic systems,  
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5.6. General Conclusion: 

Nano-enabled drug delivery offers many promises to overcome both 

pharmaceutical and clinical challenges. Yet, there are many challenges facing the 

translation from bench top to clinics. Hence, there is a continuous need to develop and 

improve upon biocompatibility and biodegradability of polymeric materials for 

therapeutically efficient NPs fabrications, to suit a variety of target applications, 

delivery approaches, and various tissues.  

Poly α-esters are a wide group of synthetic polymers that are commonly used in 

various biomedical application for NPs formulations, such as PL. The versatile nature 

of PL has made it a very attractive candidate for many biomedical applications as 

formulating many NPs, MP, other drug carriers and successful loading of different 

drugs and macromolecules that many of them have been approved by the FDA for 

clinical use (68-70). The main drawbacks of PL NPs are the bulk hydrolytic degradation 

with accumulation of acidic products, causing a reduction of local pH at the site of drug 

action. This affects the stability of pH-sensitive drugs and the long degradation with 

repeated doses and local acidity promoting an inflammatory response (68). Thus, novel 

materials are under development to provide better alternatives for polymeric NPs 

applications. PG is such a novel polymer that was synthesized and characterized in 

LJMU laboratories. It has successfully been formulated into NPs, MPs, and drug 

conjugates for lung delivery with good aerosolization performance and deep lung 

delivery encapsulating many small drugs and macromolecules (34, 72, 74-78).  

This project provided a detailed nanotoxicological evaluation of polymeric NPs 

formulated from the two polymers PG and PL using in vitro pulmonary cell lines. 

Different sizes and charges of NPs were successfully formulated into different sizes; 
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200 nm, 500 nm, 800 nm, and with different charges; negatively- and positively charged 

NPs using emulsification-solvent evaporation methods.   

A stability and degradation studies were evaluated in different biological media. 

All NPs showed better stability in SFM than CM. PL NPs showed faster degradation 

with acidic pH changes, while PG NPs showed slower degradation with an alkaline pH 

slowly decreasing toward the neutrality by the end of 28 days. This denoted better 

suitability of PG NPs for lung delivery with lower acidic changes.  

A nanotoxicological screen covered a variety of general cytotoxicity, 

inflammatory, genotoxicity and mechanistic cellular assays as well as visual 

confirmation via microscopy were performed to uncover the physicochemical 

dependent cytotoxicity after NPs cellular interactions. PL and PG had showed some 

differences due to faster rate of PL degradation but overall, PG showed biocompatible 

cellular responses that can be compared to PL at low concentrations as similar or better. 

The size increase was associated with a limited uptake for the larger sized NPs, hence 

lower cytotoxicity at low concentrations to smaller NPs, however, higher cytotoxicity 

at high concentrations. Negatively charged NPs were commonly reported to be more 

cytotoxic than their negative counterparts that were correlated to the larger size of 

positive NPs after dispersion in media that might denote limited uptake. The apoptosis 

especially the extrinsic pathway was the major cause of cell death for these NPs.  

Limited inflammatory response after THP-1 exposure that requires further in vivo 

translation to uncover the nature of this inflammatory reaction. These NPs didn’t induce 

any genotoxicity nor any adverse effects on the TJs integrity. Active endocytosis 

mechanism was mainly the internalisation mechanisms. Visual confirmation of 

internalisation and co-localisation with lysosomes and mitochondria that confirmed the 

vesicular transport and possible therapeutic potentials to target subcellular targets. 
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Overall, these studies had explored the potential safe use of these polymeric 

NPs for lung delivery. PG showed better profile of slower degradation (can be used for 

sustained formulations), of less acidic changes (less risk of acidity and inflammatory 

stimulation), and biocompatible profile that can be explored for in vivo lung delivery. 
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Appendix: Confocal Microscope Settings 

• Objective lens 63x, NA 1.4. Oil immersion 

• Frame size: 512 x 512 or 1024 x 1024 

• Scan mode: Frame 

• Averaging: Number: 4, can increase gives better quality images, Method: can 

use mean of the signal if its high or sum of the signal if its low, Mode: Line, Bit 

depth: (shades of grey color) 8 bits or 16 bits, Line step: 1, bidirectional. 

• Speed: 4-7, slower better to get clearer images 

• Gain: ~800 

• Smart set-up at the start to quickly localize and see the different Colours: choose 

the dyes: DAPI, LT, MT AF488, NP-NR, (three dyes at a time) quality scan and 

the best signal type. Then can go Live for each channel alone to adjust the laser 

power and gain then go continuous to get images/ snap. 

• Laser power: 2-10 

• Digital offset; zero, and Digital gain ≤ 1 

• Zoom: 1, 1.4, 1.8, 2 (Max zoom with 63x is 4 as don’t exceed the min size of the 

pixel, 70 nm). Pixel size was 0.26 um at Zoom 1, 63x, 512 x 512, or 0.13 um at 

Zoom 1, 63x, 1024 x 1024. 

• Difference between Live and Continuous scan modes: Live is showing the 

changes immediately, doesn’t respect the settings, you can use to quickly 

visualize and adjust the settings, Continuous scan respects the settings. 

• Images saved as LSM file 


