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ABSTRACT 

In recent years, many pathogenic bacteria have developed resistance against the existing 

antimicrobials, a phenomenon known as antimicrobial resistance (AMR). One of the many 

reasons contributing to the observed failure of current therapies, is the poor drug penetration 

across the microbial biofilm. Biofilms are small structural communities of bacterial cells that 

excrete an extracellular polymeric substance. They are involved in the pathogenesis of many 

diseases and account for up to 80% of all human bacterial infections. Nanotechnology based 

drug delivery systems (DDS) can enhance the therapeutic efficacy of conventional 

antimicrobial drugs but very few possess responsiveness to the biofilm milieu. This project 

therefore seeks to develop a zwitterionic nanoparticle, which leverages on the biofilm 

microenvironment (i.e. acidic milieu, bacterial enzymes) to control the behavior of the DDS 

against Staphylococcus aureus biofilms.  

DNA nanogel loaded with vancomycin was fabricated by a two-step annealing method and 

incorporated into zwitterionic liposomes via the thin-film hydration method to prepare a series 

of zwitterionic nanoparticles. Characterization of the most optimal formulation was done by 

dynamic light scattering (DLS). In vitro drug release profile was evaluated in the 

absence/presence of lipase. Biofilm binding, penetration, inhibition and eradication using the 

formulations was evaluated via crystal violet staining, scanning electron microscopy (SEM) 

and confocal microscopy (CLSM). The toxicity and translational value of the formulation was 

evaluated against HaCaT cells and in an ex vivo porcine skin explant model respectively.  

The most optimal zwitterionic nanoparticle formulation, PDM 90/5/5, had an average size of 

220.63 ± 0.84 nm, exhibiting a zeta potential of +0.02 ± 0.02 mV at physiologic pH and +15.23 

± 0.21 mV at acidic pH. Cumulative release of the PDM 90/5/5 formulation in presence of 

lipase 8 mg/mL was 88.76 ± 14.95% after 24 h compared to the release profile in the absence 

of lipase (49.57 ± 1.46%). PDM 90/5/5 effectively inhibited and eradicated S. aureus biofilms 

in vitro and ex vivo. Toxicity studies on HaCaT cells revealed negligible toxicity. 

In conclusion, zwitterionic nanoparticles able to enhance the delivery of vancomycin against S. 

aureus wound biofilms were successfully developed. The formulation demonstrated pH and 

enzyme responsiveness, enhanced biofilm binding and controlled the drug release.  

Key words: pH-responsive drug delivery systems; nanoparticles; DNA nanotechnology; 

liposomes; biofilm; wound infection 
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ABSTRACT (NORWEGIAN) 

I de siste årene har mange patogene bakterier utviklet resistens mot eksisterende antimikrobielle 

legemidler, et fenomen kjent som antimikrobiell resistens (AMR). En av de mange grunnene 

som bidrar til dagens observerte terapisvikt, er den dårlige penetreringen av legemiddel 

gjennom biofilm. Biofilm er små strukturelle samfunn av bakterielle celler som skiller ut en 

ekstracellulær polymerisk substans. De er involvert i patogenesen av mange sykdommer og er 

ansvarlig for opp til 80% av all infeksjon. Nanoteknologibaserte drug delivery systems kan 

forbedre den terapeutiske effekten av konvensjonelle antimikrobielle legemidler, men svært få 

systemer innehar sensitivitet til miljøet i biofilm. Dette prosjektet ønsker dermed å utvikle en 

zwitterionisk nanopartikkel, som utnytter biofilmens mikromiljø (lav pH, bakterie-enzymer) 

for å kontrollere oppførselen av drug delivery systemet mot Staphylococcus aureus biofilm. 

DNA nanogel med vancomycin ble fabrikert via en to-trinns hybridiseringsmetode og 

inkorporert i zwitterioniske liposomer via «thin-film hydration method» for å preparere en serie 

av zwitterioniske nanopartikler. Karakterisering av den mest optimale formuleringen ble utført 

via dynamisk lysspredning (DLS). In vitro legemiddelfrigjøringsprofil ble evaluert med eller 

uten tilstedeværelse av lipase. Biofilm binding, penetrering, inhibering og utrydning ved bruk 

av formuleringene ble evaluert via farging med krystallfiolett, sveipelektronmikroskop (SEM) 

og konfokal mikroskop (CLSM). Toksisitet og den translasjonelle verdien av formuleringen 

var evaluert henholdsvis mot HaCaT celler og i en ex vivo grise-huds explant modell. 

Den mest optimale zwitterioniske nanopartikkel-formuleringen, PDM 90/5/5, hadde en 

gjennomsnittlig størrelse på 220.63 ± 0.84 nm, med et zeta potensial på +0.02 ± 0.02 mV ved 

fysiologisk pH og +15.23 ± 0.21 mV ved lav pH. Den kumulative frigjøringen fra PDM 90/5/5 

formuleringen med tilstedeværelse av 8 mg/mL lipase var 88.76 ± 14.95% sammenlignet med 

frigjøringsprofilen ved fraværelse av lipase (49.57 ± 1.46%). PDM 90/5/5 inhiberte og utryddet 

S. aureus biofilm effektivt både in vitro og ex vivo. Toksisitetsstudier på HaCaT celler viste 

ubetydelig toksisitet.  

Til konklusjon ble suksessfulle zwitterioniske nanopartikler utviklet for forbedret transport av 

vancomycin mot S. aureus biofilm i sår. Formuleringen demonstrerte en pH- og 

enzymresponsiv effekt, forbedret biofilm binding og  kontrollerte legemiddelfrigjøringen.  

Nøkkelord: pH-responsiv drug delivery system; nanopartikler; DNA nanoteknologi; 

liposomer; biofilm; sårinfeksjon 
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1 INTRODUCTION 

1.1 Antimicrobial resistance 

Since Alexander Fleming discovered penicillin in 1928 and the mass production of the 

antibiotic began in the 1940’s, millions of lives have been saved from the deadly effects of 

infectious diseases (1, 2). In recent years however, many pathogenic bacteria have adapted to 

develop resistance against many of our antimicrobial arsenal; a phenomenon commonly known 

as antimicrobial resistance (AMR). Although resistant bacterial strains arise throughout nature 

via a process known as natural selection, the overuse and misuse of antibiotics in agriculture or 

livestock and the arbitrary prescription of antimicrobials are major factors that have escalated 

AMR (3). Yet, only in the last decade has global interest in AMR increased worldwide. This 

increasing public health concern on AMR can be attributed to the significant number of clinical 

isolates bearing drug-resistant genes to last line antibiotics (4). Consequently, the World health 

organization (WHO) has declared AMR as a major global threat to public health for which new 

therapies are warranted. 

Currently, recurrent infections due to AMR are common as a large number of conventional 

antibiotics are no longer successful in the clinical management of bacterial infections. AMR is 

defined as the ability of microorganisms to withstand exposure to antimicrobial agents. It is 

well known that all organism have to fight for their own survival and bacteria is no exception. 

To protect themselves against tough environments and from host defense mechanisms, bacterial 

pathogens are required to develop strategies to survive. Among the many reported strategies, 

mechanism that expel and negate drug agents (i.e. through influx/efflux alteration of drug 

agent), modify the bacterial target site or form biofilms are known to lead to the emergence of 

AMR (5). These mechanisms can be driven by alterations in the genetic material of bacteria, 

such as a random endogenous point mutation which can up- or down- regulate genes to alter 

protein expression and behavior in bacteria (3, 6). Subsequently, through horizontal gene 

transfer, mobilization of the resistance gene among the entire bacteria population is initiated. 

The mutant bacteria can also transmit the resistance features to other bacteria via plasmid 

exchange and the receiving bacteria can then obtain that foreign deoxyribonucleic acid (DNA) 

(3). Through these strategies bacteria pathogens can oppose antimicrobial agents, making the 

conventional antimicrobials less effective or inadequate as treatment of bacterial infections. 

The introductory section of this thesis seeks to provide basic biological information about 

bacterial pathogens and the formation of biofilms as a major factor that contributes to their 
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resistance and tolerance against antimicrobials. Further on, the challenges attributed to 

antimicrobial therapy of biofilms will be discussed, and lastly a promising field of smart drug 

delivery strategies to combat the escalated AMR will be presented. 

 

1.2 Bacterial pathogens 

Bacteria are a type of prokaryotic cells with typically a length and diameter of only a few 

micrometers. They exist in different sizes and shapes; for instance, spherical shape like 

Streptococcus, rodlike-shaped like Escherichia coli or spiral-shape like the Treponema 

pallidum (7). The differences in the bacteria size, shape, living-standards and survival 

mechanisms make the myriad of bacteria very diverse in behavior. Unlike eukaryotic cells, 

bacteria lacks a membrane-bound nucleus in addition to organelles in the cell membrane, e.g. 

mitochondria. The genetic material of bacteria lies in the cytoplasm and consists typically of a 

single molecule of double-stranded DNA, often having an irregular shape. Bacteria may also 

possess plasmids, which are extrachromosomal genetic materials in a circular closed ring (8). 

Bacteria can be categorized into two groups; Gram-positive and Gram-negative bacteria. The 

difference is mainly found in their cell wall, a structure that gives the bacteria it’s integrity. 

While the Gram-positive bacteria has its peptidoglycan composed of long sugars and amino 

acid polymers as the primarily component, the Gram-negative bacteria has a more complex 

composition. The cell wall in Gram-negative bacteria is composed of the same peptidoglycan 

as in Gram-positive bacteria but is of a thinner layer and has an additional outer membrane 

containing lipids, other proteins and lipopolysaccharides which gives it a rigid structure (9, 10). 

The synthesis of the peptidoglycan is complex. Its polymeric backbone consists of alternating 

aminosugars; N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), wherein the 

latter is attached to a tetrapeptide side-chain consisting of L-alanin, D-alanin, D-glutamic acid 

and either L-lysine or diaminopimelic acid (DAP). The tetrapeptide is responsible for the cross-

linkage to glycine residues, and these glycine residues will further attach to a new section of a 

tetrapeptide forming the structural peptidoglycan lattice (8, 10). 

For bacteria pathogens commonly susceptible to antimicrobials, they usually cause systemic 

infections in their free-living, planktonic form, which is often easily treatable. However, 

bacteria can also colonize solid or non-solid surfaces by attaching to each other to form sessile 

state biofilms (11). These complex communities of cells are much more resilient to antibiotics, 
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consequently making biofilm one of the main mechanism contributing to the reduced 

therapeutic efficacy of antimicrobials (12). 

 

1.3 Biofilm infections 

Biofilm formation is involved in the pathogenesis of many diseases and is responsible for up to 

80% of all human bacterial infections (13). Because the biofilm infections are highly resistant 

to antimicrobials, they are highly persistent and are major causes of treatment failure in clinics. 

Pathogens frequently associated with biofilms include Pseudomonas aeruginosa, 

Staphylococcus aureus and Escherichia coli (14). Biofilms are described as small structural 

dynamic communities of bacterial cells that excrete an extracellular polymeric substance also 

called the exopolysaccharide (EPS). The EPS in addition to proteins, enzymes and extracellular 

DNA forms a crucial self-generated and very much protective heterogenous environment called 

the extracellular matrix (ECM) (15, 16). While the components of the matrix varies among 

bacteria, the ability to irreversibly adhere to and colonize different surfaces and tissues is 

common (17). 

 

 

Figure 1: Biofilm formation stages. 

 

There exist multiple pathways responsible for the formation of biofilm. Biofilm formation is 

triggered by several environmental cues, occurs via several steps, and is collectively 

coordinated in a bacteria population through quorum sensing (QS) signaling between bacteria 



 

Page 4 of 71 

cells (18). QS is a cell-cell chemical communication strategy of the bacterial community which 

relies on small signaling molecules, called autoinducers, to integrate and deliver information to 

coordinate the pathogenic activity (19). Through the accumulation and detection of these 

autoinducers in the extracellular environment, the regulation of gene expression can take place 

collectively to regulate biofilm formation and maturation (20). The different formation stages 

of biofilms (Figure 1) can be divided into four phases namely; I) the initial adsorption and 

contact attachment of bacteria to the surface, II) formation of the micro-colony and release of 

EPS, III) development of architecture and maturation of biofilm and the IV) detachment of cells 

and start of new cycle on a new surface (21). Biofilm formation is, as abovementioned, 

controlled by multiple pathways as well as diverse genes, which can alter the metabolic activity 

compared to their planktonic state. For instance, specific genes and intracellular molecules 

regulate the expression of adhesion ligands during the formation of biofilms. Additionally, in 

P. aeruginosa biofilms, studies have shown that genes involved in EPS synthesis are 

upregulated (22). Concordantly, genes encoding enzymes involved in glycolysis and 

fermentation have also been found to be upregulated in S. aureus (23). This alteration in gene 

expression will further alter the microenvironment to better protect and develop the biofilm 

community. These diverse genetic alterations make the biofilms highly adaptable and 

persistent. 

Compared to the healthy tissues and to the planktonic bacterial environments, the biofilm 

microenvironment is characterized by various unique features such as low pH, high levels of 

hydrogen peroxide (H2O2) and low oxygen due to the EPS and the fermentation of bacteria 

within the biofilm (24). The fermentation process results in acidic byproducts that in the 

presence of high glucose will accumulate and decrease the pH value in the biofilm. Components 

of the matrix, i.e. cytoplasmic proteins, also generates an acidic habitat for the bacteria cells 

during biofilm formation, typically pH as low as 4.5, which can further induce excretion of the 

EPS and the persistent accumulation and longevity of the biofilm (16, 25, 26). In the biofilm 

microenvironment, high levels of H2O2 have also been shown to promote biofilm formation 

through promotion of alginate production in mucoid P. aeruginosa (27) or induction of the EPS 

production in Acinetobacter oleivorans (28). The high levels of reactive oxygen species (ROS) 

or H2O2 can increase oxidative stress, which induces cell and tissue damage (29, 30). On the 

other hand, low levels of oxygen and nutrition scarcity are other key-characteristics of the 

biofilm microenvironment occurring partly due to bacterial consumption. This oxygen 

restriction forms anaerobic sites within the biofilm, reducing metabolic activity and 
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consequently impeding bacterial cell growth (31). As a result of this altered chemical 

environment, the development of persistent biofilm and the bacterial stationary phase of growth 

contribute to the ineffectiveness of antimicrobials. While the abovementioned unique 

characteristics of biofilm infections allow manipulation of carrier systems, the acidic 

environment remains one of the most widely explored targets for the design of nanocarriers. 

Biofilm colonization can cause infections in both acute and chronic skin wounds (32), on 

medical exogenous devices and on prosthetics, as well as play a key role in many bacterial 

diseases such as cystic fibrosis or endocarditis (11, 17). Skin wounds are damaged tissue, which 

although contains both endogenous and exogenous microorganisms, normally heals 

successfully. However, some acute and chronic wounds, such as pressure ulcers, are delayed 

and prevented from healing in a timely manner due to biofilm infection (11). The chronic wound 

environment is highly susceptible to biofilm formation due to the presence of highly necrotic 

tissues and impaired immune responses that encourage bacteria attachment and colonization 

(Figure 2) (33). 

Several physiological pathways are responsible and involved in wound healing and 

reconstruction of skin tissue. Normally, there is a balance between growth factors, enzymes and 

other tissue repairing proteins which are responsible for successful wound healing and 

formation of scar-tissue. However, when a matured biofilm community is present in the wound, 

the bacterial infection disturbs this balance indirectly through alteration in the expression of 

these repairing molecules and directly through the formation and introduction of destructive 

enzymes and toxins (11). For instance, the activity of a group of enzymes called matrix 

metalloproteinases (MMPs), which are responsible for the normal growth and tissue turnover 

through degradation of proteins in the extracellular matrix, are found to be upregulated by 

bacteria derived enzymes (34). MMPs plays a crucial role in the reformation of skin tissue, and 

recently also found to co-regulate different molecules in inflammation and immunity responses. 

Increased MMP activity can lead to irregular cell proliferation and undesired tissue damage. 

Furthermore, proteases released from bacteria (e.g. P. aeruginosa), influence the degradation 

of proteins from fibroblasts to impair cell growth in tissues. These enzymes are also found to 

impair immune responses from the host cell (35). 
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Figure 2: Illustration of a cutaneous wound bed and the migration of cells. 

 

During infections, changes in gene expression and an excessive increase of intracellular 

signaling molecules contribute to the activation of immune response at the infection site. Unlike 

planktonic cells which are easily cleared by the polymorphonuclear neutrophils and 

macrophages, the deeply embedded bacterial cells within the biofilm are much more resistant 

which reduces the effectiveness of immune cell clearance (36). In fact, the infiltration of these 

cells further enhance biofilm formation and also contribute to the chronic inflammatory state 

of the biofilm environment. The enhanced inflammation state of the wound biofilm further 

contributes to the altered pathophysiology (11). Additionally, infiltration and penetration of 

antimicrobials to the embedded pathogenic bacteria residing in the deep layers of biofilm is 

more challenging. Panels of studies have explored the use of conventional antibiotics to 

improve clearance of biofilm infections, however several authors have reported biofilm 

resistance and tolerance to antibiotics, through mechanisms that are attributed to phenotypic 

heterogeneity instead of the “traditional” inherited genetic antibiotic resistance (37-39). 

Consequently, conventional antimicrobial therapy against biofilms treatment faces many 

obstacles. The next section describes the challenges attributed to antimicrobial therapy and 

current strategies to address biofilm infections. 
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1.4 Challenges of antimicrobial therapy against biofilms 

In addition to the presence of resistance genes, limited and incomplete antimicrobial diffusion 

due to the EPS matrix, oxygen and nutrient deprivation within the chemically altered biofilm 

microenvironment, the development of persisters contribute to biofilm recalcitrance toward 

antimicrobial agents (21, 40). Several biofilm forming microbial species have been found to 

display this antibiotic tolerance. For instance, Ceri and colleagues assessed in 1999 the 

susceptibility of E. coli, P. aeruginosa and S. aureus to different antibiotics (e.g. ampicillin, 

ciprofloxacin, tobramycin, vancomycin). They reported that the minimal inhibitory 

concentration (MIC) of the bacterial biofilms was 100 to 1000 times higher as compared to the 

planktonic cells. Thus indicating that the antibiotics were less effective against biofilm 

embedded bacteria, and that the biofilm presented tolerance like features against the drugs (41). 

Antimicrobial drug permeability through the biofilm is affected by the EPS components (i.e. 

polysaccharides, proteins, DNA and other waste molecules) which can interact with the 

antimicrobial to delay its penetration throughout the biofilm matrix. Moreover, the antibiotic 

may also be antagonized or enzymatically degraded before reaching its target site (21, 42). 

Another crucial aspect is the difference in physiological activity throughout the biofilm, where 

the metabolic activity in the biofilm core is lesser compared to the outer parts. This is due to 

the scarcity of oxygen and nutrition, developing anaerobic sites within the biofilm (43). 

Aminoglycosides are an example of an antibiotic subclass that have been reported to be less 

active at anaerobic conditions compared to aerobic conditions, partly because they are 

dependent on oxygen for membrane transport. The rate of bacterial cell growth is subject to 

environmental changes (44). As a result of oxygen depletion, the bacteria within the biofilm 

enters a stationary, slow- or non-growing phase which consequently makes antibiotics targeting 

bacteria at the phase of exponential cell growth and multiplication (i.e. synthesis of cell wall or 

DNA replication) much more ineffective (45). For instance, penicillin which targets synthesis 

of the growing peptidoglycan cell wall (46) , will not be as effective if it was to act on cells in 

the stationary phase. Eng and coworkers studied back in 1991 the bactericidal effect of several 

antibiotics on different bacteria in their growing and non-growing phase. They concluded that 

the antibiotic killing activity of the different test agents were dependent on the growth phase of 

the bacteria cells, reporting for instance that no antibiotics were bactericidal against non-

growing strains of S. aureus (47). 
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A small percentage of this population of non-growing bacteria cells can also differentiate to 

persisters, a subpopulation of S. aureus first introduced by Bigger in 1944. The subpopulation 

survived a bactericidal concentration of penicillin, showing much higher resistance compared 

to its other genetically homogenous bacteria cells (48). Since then, numerous of other different 

microbial species have been found to obtain these persisters, playing a crucial part in the 

phenotypic antibiotic tolerance of biofilms (49-51). This phenotypic heterogeneity or variation 

is a natural and present feature of bacteria cells due to the cell to cell variation in the population, 

showing that antimicrobial tolerance is not only obtained through alterations in the genome but 

could also be attributed to the dormant-like state of differentiated bacteria (52, 53). 

Nevertheless, biofilm related infections, like many other bacterial infections, are commonly 

treated with conventional antibiotics. Current strategies to address the biofilm-associated 

antimicrobial tolerance include high concentrations of topical antibiotics with the advantage of 

minimizing systemic side effects (53). Another emerging strategy is the combined use of 

antimicrobials with adjuvants to improve the drug therapeutic efficacy, an area where 

nanotherapeutics have gained significant recognition over the last decade as novel and smart 

drug delivery systems (DDS) (54). The following table present a summary of current antibiotic 

treatment regimen for biofilm infections in Norway (Table 1). 

 

Table 1: Summary of current antibiotic treatment regimens according to biofilm infection site in 

Norwegian hospitals (55). 

Biofilm infection site  Antibiotic regimen* Duration* 

Endocarditis 2 g cloxacillin (6 times daily) (IV). 42 days 

Intravascular catheters 
2 g cloxacillin (4 times daily) +  

5 - 7 mg/kg gentamicin (daily) (IV). 

5 days – 6 weeks 

depending on agent 

Gentamicin should only be 

used for some days 

Odontogenic infections 

(complicated) 

1.2 g benzylpenicillin (4 times daily) +  

1 g metronidazole (daily) (IV), followed by  

1 g phenoxymethylpenicillin (4 times daily) +  

400 mg metronidazole (3 times daily) (oral).  

7 days 
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Orthopedic prosthetic 

infections 

2 g cloxacillin (4 times daily) (IV), followed by  

300 – 450 mg rifamphicin (2 times daily) (oral) + 

750 mg ciprofloxacin (2 times daily) (oral). 

1 – 2 weeks 

3 months (after cloxacillin)  

3 months (after cloxacillin) 

Postoperative, deep 

cutaneous wounds 

1 – 2 g cloxacillin (4 times daily) (IV). 

2 g cefotaxime (3 times daily) (IV). 

7 – 10 days 

7 – 10 days 

Rhinosinusitis  1.2 g benzylpenicillin (4 times daily) (IV). 7 days 

* The antibiotic regimen and duration period depend on i.e. type of bacteria, severity of infection, allergies 

 

1.5 Nanomedicine: A tool to combat AMR 

Despite the growing challenge of AMR and the necessity to develop new antibiotics, the clinical 

antimicrobial pipeline has been stagnant for years. Slow development of pre-clinical candidates, 

poor clinical translation and absence of economic interest and incentive are some of the reasons 

contributing to the weakened pipeline (56). To address the poor bioavailability (i.e. 

unsatisfactory drug penetration, accumulation and poor specificity) of our current antimicrobial 

drugs, the use of innovative delivery systems that can improve the therapeutic efficacy of 

antimicrobial against resistant pathogens are urgently needed (57). 

Over the last decade, nanomedicine has gained a lot of interest as a field of science and 

technology that relies on the use of nanosized carrier systems to diagnose, treat and prevent 

diseases. The nanosized materials are normally classified as nanoparticles or nanocarriers of 

sizes smaller than 100 nm; although flexibility in size has been shown in practice (57). 

Nanocarriers are nanomaterial colloidal systems, that act as transport vehicles for drug ligands. 

Typical examples of different nanocarriers include, but not limited to, liposomes, micelles, 

polymeric nanoparticles and dendrimers. These nanocarriers have demonstrated significant 

improvement in physiochemical properties, drug release pharmacokinetic properties and also 

reduced the toxicities. Additionally, the utilization of nanotechnology based drug systems have 

resulted in improved design of delivery systems and successfully enhanced the therapeutic 

efficacy of conventional drugs (6, 57). 

Nanotechnology has for instance been applied in cancer therapy for several years, and a variety 

of formulations are in clinical trials or available on the market. DoxilÒ for instance, containing 
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doxorubicin for treatment of metastatic breast cancer, was the first nanoparticle based drug 

formulation that was approved and now available on the market (58, 59). It is demonstrated that 

angiogenesis in tumor sites leads to a higher vascular density and enlarged endothelial cell gap, 

making the tissues more prone to extravasation and retention of molecules. Due to this enhanced 

permeability and retention (EPR) effect in tumor tissue, the drug ligand can accumulate at the 

tumor site via passive targeting. This effect is also seen at infection sites with inflammation and 

lowered pH values (60); forming the basis of exploring the application of nanocarriers in 

infectious diseases. 

In recent years, nanotechnology-based stimuli-responsive drug delivery systems (DDS) have 

gained interest as novel tools to deliver antimicrobials against resistant pathogens in response 

to environmental or biological stimuli and have been designed to potentially possess 

antimicrobial activity themselves (61). These nanosystems offer many advantages as a drug 

delivery system for antimicrobials, such as optimization of the physiochemical properties of 

the antibacterial drug, provide protection, increase stability, effectively transport drug ligand 

near target site and offer enhanced bacterial membrane interaction (6, 62). A combination of 

conventional antimicrobials with stimuli-responsive materials or other agents that utilize a 

different mechanism of action not attributed to the essential survival pathway of the bacteria 

pathogen, can lower the potential risk of AMR. The DDS can e.g. act by enhancing the bacteria 

cell permeability or diminish and disrupt the biofilm (15). 

Authors have demonstrated that these nanosystems have the ability to aid the penetration of 

antimicrobials into the matrix, disrupt biofilms and bring drugs closer to interact with the deeply 

embedded bacteria pathogens (61, 63, 64). The subsequent sections will focus on the use of 

these nanocarriers in drug delivery by focusing on liposomal and DNA based systems. 

 

1.6 Liposome as a nanocarrier system 

Liposome based drug delivery systems have been successfully explored as nanocarriers in the 

treatment of cancers, fungi and bacterial infections (65). Liposomes are described as spherical 

phospholipid vesicles normally composed of an aqueous core which is surrounded by one or 

several lipid bilayers (66). Commonly used natural phospholipids for preparing liposomes 

include phosphatidylcholine or soybean lecithin. The amphipathic nature of these vesicles can 

generate a bilayer (unilamellar), several bilayers (multilamellar) or micelles with a hydrophobic 
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core. The classification of the liposomes is often based on their surface characteristics (i.e. 

conventional, cationic, PEGylated or ligand-targeted liposomes) (Figure 3) but can also be 

determined based on the number of bilayers (lamellarity), size measurements or by the type of 

preparation method used (67). There are two techniques for developing drug-loaded liposomal 

preparations; passive loading and active loading. In passive loading, the drug is encapsulated 

in the liposomes during the development process, whereas in the active loading technique, the 

drug is incorporated after preparing the liposomes. The passive loading technique include 

methods such as the mechanical dispersion method, solvent dispersion method or detergent 

removal method. The lipid film hydration method, which is a subtype of mechanical dispersion 

method, is the most commonly used technique to prepare liposomes. All the aforementioned 

methods can be defined by 3 basic steps; the drying of the lipids from an organic solvent, re-

dispersion of the lipids in an aqueous media and the size reduction step to obtain the targeted 

size (65, 68). 

 

 

Figure 3: Different surface modification strategies of liposomes. 

 

There are several advantages of liposomes as a drug carrier vehicle. For instance, they are 

biocompatible, very well tolerated, enable the entrapment of hydrophilic, hydrophobic or 

amphiphilic drug ligands and offer a myriad of formulation optimization options. Additionally, 

liposomes resemble the cell membrane and can mimic the biological cell structure due to the 

lipid bilayer (66, 69). The use of liposomes as delivery systems has improved drug targeting, 
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therapeutic potential and stability of the cargo as well as reduced toxicity (70). In antibacterial 

therapy, their use has been viewed as a measure to address drug resistance, systemic 

inactivation of antibiotics and potential toxicities after administration (71). These nanocarriers 

have demonstrated efficient and controllable intracellular delivery of antimicrobials due to their 

ability to fuse with bacterial membranes to increase the activity of the antibacterial as compared 

to the free drug (72-74). 

The surface properties of liposomes are determined by the hydrophilic head of the 

phospholipids. The surface charge of liposomes is typically in a neutral range which 

corresponds to an estimated zeta potential ranging between -10 mV to + 10 mV (75, 76). Zeta 

potential, which is a surface charge characterization technique, can for instance be utilized (to 

some extent) to predict the degree of stability of the liposome suspension (or other 

nanosuspensions of other materials). In order to be stable and have sufficient repulsive force, 

the zeta potential of the liposomal suspension is required to be lower than -30 mV or higher 

than +30 mV. At these values, the liposomes are less prone to increase in size and form 

agglomerates (77). Anionic liposomes (negative zeta potential) are more easily cleared by the 

reticuloendothelial system (RES), whereas cationic liposomes (positive zeta potential) have a 

longer circulation half-life due to absorption of proteins in the blood, which will improve the 

stability of the nanocarrier. On the other hand, cationic liposomes have been reported to possess 

higher toxicity (e.g. in lung cells) as compared to neutral or anionic liposomes (78, 79). A 

desired zeta potential or surface charge of the liposomes can be obtained by modifying the 

liposome composition through addition of natural or synthetic lipids with specific electrical 

functions, and thus enhance the performance of the nanocarrier. 

Modification of the surface through charge or addition of targeting moieties (such as antibodies 

or peptides) can further promote specific binding to target molecules (80, 81). For instance, a 

cationic formulation will better bind and interact with the anionic bacteria cell wall through 

electrostatic interactions. This will promote specific binding and enhance the therapeutic 

efficacy of the formulation. Another technique to optimize these nanocarriers includes the 

popular PEGylation design method, where the hydrophilic polyethylene glycol (PEG) polymer 

covalently attaches to the bilayer surface. This modification has been shown to enhance the 

circulation time and reduce immunogenicity because these “stealth” liposomes hide better from 

the RES via the inhibition of opsonization to present superior protection of the formulation (82). 

Moreover, the modification of the lipid composition can impart stimuli-responsiveness as a 

strategy to enhance and control the pharmacokinetic release profile of the drug. In such smart 
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systems, the nanocarriers can be designed to be reversible (i.e. zwitterionic liposomes) to 

specifically respond to environmental changes such as pH. Besides, the drug release can also 

be designed to be controlled by a stimulus, i.e. bacterial enzymes or toxins at infection sites 

(83). 

Although nanocarriers such as liposomes have contributed to improve the physiochemical 

properties and pharmacokinetic profiles of drug molecules, limitations still exist. Poor drug 

loading efficiency and rapid elimination from the circulation system are some challenges these 

liposomal systems regularly encounter (70). Additionally, several formulation methods are 

expensive and reproducible batch preparation for larger-scale-use are often challenging (84). 

These limitations have given researchers an incentive to improve the stability and function of 

liposomes. Thus, to tackle some of the abovementioned limitations, hybrid systems composed 

of lipids and other materials have been developed (84). Incorporation of different polymers 

such as poly(lactic-co-glycolic acid) (PLGA) or polycaprolactone (PCL) has been reported to 

tackle obstacles like premature release of drugs and instability of liposomal formulations (85, 

86). Furthermore, hybrid systems based on the combined use of liposomes and nucleic acid 

nanocarriers has also been explored as a promising field (62, 87). Thus, the next section will 

focus on the implementation of nucleic acids and their hybrids as smart materials and as 

antibacterial platforms. 

 

1.7 DNA nanotechnology 

Although a nascent field, DNA nanotechnology has been exploited as a tool for application in 

the biomedical fields such as bioimaging, sensing and diagnostics. This biomaterial has 

emerged as a novel and promising candidate for drug delivery systems (88). DNA structures 

can be an essential material and play a major role in the development of hybrid carrier systems, 

due to their enhanced biocompatibility, biodegradability, increased drug entrapment efficiency 

potential and improved cellular uptake compared to the pristine nanocarrier system (89, 90). 

DNA is a natural molecule in all living organisms which carries the complex genetic 

information and instructions to make proteins in our body (91). The DNA consist of double 

polynucleotide strands, which are the building blocks of the DNA backbone, consisting of 3 

main components; a phosphate group, a pentose sugar and a nitrogenous base. The hydrogen 

bonds between the complementary bases relies on the Watson-Crick base pairing rule, where 
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adenosine binds to thymine, and guanine binds to cytosine. This base pairing model is the main 

principal when controllable DNA scaffolds are designed and fabricated to develop the DNA 

nanostructures (62, 91, 92). The cohesion of two “sticky ends” from complementary sequence 

motifs allows the bottom-up formation of complex but well defined two-dimensional (2D) and 

three-dimensional (3D) DNA assemblies with high predictability and versatility (93). 

The invention of DNA nanotechnology started in the early 1980’s when Nadrian Seeman 

studied the use of self-assembled DNA oligomers to develop DNA Holliday junctions for the 

crystallization of macromolecules (94). This strategy of DNA assembling and formation of 

complex DNA nanostructures has since advanced rapidly and evolved to two main techniques; 

the tile-based method and the DNA origami approach (62). The former technique, developed 

by Seeman and coworkers (95), is based on numerous repeated “tiles”, small DNA bundles, 

which interconnect into well-defined lattices, due to hybridization of complementary single-

stranded DNA extensions. The latter technique, invented by Paul Rothemund (96), utilizes a 

long single strand scaffold of DNA which is folded using numerous short staple strands to form 

arbitrary shaped structures to make the development of larger DNA arrays possible (97). By 

employing these approaches, various DNA nanocarriers have been developed, such as 

tetrahedrons (98), icosahedrons (99) and different origami structures (Figure 4) (100). 

 

 

Figure 4: Different types of DNA nanocarriers. 

 

In combination with other nanocarriers, DNA nanostructures have emerged as a promising 

hybrid system to further improve the efficacy of drugs. DNA nanostructures can  be complexed 
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or conjugated with other moieties, either organic or inorganic materials such as hydrophobic 

liposomes or metal nanoparticles (e.g., gold or silver) respectively, to further enrich their 

functionality, improve their stability as well as specificity and make a multifunctional delivery 

system (62). The fusion of the hydrophilic backbone of DNA nanostructures with organic 

hydrophobic moieties (e.g. lipids) can increase the amphiphilic nature of DNA. This in return 

gives the DNA nanostructure the flexibility to deliver drugs, both hydrophobic and hydrophilic 

in nature (101). 

The use of DNA nanotechnology and their hybrids has recently also been explored against 

resistant pathogens and their biofilms. Due to their greater ability to enhance the cellular uptake 

and accumulation, control the drug delivery and sustain the drug release, or to improve bacteria 

targeting specificity, these DNA scaffolds possess several advantageous strategies to enhance 

the therapeutic efficacy of drugs (62). For instance, Liu and coworkers studied in 2020 the 

effect of DNA tetrahedral nanostructure as a delivery vehicle for antimicrobial GL13K peptide 

against E. coli and Porphyromonas gingivalis. They reported that the DNA nanostructured 

delivery system enhanced antibacterial effect by increasing bacterial uptake, while also 

improving the stability of the peptide against E. coli (102). It has also been reported in another 

study by Zhang and colleagues that these nanostructures have the ability to modulate 

inflammation activity. These anti-inflammatory properties that this type of DNA nanostructure 

possesses can be utilized as an additional advantageous effect in the treatment of infections, 

e.g. skin wounds (103). 

Although DNA nanostructures possess many advantages as smart drug delivery platforms, they 

still encounter some challenges in clinical translation. Studies on the nanocarrier’s effect and 

performance done under lab conditions at cellular level (or even in animal studies, i.e. in mice) 

cannot always give a representative image and directly get translated to patients (62). Living 

organisms present complex physiology and biochemistry properties with biological 

microenvironments which can alter the designed DNA nanocarriers performance in vivo. A 

limitation of the DNA nanocarriers is their poor ability to reside within physiological 

environments. For instance, deoxyribonucleases (DNase) present in the serum can 

enzymatically degrade DNA, making the biological material unstable at physiological 

conditions. Another reason for degradation is the adsorption of serum-proteins, which can 

induce the opsonization effect leading to increased clearance by macrophages. Additionally, 

pristine DNA is also prone to fast clearance by the hepatic or renal system (93, 97). Besides the 

challenges of the stability of DNA nanocarriers and their performance in vivo, another aspect 



 

Page 16 of 71 

that needs to be considered is the material expenses when synthesizing these DNA nanocarriers. 

To address the huge cost, optimization of manufacturing methods in a low-cost manner or 

development of amplification methods with high yields could be a solution (104-106). 

There are numerous strategies available to tackle the obstacles DNA nanocarriers encounter. 

For instance, by crosslinking or chemically modifying the DNA backbone, the hydrolytic 

cleavage activity from DNases and subsequent degradation can be hindered and therefore 

enhance the nanocarrier’s stability. Encapsulation, for instance by liposomes, is another 

possible strategy to enhance the stability of the DNA vehicle at physiological environments 

(Figure 5). 

 

 

Figure 5: DNA nanostructure encapsulation in a liposome. Reproduced with permission from (107). 

 

The DNA nanocarrier can be shielded by the lipid material, hiding the DNA from other 

macromolecules in serum and extracellular environment (97). Furthermore, enhancing the 

targeting properties by integrating stimulus responsive materials i.e. materials sensitive to 

microenvironments such as pH, temperature or specific enzymes, can improve the selective 

accumulation at target site as well as enhance the therapeutic efficacy of the drug delivery 

system. 

 

1.8 Stimuli responsive nanocarriers against biofilm infections 

The advancement of smart DDS with suitable functions are in urgent need to combat the 

limitations (i.e. low therapeutic efficacy as a result of poor specificity, low bioavailability, off-
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target toxicity) of pristine DNA nanocarriers or their hybrid systems (83). A possible strategy 

to meet these current limitations is by introducing physical, chemical or biological stimuli 

responsive properties via the integration of smart moieties into the DDS. These modifications 

impart different chemical and structural properties that can be controlled by external triggers 

(i.e. light irradiation, magnetic, ultrasound) or by internal triggers (i.e. pH, temperature, 

enzymes) to enhance the pharmacokinetic release profile and improve the target specificity of 

the cargo. These tailored stimuli responsive DDS will minimize the adverse effects while 

enhancing the therapeutic efficacy of conventional drugs e.g. antimicrobials (108). A large 

number of literature exists that demonstrate cargo release triggered by external stimuli such as 

light irradiation (109, 110), electromagnetic radiation (111, 112) or ultrasound (113). These 

approaches are attractive options that have provided temporal precision among other 

advantages such as local release at target site, which will lower the systemic dosage needed and 

thus minimize side effects of the drug. Although these approaches are relatively non-invasive 

for the patients, some challenges such as low ease of use, limited penetration of the external 

force and possible damaging effect on surrounding healthy tissue still remains a problem and 

limits their application (108). 

A different stimuli responsive approach is via the biological and internal triggered strategy by 

utilizing overexpressed enzymes or bacterial toxins present at the drug target environment. For 

instance, components of the biofilm matrix such as lipopolysaccharides or other present 

enzymes such as lipase are possible stimulus that could be harnessed (114). In 2011, 

Pornpattananangkul and colleagues presented an example of this strategy by utilizing a 

previously developed chitosan-modified gold nanoparticle stabilized liposome carrier (115) as 

a bacterial toxin-triggered drug release system for the treatment of bacterial infections. By 

binding cationic gold nanoparticles to the surface of the anionic liposomes, they could prevent 

liposome fusion as well as early cargo release. When the liposomes were present at bacterial 

infection site, the bacterial toxins could form pores releasing the modeled encapsulated 

antibiotic (vancomycin). They demonstrated that the formulation led to a methicillin-resistant 

Staphylococcus aureus (MRSA) inhibition as effective as an equal amount of vancomycin 

loaded non-stabilized liposomes and free vancomycin. Understandably, the novel approach 

showed enhanced stability and controlled the drug release to a much higher extent (116). 

Using a similar concept, Chen and coworkers fabricated a pH and enzyme dual-responsive 

micelle drug delivery system for the release of antibiotics to treat alveolar injuries in lungs 
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caused by P. aeruginosa. Copolymers of poly(ethylene glycol)-poly(e-caprolactone) (PECL) 

were conjugated with vancomycin to increase blood circulation time of the micelle and enhance 

specific targeting. Under acidic conditions, cleavage of the pH-cleavable hydrazine bonds 

between the copolymer and vancomycin would occur and result in the de-shielding and 

degradation of the micelles. Overexpression of present lipase enzymes degraded the enzyme 

sensitive poly(e-caprolactone) moieties, and thus released the encapsulated ciprofloxacin. The 

results showed improved survival of infected mice, and bacterial burden was significantly 

reduced compared to the free drug and vancomycin-free micelles (81). 

Over the years, strategies that leverage on the altered pH value at specific disease sites (i.e. 

tumor or bacterial infections) have also gained great interest in the scientific community. Many 

researchers have developed pH responsive nanocarrier systems for delivery of antimicrobials 

against biofilms. The biofilm microenvironment is characterized by changes in the pH value, 

giving rise to an increased acidic environment. This alteration in pH is therefore a very attractive 

target for researchers when developing novel drug delivery systems for biofilm infections (114). 

For instance, Lu and coworkers studied in 2018 the release of chlorhexidine and silver ions 

from the dual redox and pH sensitive mesoporous nanoparticles against oral biofilms. They 

concluded that in presence of low pH and glutathione, the cumulative release of chlorhexidine 

and silver increased (117). In 2020 Tian and colleagues also studied the ability of the pH 

responsive mixed shell polymeric micelles to enhance antimicrobial activity against S. aureus 

biofilms in mice compared to single shell polymeric micelles. They proposed that in the 

presence of acidic pH, the penetration and accumulation of mixed shell polymeric micelle 

nanocarriers with the drug model ciprofloxacin was significantly improved (118). 

These studies show that modification of drug delivery systems to possess stimuli-

responsiveness can enhance the therapeutic efficacy of antimicrobials and is an attractive field 

with a myriad of optimization possibilities. Owing to the growing knowledge of bacterial 

growth and the recalcitrance of biofilm, these stimuli responsive systems can be widely 

explored as an innovative approach to combat the growing AMR challenges as well as address 

obstacles of conventional antimicrobials. By leveraging on the inherent pH change, bacterial 

toxins or enzymes, the designed drug delivery system’s pharmacokinetic release profile could 

be enhanced significantly. 
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2 AIM OF THE STUDY 

The main objective of this study was to overcome the limitations of antimicrobial therapy (i.e. 

poor penetration, untimely degradation by bacterial enzymes) against S. aureus wound 

biofilms. Therefore, a zwitterionic liposome coated DNA nanogel system (herein referred to as 

zwitterionic nanoparticles) was designed to deliver antimicrobial drug. By leveraging the 

conditions of the biofilm microenvironments, this study sought to capitalize on the abundance 

of bacterial toxins (e.g. a-hemolysin), enzymes (e.g. lipase) and the inherent low pH condition 

in the biofilm environment to control the behavior of the nanocarrier. Advantageously, this 

would promote penetration of antimicrobials via improved biofilm binding, control drug release 

and effectively minimize the damaging effects of wound biofilm infections. 

To achieve this, varying molar compositions of an ionizable cationic lipid (DODMA), ionizable 

anionic lipid (CHEMS) and a polysaccharide modified lipid (mannose) were incorporated into 

the lipid film to prepare an optimal zwitterionic system (Figure 6). 

 

 

Figure 6: Illustration of project plan. 

 

The characteristic properties of the different formulations, such as size, surface charge, drug 

release profile, toxicity, antibacterial and antibiofilm activity were investigated. Finally, an ex 

vivo porcine explant model was used to demonstrate the antibiofilm effect of the optimal 

formulation.  
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3 MATERIALS AND INSTRUMENTS 

3.1 Materials  

1.2-Dioleyloxy-3-dimethylaminopropane (DODMA), 16:0 PA-PEG3-mannose, cholesteryl 

hemisuccinate (CHEMS), 18:1 Liss Rhod PE were purchased from Avanti Polar Lipids 

(Alabama, USA). Lipoid S100 (soy phosphatidylcholine (SPC)) was a kind gift from Lipoid 

GmbH (Ludwigshafen, Germany). Uranyless was purchased from Electron Microscopy 

Sciences (USA). Methanol was purchased from VWR International S.A.S. (Fontenay-sous-

Bois, France). 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT), crystal 

violet 1%, Dulbecco Modified Eagle’s medium (DMEM) high glucose, components of 

encapsulation buffer (EB) (5 mM Tris-HCL, 1 mM ethylenediaminetetraacetic acid (EDTA), 

10 mM MgCl2, 10 mM NaCl), a-hemolysin, lipase (from wheat germ, ~0.1 U/mL), Alexa Fluor 

594 labelled lipopolysaccharide (LPS), phosphate-buffered saline (PBS) and vancomycin were 

purchased from Sigma Aldrich (Norway). Fetal bovine serum (FBS), human immortal 

keratinocytes (HaCaT), penicillin-streptomycin, Staphylococcus aureus NCTC 8325 pCM29 

green fluorescent protein (GFP), tryptic soy broth (TSB) and trypsin were obtained from 

University hospital of North Norway (Tromsø, Norway). All the DNA sequences were 

purchased from Integrated DNA technologies (Belgium) and a detailed description of the 

sequences is provided (Table 2). 

 
Table 2: Oligonucleotide sequences for DNA nanogel preparation. 

CODE DNA  OLIGONUCLEOTIDE SEQUENCE 

Y-SAF Y-SAF1 GTCTTCGTCCTTATCGGTAGGGTGCTGAGCGGAATC CTGA 

 Y-SAF2 GTCTTCGTCCTTTCAGGATTCCGCTCAGTCATGTCATCAC 

 Y-SAF3 GTCTTCGTCCTTGTGATGACATGACACCCTACCGAT 

Y-SAB Y-SAB1 ATCGGTAGGGTGCTGAGCGGAATCCTGA 

 Y-SAB2 TCAGGATTCCGCTCAGTCATGTCATCAC 

 Y-SAF3 GTCTTCGTCCTTGTGATGACATGACACCCTACCGAT 

L-SAC L-SAC1 AAGGACGAAGACGTAGCCTACTATCTTCATTACCAGGTGCAGCC 

 L-SAC2 AAGGACGAAGACGGCTGCACCTGGTAATGAAGATAGTAGGCTAC 
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3.2 Equipment and devices 

A detailed list of the various equipment and devices used in this project are provided below: 

• BÜCHI Rotavapor R-124, Büchi labortecknik (Flawil, Switzerland). 

• BÜCHI Vacuum Pump V-700, Büchi labortecknik (Flawil, Switzerland). 

• BÜCHI Waterbath B-480, Büchi labortecknik (Flawil, Switzerland). 

• Centrifugal filter units 50kDa, Sigma Aldrich (Norway). 

• Cellophane membrane barrier, Zellglas (Germany). 

• Dialysis membranes MW cut-off of 12-14kDa, Thermo Fischer Scientific (Norway). 

• EM CPD300 Critical Point Dryer, Leica (Wetzlar, Germany). 

• Multi-station Franz diffusion cell system, PermeGear Inc. (USA). 

• NucleoporeÒ Track-Etch Polycarbonate Membranes 0.2 µm , 0.4 µm, 0.8 µm 

Whatman International Ltd. (UK). 

• Polaron Range Sputter Coater, Quorom Technologies Ltd. (UK). 

• Scanning electron microscope model Sigma and GeminiSEM 300, ZEISS (Germany). 

• Sension+ PH31 pH-meter, Hach (Loveland, USA). 

• Spark multimode microplate reader, Tecan (Switzerland). 

• Transmission electron microscope model HT7800, Hitachi (Japan). 

• UV-Visible spectrophotometer, Agilent 8453 (USA). 

• Zetasizer, Nano – Z, Malvern instruments (Oxford, UK). 

 

3.3 Software 

Figures were created using the Biorender platform on BioRender.com (2021). All statistical 

analysis and graphs were performed using Graphpad Prism version 8 (La Jolla California, 

USA). Statistical significance among the groups was determined via two-sample student t-test 

and one-way ANOVA analysis. Dunnett’s test were utilized for multiple comparisons. The data 

are expressed as mean ± standard deviation (SD), n=3. The results are reported as statistically 

significant when p < 0.05. 
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4 METHOD 

4.1 Preparation of zwitterionic nanoparticles 

Preparation of DNA nanogel and antimicrobial loading 

The preparation of DNA nanogel was done by following a two-step annealing method, 

previously reported (with some slight modifications) (107) using three DNA nanostructures  

(Y-SAF, Y-SAB, L-SAC) (Figure 7). Briefly, stochiometric concentrations of each DNA 

sequence were mixed with 10 µL 1x diluted encapsulation buffer (EB) and ultrapure pure water 

to achieve a total volume of 100 µL of the desired nanostructures. 

 

 

Figure 7: Fabrication of vancomycin loaded DNA nanogels via pre-loading method. 

 

The concentrations of the individual nanostructures were as follows: 4 µM Y-SAF, 1 µM Y-

SAB and 6.5 µM L-SAC. The samples were hybridized in a thermal cycler to form the DNA 

nanostructures via the thermal annealing process. Y-SAF samples and L-SAC samples had the 

same annealing conditions of: 95°C for 5 minutes, 60 °C for 30 minutes, 50 °C for 30 minutes, 

37 °C for 30 minutes, 25 °C for 30 minutes and 4 °C for another 3 ½ h. Whereas Y-SAB had 

the following conditions: 95 °C for 30 minutes, 55 °C for 30 minutes, 37 °C for 30 minutes, 25 

°C for 20 minutes and 4 °C for 3 ½ h. Fifteen µL of each nanostructures were subsequently 

combined with 45 µL vancomycin (final concentration of 1.28 mg/mL) to achieve the 

vancomycin loaded DNA nanogel or with buffer to achieve the blank DNA nanogel 

respectively. The samples were then hybridized via a second annealing process under the 
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conditions of 95 °C for 5 minutes, 25 °C for 30 minutes and then 4 °C for 3 ½ h to obtain the 

self-assembled DNA nanogels. 

 

Preparation of liposomes 

Preparation of liposomes were done using the standard thin-film hydration method (Figure 8). 

In brief, pure soy phosphatidylcholine (SPC) (Lipoid S100), 1.2-Dioleyloxy-3-

dimethylaminopropane (DODMA) and PEG3-mannose (mannose) or Cholesteryl 

hemisuccinate (CHEMS) were dissolved sequentially in a round-bottom flask with methanol. 

 

 

Figure 8: Fabrication steps of zwitterionic nanoparticles. 

 

The solution were then gently mixed and placed on a rotary evaporator with a pressure and 

rotation speed of 60 mmHg and 60 rpm, respectively. The water bath held a constant 

temperature of 45 °C to develop the lipid film for 1 h. Afterwards, the lipid film was rehydrated 

with the DNA nanogel solution. To obtain defined sized liposomes the solution were extruded 

5 times through a polycarbonate membrane with pore size of 800 nm, then repeated with 400 

nm membrane and 200 nm, respectively. The formulation samples were stored at 4 °C until 

needed. The following table present the zwitterionic nanoparticles lipid mole percentage 

composition (Table 3). 
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Table 3: Lipid composition of the zwitterionic nanoparticles. 

Formulation P (mol %) D (mol%) M (mol%) C (mol%) 

PD (95/5) 95 5 - - 

PDM (92.5/5/2.5)  92.5 5 2.5 - 

PDM (90/5/5) 90 5 5 - 

PDC (92.5/5/2.5) 92.5 5 - 2.5 

PDC (90/5/5) 90 5 - 5 

PDC (85/5/10) 85 5 - 10 

 P: Soy phosphatidylcholine (SPC) ; D: 1.2-Dioleyloxy-3-dimethylaminopropane (DODMA) ; M: 16:0 PA-

PEG3-mannose ; C: Cholesteryl hemisuccinate (CHEMS). 

 

4.2 Characterization  

Hydrodynamic diameter, polydispersity and zeta potential measurements 

The hydrodynamic diameter (size), poly dispersity index (PDI) and zeta potential of the 

formulations were determined using the Zetasizer (Nano-z, Malvern instruments) via dynamic 

light scattering (DLS) technique. A cuvette containing a 100x dilution of formulation in 1x EB 

buffer was prepared for the size and size distribution measurements. For the zeta potential 

measurements, a capillary cell containing 50x dilution of the formulation in filtered tap water 

was used. The cell was cleaned with the same sample solution prior to use. Size, PDI and zeta 

potential was monitored over time to also assess the stability of the zwitterionic nanoparticles. 

Three replicates were obtained from each sample measurement and the average reading 

recorded as mean ± standard deviation (SD). 

 

Morphology of zwitterionic nanoparticles 

The morphology of the nanoparticles was investigated by transmission electron microscopy 

(TEM). The formulation was diluted 100x and 50x with deionized water and 5 µL was pipetted 

onto mesh carbon grids and left to adsorb for 5 minutes. Afterwards, 5 µL of the contrast 

solution, UranyLess, was added and allowed to stain the grid for 40 seconds. Then, the grids 
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were washed with deionized water and allowed to dry for an addition of 20 minutes prior to 

imaging. The samples were imaged using TEM (HT7800, Hitachi). 

 

Determination of entrapment efficiency % 

The entrapment efficiency (EE %) was evaluated using the dialysis bag method and the samples 

quantified with the UV-spectrophotometer. Dialysis bags with molecular cut-off at 12-14 kDa 

were used to dialyze 500 µL of formulation sample in a beaker containing 50 mL of 1x EB 

buffer. The formulation was allowed to sit for 4 h at room temperature. Thereafter, the 

remaining volume of formulation in the dialysis bags was determined, and 80 µL of the dialyzed 

formulation (or non-dialyzed formulation) was vortex and disrupted with 720 µL methanol. 

Removal of the DNA nanostructures was done using centrifugal filter units, and the samples 

were centrifuged at 13 000 rpm for 2 minutes. The absorbance of the flow through solution 

containing vancomycin was then measured using the UV-spectrophotometer. The entrapment 

efficiency of vancomycin was then calculated based on the absorbance values using a pre-

obtained calibration curve. The following equation was used to calculate the entrapment 

efficiency: 

𝐸𝐸	% =
𝐶&'()*
𝐶+,+)-

	𝑥	100	% 

 

4.3 Biofilm sensitivity and binding  

Lipopolysaccharide effect on formulation 

To study the interactions between the formulation and biofilm matrix, Alexa fluor 594 stained 

lipopolysaccharide (LPS) was chosen as a model component of the EPS. Changes in the 

fluorescence intensity of LPS in the presence of varying concentrations of the zwitterionic 

nanoparticles was assessed through recording changes in fluorescence. Prior to experiments 

with formulation, a reference fluorescent curve of the LPS (0.25, 0.5, 1 and 2 µg/mL) was 

obtained using the microplate reader (Spark, Tecan). Thereafter, serial dilutions of the 

nanoparticle formulation ranging from 25x to 1600x of the stock was prepared and mixed with 

the LPS (final concentration of 4 µg/mL) to find the most optimal formulation dilution. 

Hundred µL of the nanoparticle formulation was combined with 100 µL of the LPS solution. 
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An amount of 50 µL of the mixture was then added to a costar black 96-well plate, and for the 

negative and positive controls, 1x EB buffer or DNA nanogels were used respectively. The 

most optimal formulation dilution was determined to be 50x and therefore used in the following 

experiments. The experiments were performed at both neutral pH and acidic pH values (pH 7.4 

and pH 5.5). All experiments were performed in triplicates and the results reported as mean ± 

SD. 

 

Dextran effect on formulation 

Similarly, the interaction between dextran (another component of the EPS) and formulation was 

also assessed by recording the changes in fluorescence. The optimized PDM 90/5/5 formulation 

was chosen for further assessment. A reference fluorescence peak curve of dextran was also 

obtained between 0.25, 0.5, 1 and 2 µM. A final concentration of 1 µM dextran was added to 

serial dilutions of the formulation (25x – 1600x), whereas 1x EB buffer served as the negative 

control. Triplicate volumes of the samples were added in a costar black 96-well plate and the 

fluorescence intensity was measured in plate reader (Spark, Tecan). 

 

Zwitterionic nanoparticle responsiveness 

To assess the sensitivity of the formulation to enzymes (i.e. lipase) or toxins (i.e. a-hemolysin) 

produced by biofilms, changes in the size of the nanoparticles was analyzed using Zetasizer 

(Nano-Z, Malvern instruments) in the presence of either lipase or a-hemolysin. Lipase (0.5, 1, 

2, and 8 mg/mL) or a-hemolysin (75, 150 and 300 nM) was added to a diluted solution of the 

nanoparticle (100x) and the sample was measured at 0 h, 1 h, 2 h, 5 h and 24 h. Three replicates 

were obtained for each measurement. 

 

4.4 In vitro drug release   

The in vitro drug release of vancomycin from the nanoparticle formulation was assessed using 

a multi-station Franz diffusion cell system. Briefly, the system was heated to 35 °C and the 5 

mL equipped receptor chambers were filled with phosphate buffered saline (PBS) at pH 7.4 

under constant stirring using a magnetic stir bar. Prior to use, fitted cellophane membranes were 

cut out and submerged into deionized water for 5-10 minutes, then the membranes were 
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sandwiched between the receptor chamber and donor chamber. Thereafter, 700 µL of the 

formulation was loaded into the donor cell. To examine the influence of bacteria enzyme on the 

drug release profile, the formulations were added to the donor cell with lipase at final 

concentration of 1, 4 or 8 mg/mL. The donor chamber was then sealed with rubber plug and 

parafilm. 

Sampling of the released antibiotic into the receptor chamber was taken after 1 h, 2 h, 4 h, 8 h, 

12 h and 24 h. The receptor chambers were refilled with 500 µL buffer after each sampling to 

ensure continuous sink condition. At the end of the experiment, the remaining formulation in 

the donor chamber was collected into a 2 mL centrifuge tube. The amount of drug released at 

each timepoint was then quantified via absorbance readings with the UV-spectrophotometer 

and reported as the percentage mean ± SD from duplicate readings in reference to the total 

amount of drug loaded in the formulation prior to the start of the experiment. The following 

equation was used to calculate the cumulative drug release percentage: 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒	𝑑𝑟𝑢𝑔	𝑟𝑒𝑙𝑒𝑎𝑠𝑒	% =	
𝑊𝑒𝑖𝑔ℎ𝑡	𝑜𝑓	𝑑𝑟𝑢𝑔	𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑	(µ𝑔)

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙	𝑑𝑟𝑢𝑔	𝑎𝑚𝑜𝑢𝑛𝑡	𝑖𝑛	𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛	 	𝑥	100	% 

 

4.5 Biofilm studies 

Biofilm inhibition experiments 

To evaluate the ability of the vancomycin loaded zwitterionic nanoparticles to inhibit biofilm 

formation, a fluorescently labelled S. aureus strain (NCTC 8325 pCM29 green fluorescent 

(GFP)) was grown in the presence or absence of the nanoparticles. For the bacterial work, 10 

mL of nutrient tryptic soy broth (TSB) (supplemented with chloramphenicol 10 µg/mL) was 

inoculated with the bacteria and incubated overnight (37 °C, 100 rpm). The optical density 

(OD) of the overnight culture was then adjusted to 0.07 (108 colony forming units (CFU)/mL). 

The exact concentration of vancomycin was determined via absorbance readings obtained via 

UV-spectrophotometer and compared with the calibration curve. Serial dilutions of the 

formulation was prepared in TSB growth medium to give a final desired concentration range 

of vancomycin from 0.5 to 32 µg/mL. To grow the biofilms, the diluted formulations were 

supplemented with 12.5 % w/v glucose stock (final concentration of 1% w/v) and the bacteria 

solution (106 CFU). Aliquots of 200 µL were separately loaded in quadruplicates into the 96-
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well plate and incubated for 24 h at 37 °C. As a control, 1x EB buffer was used. After 24 h, the 

biofilm growth solution was replaced with fresh media and the fluorescence reading taken using 

microplate reader (Spark, Tecan) at an excitation and emission wavelengths of 480 nm and 530 

nm, respectively. 

 

Biofilm eradication experiments 

To assess biofilm eradication, biofilms were grown as described above without the zwitterionic 

nanoparticles i.e. with 12.5 % w/v glucose (final concentration of 1 % w/v) and the bacteria 

solution (106 CFU). Aliquots of 200 µL of the solutions were added to the 96-well plate and 

incubated at 37 °C for 6 h. After biofilm development, the growth media was gently discarded 

via a vacuum tube and replaced with 100 µL of formulation to give a final vancomycin 

concentration of 1, 5, 10, 50, 100 and 500 µg/mL. The 96-well plate was then incubated at 37 

°C. After 24 h, the biofilms were quantified via fluorescent changes using the microplate reader 

and crystal violet staining. 

 

Crystal violet stain 

Crystal violet 0.1% w/v stain was prepared from a 1% w/v crystal violet stock solution to further 

assess the biofilm mass. Thereafter, 125 µL of crystal violet was added to the biofilms and 

stained for 10 minutes. The solutions were then discarded and the wells were washed with 

filtered tap water to remove the excess dye. Photographic images were then taken using a digital 

camera. To solubilize the dye and resuspend the biofilms, 200 µL dimethyl sulfoxide (DMSO) 

was added into each well. The solubilized biofilm solutions were further diluted 4x by adding 

50 µL of the solution to an addition of 150 µL DMSO in new wells. Absorbance readings was 

obtained at 590 nm using a microplate reader (Spark, Tecan). The experiment was carried out 

in triplicates. 

 

SEM imaging of biofilm  

To visualize the antibiofilm effect of the formulations and changes to the morphology of the 

bacteria, scanning electron microscopy (SEM) was performed. The biofilms were grown as 

abovementioned without the nanoparticles on poly-l-lysine coated coverslips. The coverslips 
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were added to 12-well plate and aliquots of 1 mL of the growth solution (growth media 

containing glucose 12.5 % w/v and 106 CFU bacteria solution) was added to the wells. The plate 

was incubated at 37 °C. After 6 h, the growth solution was replaced with 1 mL of formulation 

to give a final vancomycin concentration of 1, 5, 10 and 50 µg/mL. Growth media only served 

as negative control. Prior to imaging, the sample on the coverslips were washed twice using 1 

mL sterile PBS. Then, 4 % formaldehyde in addition to 2.5 % glutaraldehyde (in PBS) was 

added to each coverslip to fix the samples. Thereafter, the slides were placed in a refrigerator 

overnight at 4 °C. After incubation, the samples were washed twice with 500 µL PBS and the 

coverslips stained with 1% osmium tetraoxide (OsO4) for 30 minutes. Afterwards, the OsO4 

was discarded and fresh water was added to the slides for 5 minutes. The staining and addition 

of water was then repeated. Ethanol series of 30 % for 5 minutes, 60 % for 10 minutes, 90 % 

for 10 minutes and 100 % for 10 minutes was used to dehydrate the samples prior to drying in 

critical point dryer (EM CPD300, Leica) and sputter coating with gold and palladium (Polaron 

Range Sputter Coater, Quorom Technologies Ltd). The samples were imaged using SEM 

(Sigma, Zeiss). 

 

Biofilm penetration assay 

Evaluation of the ability of the zwitterionic nanoparticles to bind and penetrate into the S. 

aureus biofilms was investigated using confocal laser scanning microscopy (CLSM). GFP 

labeled S. aureus biofilms were grown as previously described, in 8 well chambered coverslips 

for 24 h. Fluorescently labelled PDM 90/5/5 formulations (PDMRho) were prepared with the 

addition of 18:1 Liss Rhod PE. After growing the biofilms for 24 h, the growth solution was 

discarded and the biofilms were treated with 300 µL of 50 µg/mL PDMRho 90/5/5 formulation 

at pH 5.5 for a duration of 30 minutes or 120 minutes. Prior to imaging, the biofilms were 

washed with sterile water to remove unbound nanoparticles on the biofilm surface. Thereafter, 

the biofilm bound zwitterionic nanoparticles were observed under CLSM with excitation and 

emission wavelengths of 480 nm and 530 nm (GFP) and of 560 nm and 583 nm (rhodamine B), 

respectively. 

 



 

Page 30 of 71 

4.6 Cell culture 

Cytotoxicity of zwitterionic nanoparticles 

The cell toxicity of the formulations was assessed using human immortal keratinocytes, HaCaT 

cells. The cells were cultured in medium cell culture flasks with Dulbecco’s Modified Eagle’s 

Medium (DMEM) high glucose (supplemented with 10 % w/v fetal bovine serum (FBS) and 1% 

penicillin-streptomycin). At 80% confluency, the cell monolayer was washed twice with 10 mL 

of phosphate-buffered saline (PBS). The PBS was discarded, then 3-4 mL of PBS + EDTA 

(0.25 mM) was added to remove cell to cell adhesion and the flask was incubated for 10 

minutes. Thereafter, 1 ml of 0.25 % trypsin was added and further incubated for 2 minutes to 

detach the cells. The cell solution was then added to 7 mL of fresh DMEM and the solution 

pipetted to separate the cells. The cell density was measured using a handheld automated cell 

counter device. Afterwards, 200 µL of the cell solution was seeded at a cell density of 6000 

cells per well in a 96-well plate. The plates were incubated for 24 h at 37 °C. The cytotoxicity 

of the formulation was determined at final vancomycin concentrations of 0.5, 1, 5, 10 and 50 

µg/mL. The exact concentration of vancomycin in the formulation was determined using a UV-

spectrophotometer prior to cytotoxicity assays. Wells containing only DMEM solution served 

as a negative control and free vancomycin served as a positive control. From each sample 

concentration, 100 µL was added into 4 wells, and the plates were incubated for another 24 h. 

The cytotoxicity of the formulation was determined by 3-(4.5-dimethylthiazol-2-yl)-2.5-

diphenyltetrazoliumbromide (MTT) assay. 

 

MTT studies 

The colorimetric MTT assay was used to investigate the cytotoxicity of formulation on HaCaT 

cells. Briefly, tetrazolium salt was weighed and ultra-pure water was added to achieve a stock 

concentration of 5 mg/mL. From this stock, a 10x dilution of MTT in DMEM (0.5 mg/mL) was 

prepared and used in the experiment. The test agents from each well were discarded, then 200 

µL of the 10x diluted MTT solution was added and incubated for 2-4 h. After incubation, the 

MTT solution was removed, and 100 µL of DMSO was added into each well to dissolve the 

formazan crystals. Investigation of the cell viabilities and quantification of formazan was done 

by microplate reader (Spark, Tecan). 



 

Page 31 of 71 

4.7 Ex vivo pig skin biofilm eradication model 

The biofilm eradication efficacy of the zwitterionic nanoparticles was further assessed using an 

ex vivo pig skin model previously reported (with some slight modifications) (119). Sections of 

pig ear skins of 5 mm were cut using a circular biopsy punch. The skin sections were transferred 

to a 24-well plate and thoroughly washed 3 times with sterile water. To disinfect the skins, 500 

µL of chloramphenicol (10 µg/mL) was used to treat the sections for 1 h. After disinfection the 

skin sections were washed 3 times with PBS and incubated with 500 µL of 70 % ethanol for 20 

minutes to ensure sterility. Afterwards, the sections were washed 3 times with PBS and 

incubated in PBS. After 1 h, the skin sections were transferred with the skin side up to a 96-

well plate containing 150 µL solidified agar to ensure hydration of the skin. The skins were 

allowed to dry for 15 minutes prior to addition of 20 µL bacteria solution of S. aureus 

(equivalent to 106 CFU). The plate was incubated at 37 °C for 24 h to establish mature biofilms. 

Then, 50 µL of the formulation was added to the skin sections and the plate was again incubated 

for an additionally 24 h. For the negative control, 1x EB buffer was applied to the skin sections. 

Additionally, skin sections without any bacteria and treatment was also prepared for the 

adjustment of the fluorescence baseline. PBS was added to the empty wells to keep the skins 

well hydrated and to minimize evaporation. Post-incubation, the sections were transferred to a 

costar black 96-well plate and the fluorescence changes were measured in microplate reader 

(Spark, Tecan). The experiments were done in triplicates.  
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5 RESULTS AND DISCUSSION 

In this study, a pH responsive nanocarrier was fabricated as a strategy to improve the 

performance of antimicrobials against biofilm infections. To achieve this, vancomycin loaded 

DNA nanogels (Van-DNs) were coated with a lipid layer prepared from varying the mole 

percentage of Soy phosphatidylcholine (SPC), 1.2-Dioleyloxy-3-dimethylaminoproane 

(DODMA) and Cholesteryl hemisuccinate (CHEMS) or 16:0 PA-PEG3-mannose (mannose) to 

form a series of zwitterionic nanoparticles from which the optimal system with ideal pH 

responsiveness was determined (Figure 9). 

 

 

Figure 9: Schematic illustration of the zwitterionic nanoparticle with surface modulation to achieve pH 

responsiveness. 

 

We hypothesized that the optimal system could sustain the release of vancomycin, improve 

drug specificity and binding affinity to bacterial biofilms as well as retain antibiofilm efficacy. 
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5.1 Characterization 

Effect of lipid composition on the pH responsiveness of the nanoparticles 

First, blank DNs were prepared and coated with varying proportions of the individual lipids as 

presented in Table 2 using approximately 7.5 – 7.8 mg/mL total lipid concentration. Using zeta 

potential measurements at different pH conditions, we examined the effect of the lipid 

compositions on the surface potential of the formulations. Also termed electrokinetic potential, 

the zeta potential reflects the potential difference between the electric double layer of an 

electrophoretically mobile particle and the layer of dispersant around them (77). Generally, the 

dispersal of a charged anionic particle creates an adsorbed double layer on its surface. This 

layer (i.e. the electric double layer) consists of a strongly adhered stern layer (with cations) and 

a diffusion layer (with both cations and anions) (120, 121). As the outermost layer, the 

composition of the diffusion layer is highly variable and is dependent on several factors such 

as the pH and ionic strength of the dispersant (77). The pH of the dispersant is highly relevant 

in pharmaceutical formulations and is described as the most influential parameter in zeta 

potential measurement given its influence on stability/flocculation of pharmaceutical products. 

Specifically, when the pH of a colloidal formulation (e.g. liposomes) is close to its isoelectric 

point, the colloidal system loses its stability and agglomerates (77). Since we sought to prepare 

a zwitterionic formulation with good stability at acidic pH so as to enhance uptake into the 

biofilm, the choice of the lipid is very important. Using an ionizable lipid with improved 

stability at low pH was therefore warranted.  

As shown in Figure 10A, the PD 95/5 formulation demonstrated the most positive zeta potential 

as predicted (+27.03 ± 0.45 mV at pH 7.3 and +40.53 ± 0.74 mV at pH 4.2), due to the highly 

cationic nature of the ionizable lipid, DODMA. In keeping the mole percentage of DODMA, 

constant, we reduced the ratio of the neutral SPC lipid since it played a negligible role on the 

surface charge of the formulation and incorporated the anionic lipids to prepare the PDM 

(mannose) or PDC (CHEMS) formulations. At lower concentration of 0.25 mM, the PDM 

formulation with mole percentage of 92.5/5/2.5 presented a positive zeta potential of +12.83 ± 

0.16 mV at pH 7.3 and +31.2 ± 0.17  mV at acidic pH (pH 4.2) (Figure 10A). Since this system 

was not optimal, we increased further the concentration of the mannose to 0.5 mM. Zeta 

potential measurements of PDM 90/5/5 revealed a close to neutral surface potential of -6.67 ± 

0.07 mV at pH 7.3 with a sharp reversal to a cationic value of +12.33 ± 0.51 mV at acidic pH. 
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This reduced zeta potential is attributed to the increased concentration of the anionic mannose 

which neutralizes the positive charge of DODMA. 

In reciprocating the abovementioned mole percentages, the PDC formulations were prepared. 

At mole percentages of 92.5/5/2.5 and 90/5/5, the PDC formulations both presented a positive 

zeta potential of +20.80 ± 0.15 mV and +13.80 ± 0.46 mV, respectively at physiological pH 

(pH 7.6). At acidic pH, a significant increase in the zeta potential to +40.8 ± 0.65 mV (PDC 

92.5/2.5/2.5) and +41.17 ± 0.25 mV (PDC 90/5/5) was observed. Compared to the PDM 90/5/5, 

the PDC 90/5/5 formulation exhibited a more drastic switch in charge at acidic pH (i.e. a charge 

change of ~ +26 mV was seen for the PDC formulations compared with a charge change of ~ 

+19 mV for the PDM formulations). This is attributable to the ionizable cationic DODMA in 

corporation with CHEMS, whose surface is highly affected by pH. Seeking to completely 

neutralize the zeta potential of the PDC formulations, PDC 85/5/10 was prepared with a more 

negative zeta potential of –10.4 ± 0.54 mV at pH 7.6. Despite the increment of the mole 

percentage of CHEMS in the PDC formulation the observed change in zeta potential at pH 4.5 

resulted in a charge switch to +37.6 ± 0.17 mV which was almost similar to the other PDC 

formulations (Figure 10B). 

 

 

Figure 10: Effect of lipid compositions and pH on zeta potential in A) PDM formulations and B)PDC 

formulations. 

 

We propose that this observation can be attributed to the reversal of CHEMS within the 

formulation from a lamellar phase at physiological pH to a hexagonal phase (head group 

inverted state) at acidic pH (122). This change influences the surface potential of the PDC 
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formulation and allows the overall charge to be dominated by the DODMA lipid. Unlike the 

PDC formulation, the PDM retains its lamellar phase wherein the exposed anionic head group 

from the mannosylated lipid neutralizes part of the charge from DODMA to significantly reduce 

the zeta potential at acidic pH. Therefore, despite utilizing a higher mole percentage of the 

anionic component (CHEMS) to neutralize the surface charge in the PDC formulation, at acidic 

pH, the anionic head group is inverted and does not contribute to the surface potential. 

Consequently, we believed that the PDM 90/5/5 formulation exhibited the most optimal pH 

responsiveness due to the lower mole percentage requirements. Thus, to compare the 

zwitterionic properties, the PDC formulation with similar mole percentage as the PDM 

formulation was chosen for further evaluation. However, since the PDC 90/5/5 formulation 

presented cationic values at both physiological and acidic pH, the PDC 85/5/10 formulation 

was also utilized as a control for the optimized PDM 90/5/5 formulation. 

 

Size and zeta potential characterization of the nanoparticles 

When designing nanocarriers, adequate characterization of the physiochemical property of the 

nanoparticle is essential for the development of well-defined and pertinent DDS. Properties 

such as size and surface charge play a major role in the ability of a nanosystem to succeed since 

they influence many aspects such as nanoparticle stability, interaction with targets, 

accumulation, toxicity and clearance from the body (123). The size of the nanoparticles is often 

expressed as radius or hydrodynamic diameter. Due to the small sizes of the nanoparticles, their 

surface-to-volume ratio is higher compared to larger objects which consequently increases the 

total surface area and makes the nanoparticles potentially more reactive i.e. imparts higher 

magnetic and conductivity properties (124). The size range of nanoparticles is often broad and 

was defined in 2011 by the European Commission (125) to be between 1 – 100 nm for ³ 50% 

of the particles. However, this definition is only a recommendation and should be used as a 

reference for identification of nanoparticles. In reality, larger nanoparticles have been prepared 

and reported to exhibit good efficacy while presenting advantages such as increased drug 

loading capability and reduced premature clearance by the renal excretion system. Therefore, 

the optimal nanoparticle size highly depends on the therapeutic application route and desired 

site of action (126). 

The encapsulation of drugs in liposomes has been shown to improve the therapeutic efficacy of 

antimicrobials in skin therapies (127). Compared to conventional formulations, liposomes 
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provide improved absorption, increased penetration rates and have enhanced the local 

concentration of the drugs that accumulate in the skin. In addition to lipid composition and 

lamellarity, the size of the liposome is a crucial factor that influences the observed enhancement 

of skin therapies (128). Considering this, du Plessis and colleagues suggested that liposomes of 

200 nm – 300 nm were the optimum size range for the topical drug delivery of drugs (129). 

Furthermore, the size can also affect the bacteria and biofilm interactions (130). For instance, 

Meers and colleagues demonstrated that liposomal amikacin nanoparticles of ~300 nm size 

penetrated into P. aeruginosa biofilm and infected mucus more readily, whereas larger beads 

(1000 nm) in comparison did not (131). In this project, we therefore sought to prepare 

nanoparticles with a size range of 200-250 nm to ensure co-encapsulation of the nucleic acid 

nanostructures and antibiotic without compromising biofilm penetration. We included the 

nucleic acid within the formulation as a previously published study by Obuobi and colleagues 

(107) demonstrated that the entrapment of nucleic acid imparted anti-inflammatory activity and 

improved the loading efficacy of vancomycin. 

Following the assessment of the effect of the lipid compositions on pH responsiveness of the 

zwitterionic nanoparticles, DLS experiments were conducted in order to investigate and 

characterize the size, size distribution and zeta potential of the formulations. The PDC 90/5/5, 

PDC 85/5/10 and PDM 90/5/5 formulations were evaluated and compared to the PD 95/5 

controls. As shown in Figure 11A, the size of the PDM 90/5/5 and PDC 90/5/5 were ~200 nm 

at physiological pH. PDC 90/5/5 and PDM 90/5/5 achieved sizes of 221.73 ± 0.93 nm and 

220.63 ± 0.84 nm respectively, which was significantly larger than the PD 95/5 formulation 

(183.03 ± 1.23 nm). This observation is potentially due to the electrostatic repulsion between 

the polyanionic DNA and the anionic lipids in PDM and PDC formulations. Conversely, the 

PDC 85/5/10 formulation displayed an even larger size of 250.13 ± 2.53 nm. A further 

hypothesis for the increased size of PDC 85/5/10 formulation is due to poor entrapment of the 

DNA nanogel, increasing the variation of liposome size. As presented in Figure 11B, all of the 

nanoparticles exhibited a low polydispersity index (PDI) of 0.17 ± 0.01 (PD 95/5), 0.22 ± 0.01 

(PDC 90/5/5) and 0.20 ± 0.02 (PDM 90/5/5), indicating a homogenous and narrow size 

distribution of the liposomes (Figure 11D). However, the PDC 85/5/10 formulation presented 

a higher PDI of 0.43 ± 0.003, indicating a higher degree of multimodal size distribution (data 

presented in Appendix Figure 1). For lipid-based DDS, a PDI value > 0.3 is usually undesired 

and considered as unacceptable (132). 
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Figure 11: DLS measurements of the different zwitterionic formulations A) size, B) PDI, C) zeta 

potential and D) size distribution. Values based on mean ± SD (n=3). 

 

Zeta potential measurements (Figure 11C) for the PDC 90/5/5 was +17.40 ± 0.17 mV at pH 

7.4 compared to PDM 90/5/5 which revealed a neutral charge of 0.02 ± 0.02 mV. Given the 

observed neutral charge of the PDM 90/5/5 and its retained pH responsiveness, the PDM 90/5/5 

formulation was identified as the optimal formulation with the ideal surface charge properties. 

PDC 90/5/5 was further used for comparison, while the PDC 85/5/10 formulation was not 

investigated any further due to its larger size and PDI value. 

 

Effect of biofilm-mimicking pH conditions on formulation characteristics 

Next, to further investigate the pH effect on the different zwitterionic nanoparticles, size and 

zeta potential measurements were obtained both at pH 7.4 and pH 5.5. By varying the acidic 

conditions of the formulations, changes in pH may influence the overall size of the nanocarriers. 

As shown in Figure 12A, both the PD 95/5 and the PDM 90/5/5 maintained their size at reduced 

pH levels, showing no significant changes. On the other hand, the PDC 90/5/5 formulation 
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showed a significant increment from 221.73 ± 0.93 nm (PDI: 0.22 ± 0.008) at pH 7.4 nm to 

233.17 ± 0.93 nm (PDI: 0.23 ± 0.014) at pH 5.5. Additionally, the PDC 90/5/5 demonstrated 

an altered intensity and size distribution at pH 5.2 after 24 h (Appendix Figure 2), whereas the 

PDM 90/5/5 formulation exhibited a similar intensity in size distribution at pH 7.2 and pH 5.2 

(Appendix Figure 3). This observation is potentially due to the protonation of carboxyl group 

of CHEMS under acidic milieu. This weakens the interactions between the complementary lipid 

anionic CHEMS and DODMA to potentially promote liposome fusion and destabilization to 

cause aggregation. Similar findings were observed by Sudimack and colleagues, when oleyl 

alcohol liposomes composed of CHEMS, egg phosphatidylcholine (PC) and Tween-80 

incubated in pH 5.0 demonstrated a time and pH-dependent increase in particle size, where up 

to 15-fold increase in size was observed (133). 

 

 

Figure 12: Effect of pH on A) size and B) zeta potential of formulations. Values based on mean ± SD, 

n=3. 

 

As presented in Figure 12B, the zeta measurements of the zwitterionic nanoparticles revealed 

the ability of both anionic lipids (i.e. CHEMS and mannose) to lower the positive baseline 

charge of PD at physiological pH. As compared to the CHEMS modified formulations, the 

incorporation of mannose lowered the surface charge of the PD to a much higher extent at 

physiological pH. The formulations exhibited zeta potentials of +24.87 ± 0.55 mV (PD 95/5), 

+17.4 ± 0.17 mV (PDC 90/5/5) and +0.02 ± 0.02 mV (PDM 90/5/5) at physiological pH, 

switching to +39.77 ± 0.42 mV (PD 95/5), +29.73 ± 0.21 mV (PDC 90/5/5) and +15.23 ± 0.21 

mV (PDM 90/5/5) at acidic pH, making the increment in zeta potential somewhat similar (~15 



 

Page 39 of 71 

mV) for the different nanoparticles. However, only the PDM 90/5/5 zwitterionic nanoparticle 

presented a neutral surface charge at physiological pH. 

Although formulations with zeta potential greater than -30 mV or +30 mV has been shown to 

have better colloidal stability, and therefore could possibly reduce the aggregation effect (77), 

formulations with higher cationic charge have also been reported to possess higher toxicity (78, 

79). Concordantly, the PDM 90/5/5 formulation which exhibited neutral charge at physiological 

pH demonstrated the most suitable surface properties as previously described. Additionally, the 

subtle positive charge observed at lowered pH level could possibly reduce the toxicity of the 

PDM 90/5/5 formulation compared to the PD 95/5 and PDC 90/5/5 formulations, which is 

highly desired to maintain good biocompatibility. 

 

Stability of the formulations 

The stability of the formulations is an important parameter that guides prediction of the quality 

of formulations. Changes such as aggregation are detrimental to the zwitterionic formulations 

and can be attributed to leakage of the entrapped nucleic acid nanogel and/or the cargo (134). 

Stability studies of the formulation was therefore monitored over time via changes in size and 

zeta potential over 4 weeks at 4 ºC to investigate the absence of aggregation. 

As shown in Figure 13A, the size of the formulations were stable after 2 weeks. After 4 weeks, 

no relevant increase in the size of the nanoparticles was observed. Conversely, the zwitterionic 

nanoparticles revealed a reduction in the hydrodynamic size for both the PDC 90/5/5 and PDM 

90/5/5 formulations. For instance a reduction in the size of the PDM 90/5/5 formulation from 

220.63 ± 0.84 nm to 204.57 ± 1.56 nm was observed. Nevertheless, with an approximate size 

of 200 nm, the formulation was deemed suitable for topical application as reported in literature. 

While zeta potential values lower than -30 mV and higher than +30 mV can indicate better 

colloidal stability for nanoparticles as abovementioned, stability is seldom determined on zeta 

potential only, but are also highly dependent on forces such as wan der Waals and electrostatic 

repulsion (77). 
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Figure 13: Stability of formulations monitored via A) size and B) zeta potential changes over 4 weeks. 

Values based on mean, n=3. 

 

Accordingly, colloidal systems with zeta potential between -30 mV to + 30 mV could still 

demonstrate high stability. Zeta potential measurements of the formulations revealed a drop in 

zeta potential for the PDM and PDC formulations (Figure 13B). After 4 weeks, a change in 

zeta from +0.02 ± 0.02 mV to -7.61 ± 0.78 mV was observed for the PDM 90/5/5 formulations. 

Similarly, the PDC formulations revealed a zeta from +17.4 ± 0.17 mV to +13.03 ± 0.32 mV 

demonstrating somewhat maintained surface charge and overall stability. 

 

Morphology of the zwitterionic nanoparticles 

In addition to size and surface characterization, the shape of the nanocarriers is also a 

determining factor than can influence the fate of the nanocarrier in the body (135). For instance, 

Gratton and colleagues investigated the impact of nanoparticle shape on cellular uptake. They 

reported that rod-shaped nanoparticles displayed the most optimal uptake, followed by 

spherical, cylindrical and cube nanoparticles (136). Moreover, rod-like silica nanoparticles 

designed by Slomberg and coworkers demonstrated improved ability to eradicate S. aureus and 

P. aeruginosa biofilms, whereas spherical shaped nanoparticles were much less effective (137). 

Considering topical application, deformable liposomes which have the ability to adapt their 

deformability and shape due to incorporation of edge activators, have been shown to enhance 

the skin permeation compared to conventional liposomes (138). Tak and colleagues 

investigated the ability of differently shaped silver nanoparticles to penetrate skin in both in 

vitro and in vivo models. The in vivo studies using mice showed that the rod-shaped 
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nanoparticles exhibited better penetration and accumulation in the blood compared to spherical 

and triangular shaped nanoparticles (139). 

 

 

Figure 14: Morphology of zwitterionic nanoparticles A) PD 95/5 B) PDC 90/5/5 and C) PDM 90/5/5 

using TEM (scalebar: 500 nm). 

 

To further correlate the DLS measurements, the morphology of the nanoparticles was 

investigated using transmission electron microscopy (TEM). As indicated in Figure 14, all the 

three formulations displayed a spherical shape. Comparative analysis of the visual appearance 

of the PD 95/5 formulation revealed a smaller size than the PDM 90/5/5 and the PDC 90/5/5 

formulation. This observation is in good agreement with the results obtained from the DLS 

analysis. 

 

Entrapment efficiency (EE%) of the zwitterionic nanoparticles 

To investigate the impact of mannose modification on the entrapment of vancomycin, EE% 

measurements of PDM 90/5/5 formulation and PDC 90/5/5 were compared to the PD 95/5 

formulation. As shown in Figure 15, the entrapment of vancomycin in the formulations was 

comparable and modification with the anionic lipids did not influence the loading of 

vancomycin. 
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Figure 15: Entrapment efficiency % of formulations, values based on mean ± SD, n=2. 

 

Specifically, PDM 90/5/5 exhibited an EE% of 68.05 ± 4.45% whereas the PDC 90/5/5 

formulation exhibited an EE% of 67.82 ± 1.34% compared to PD 95/5 which displayed 67.8 ± 

3.39%. These finding are slightly lower compared to previous work by Obuobi and colleagues, 

where the EE% of vancomycin in the nucleic acid loaded liposomes was 76.59 ± 3.44% (107). 

The lower EE% observed for the zwitterionic nanoparticles fabricated in this project can be 

attributed to the surface modifications with anionic lipids which can compete with vancomycin 

for electrostatic interaction with the polyanionic DNA and therefore lower the amount of 

vancomycin interacting with DNA within the core of the liposomes. 

 

5.2 Biofilm sensitivity and binding  

Lipopolysaccharide (LPS) and Dextran binding affinity 

Lipopolysaccharides (LPS) are bacterial cell wall components which can also be found in the 

biofilm matrix. In in vitro analysis (140, 141), they have been shown to insert into lipid bilayers. 

The binding affinity of the blank formulations was initially compared with the DNA nanogel 

(DN) alone by monitoring changes in the fluorescence intensity of LPS at pH 5.5. Thereafter, 

binding affinity of the formulations was also assessed for the vancomycin loaded nanoparticles. 
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Figure 16: Binding affinity to LPS to the A) blank formulations and B) formulations with vancomycin. 

C) Binding affinity of PDM 90/5/5 to dextran. Values based on mean, n=3. 

 

As shown in Figure 16A, the PD 95/5 and PDM 90/5/5 formulations did not compromise the 

binding affinity of the DNA. On the contrary, DN incorporation resulted in a significant 

increase of the fluorescence intensity. The observed enhanced fluorescence intensity can be 

attributed to the synergistic binding affinity of the lipid modified DN compared to the free DN. 

Following antibiotic incorporation, a significant increased fluorescence intensity was observed 

for all the three nanoparticles (Figure 16B) at pH 5.5. The PD 95/5 formulation showed the 

greatest fluorescence change 101.54 ± 1.85% compared to the LPS control, followed by the 

PDC 90/5/5 which recorded a 93.43 ± 1.92% increase in fluorescence and finally, the PDM 

90/5/5 formulation which showed an increase of 58.14 ± 5.05%. The observation is in direct 

correlation with the zeta potential measurements (PD > PDC 90/5/5 > PDM 90/5/5) at acidic 

pH, therefore we postulate that this interaction is highly dependent on electrostatic interactions. 

Data from experiments conducted at physiological pH is presented in Appendix Figure 4. 
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Next, binding affinity of the optimized PDM 90/5/5 formulation for polysaccharide components 

of the biofilm matrix was investigated by monitoring changes in fluorescence intensity of 

dextran. As shown in Figure 16C, in the absence of PDM 90/5/5, the measured fluorescence 

intensity of dextran was 50534.67 arbitrary units (a.u.). In presence of PDM 90/5/5, a 

concentration dependent increase in the fluorescence intensity of dextran was observed. For 

instance, formulations diluted 1600x showed a smaller (14.80 ± 6.45%) increase in the 

fluorescence intensity compared to 200x diluted formulation (46.41 ± 7.19%). The observed 

changes in the fluorescence correlate the binding of the PDM 90/5/5 formulations to dextran. 

Similar to the LPS experiments, we attributed these observations to the electrostatic interaction 

between the anionic polysaccharide, dextran, and the charged zwitterionic PDM 90/5/5 

formulation at acidic pH. 

 

Nanoparticles responsiveness to bacterial enzyme and endotoxin 

Several pathogenic bacteria such as S. aureus produce enzymes such as lipase which catalyze 

the hydrolyzation of lipids (142). A myriad of studies have therefore, exploited these inherent 

enzymes to fabricate nanomaterials with lipase-triggered drug release properties (143, 144). 

Similarly, the endotoxin a-hemolysin protein is also well-known for its membrane pore-

forming ability (145). These molecules therefore provide the potential to stimulate drug release 

from lipid based nanocarriers for antibacterial therapy. To investigate the sensitivity of the 

optimized zwitterionic formulation to bacterial toxin and enzyme, changes in size of the 

formulation PDM 90/5/5 was monitored over 24 h. 

As shown in Figure 17A, a dose and time dependent degradation of the formulation was 

observed following exposure to lipase. For instance after 1 h of exposure to 1 mg/mL lipase, a 

change in the size of the PDM 90/5/5 was observed from 224.27 ± 1.08 nm to 193.5 ± 2.7 nm 

after 24 h. Upon exposure to higher concentrations of lipase (2 mg/mL and 8 mg/mL) similar 

time dependent degradation was observed which implies the sensitivity of the nanoparticles to 

the degradative enzyme. 
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Figure 17: The responsiveness of PDM 90/5/5 formulation in presence of A) lipase and B) a-hemolysin. 

Values based on mean, n=3. 

 

However in the presence of the pore-forming endotoxin a-hemolysin, only a time-dependent 

degradation of the nanoparticle was observed as shown in Figure 17B. For instance, a 

significant change in the size of the PDM 90/5/5 from 225.77 ± 1.12 nm to 206.4 ± 2.25 nm 

after 24 h was seen after exposure to 75 nM of the endotoxin. This observation potentially 

demonstrates a slower and less sensitive effect of the endotoxin on the PDM 90/5/5 

formulations which can be attributable to the charge neutralization and reduced access to the 

bilayer following surface modification. In order to form pores in the liposome bilayer, the 

interaction of a-hemolysin to lipids is highly dependent on phosphatidylcholine headgroups 

acting as binding sites on the membrane (146). For instance, Schwiering and colleagues studied 

the binding affinity of the endotoxin to various liposomes with varying lipid compositions 

(147). They reported that toxin binding to egg yolk 1.2-diacyl-sn-glycero-3-phosphocholine 

(EPC) was first observed at higher fractions of the lipid, indicating that a certain lipid surface 

density is needed for sufficient interaction. Additionally, they observed that the binding affinity 

was higher to sphingomyelin compared to phosphatidylcholine, potentially showing that in 

order to fully utilize a-hemolysin as a trigger for the drug release, further modifications of the 

lipid composition is warranted. 
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5.3 In vitro drug release 

A crucial requirement necessary to enhance the therapeutic efficacy of the formulations is the 

ability of the DDS to control the release of entrapped drug cargo as a means to improve the 

pharmacokinetic profile. As a measure to address this aspect, the design of a formulation which 

imparts stimuli-responsiveness can possibly prevent premature degradation, sustain the release 

and increase the bioavailability of the drug locally at desired target site (148). In this study, we 

sought to leverage on the numerous enzymes (e.g. lipase) present in the biofilm 

microenvironment to influence and trigger the zwitterionic nanoparticles antimicrobial release. 

Thus, in vitro drug release experiments were conducted to investigate the release profile of 

vancomycin from the nanoparticles in absence and presence of lipase. 

 

 

Figure 18: In vitro drug release of A) PD 95/5 and PDM 90/5/5 and B) PDM 90/5/5 in presence of 

lipase. Values based on mean ± SD, n=3. 

 

As shown in Figure 18A, PD 95/5 formulation released 40.58 ± 2.85% of vancomycin within 

12 h. The total drug release at 24 h was approximately 50.21 ±1.78%. Comparatively, the PDM 

90/5/5 formulation released 34.05 ± 5.43% and 49.57 ± 1.46% at 12 h and 24 h, respectively. 

These observations are similar to previously reported work of Obuobi and colleagues (107), 

where encapsulation of antibiotic loaded DNA nanogels inside the lipid bilayer structure 

sustained the release of vancomycin. Moreover, there were no significant changes in the 

cumulative release from the PDM 90/5/5 formulation compared to the PD 95/5, indicating that 

mannosylation of the nanoparticles did not significantly influence the release profile. 
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Next, to investigate the enzyme triggered release profile from the zwitterionic formulation, the 

PDM 90/5/5 nanoparticle was exposed to different concentrations of lipase (1, 4 and 8 mg/mL) 

as shown in Figure 18B. When exposed to 1 mg/mL of lipase, no difference in the release 

profile was seen. This can be attributed to reduced degradation of the nanoparticles at low lipase 

concentrations of 1 mg/mL, as indicated by the slow size reduction obtained by DLS, previously 

presented in Figure 17A. The cumulative release of vancomycin from the nanoparticle 

increased in presence of 4mg/mL of lipase. At 12 h the cumulative release was 59.67 ± 1.52% 

and a total of 84.35 ± 1.97% was observed at 24 h, compared to PDM 90/5/5 formulation in 

absence of lipase at 24 h which exhibited a drastically lower percentage, only reaching 49.57 ± 

1.46% after 24 h. Further investigation with 8 mg/mL lipase exhibited a significant increase in 

the release profile compared to PDM 90/5/5 formulation in absence of lipase. For instance at 4 

h, and 24 h the percentage release of the formulation was 57.43 ± 0,78% and 88.76 ± 14.95%, 

respectively. Surprisingly, the increase of lipase from 4 mg/mL to 8 mg/mL did not significantly 

affect the cumulative release of vancomycin from the nanoparticle which can indicate that both 

concentrations encouraged degradation of the bilayer to a similar degree. This could be 

attributed to substrate saturation, where the addition of enzyme would not necessarily affect the 

rate of the lipid degradation of the nanoparticle or affect the release profile. These findings 

correlate with the observed significant reduction in the size upon exposure to high lipase (8 

mg/mL) conditions. Additionally, these results demonstrate that the release of vancomycin can 

be controlled and triggered by lipase, via degradation of the lipid bilayer to contribute to the 

“on-demand” release of drug. 

 

5.4 Antibiofilm effect 

Biofilm inhibition and eradication 

Considering the observed release profile from the optimized formulation, we hypothesized that 

the zwitterionic nanoparticle could preserve the activity of the antimicrobial cargo. 

Vancomycin is a glycopeptide, which acts by inhibiting the polymerization of growing amino 

sugars in the peptidoglycan layer in the bacteria cell wall. This antimicrobial is widely used as 

a first-line agent against severe multidrug-resistant infections caused by Gram-positive bacteria 

strains, for instance methicillin-resistant Staphylococcus aureus (MRSA) (149). Biofilm 

inhibition and eradication assays were therefore conducted to investigate the ability of the 
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zwitterionic nanoparticles to prevent and eradicate S. aureus biofilms. Vancomycin at 1 µg/mL 

has previously been reported (107) to completely inhibit the bacteria growth of S. aureus. 

Therefore, we aimed to investigate the antibacterial activity of the formulation at doses based 

on ½ x MIC – 32x MIC for the biofilm inhibition study. 

 

 

Figure 19: In vitro antibiofilm activity of PDM 90/5/5 formulation. Effect of formulation on A) biofilm 

inhibition and B) biofilm eradication. Values based on mean ± SD , n= 3. 

 

As shown in Figure 19A, following treatment with 0.5 µg/mL (1/2x MIC) of vancomycin 

loaded into the zwitterionic nanoparticles, a significant reduction in biofilm formation was 

observed with a relative fluorescence intensity of 95.52 ± 4.30% (of fluorescent S. aureus) 

compared to the untreated control group (100%). Exposure to a higher concentration of 1 µg/mL 

led to a reduced relative fluorescence intensity of 0.31 ± 0.03% of the GFP labelled bacteria, 

which demonstrates an almost complete inhibition of the biofilm growth at the tested 

concentrations. To correlate the fluorescence readings, the well-established crystal violet (CV) 

staining method was performed. Similar to the fluorescence readings, the absence of biofilm 

mass at concentrations ranging from 1 µg/mL to 32 µg/mL of the vancomycin loaded 

nanoparticles was observed. For instance at 1 µg/mL, the measured biofilm mass was only 

14.97 ± 2.33% (as compared to 100% for untreated control group). These findings indicate that 

the incorporation of vancomycin into the DN and subsequent exposure to the different thermal 

hybridization conditions did not degrade the antimicrobial drug. Additionally, it indicates that 
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the zwitterionic nanoparticles preserved the antimicrobial activity of the drug and released the 

entrapped cargo when present at targeted bacterial site. 

Next, biofilm eradication assays were investigated to determine the ability of the formulations 

to eradicate 6 h matured biofilms. As shown in Figure 19B, at 1 µg/mL of vancomycin loading, 

a significantly reduced biofilm bioburden was demonstrated with a relative fluorescence 

intensity of 85.3 ± 5.63%. At higher concentrations of 5 µg/mL, a further improved eradication 

profile with a relative fluorescence intensity of 4.11 ± 3.34% was observed. The performed CV 

staining correlated with the abovementioned fluorescence findings, with a drastically reduced 

biofilm mass of 72.89 ± 2.82% when exposed to 5 µg/mL PDM 90/5/5 as shown in Figure 

19B. 

 

SEM imaging 

The observed biofilm eradication effect of the PDM 90/5/5 formulation was further visualized 

under SEM. As shown in Figure 20A, the untreated control group showed the presence of 

densely populated bacterial colonies. 

 

 

Figure 20: Effect of A) control, B) 1 µg/mL, C) 5 µg/mL and D) 10 µg/mL PDM 90/5/5 formulation on 

ultrastructure of S. aureus biofilms using SEM (scalebar: 10 µm). 



 

Page 50 of 71 

Upon addition of 1 µg/mL of the formulation, a small reduction in the density of the bacteria 

was observed (Figure 20B). However, the 5 µg/mL (Figure 20C) and 10 µg/mL (Figure 

20D) treated groups demonstrated a drastic reduction in the density of the bacteria colonies 

with very few cells present. These results further confirm that the PDM 90/5/5 formulations 

could sufficiently eradicate biofilms within 24 h. 

 

Biofilm penetration assay 

One of the reasons for the many failed treatment of clinical infections is due to the poor 

bioavailability of antimicrobial drugs. To address this challenge, a DDS which can bind to and 

penetrate into the layers of the biofilm to deliver the cargo can enhance local drug accumulation 

within the infection site. Hence, the binding and penetration of the zwitterionic nanoparticles 

to the biofilm were investigated via CLSM at acidic environment (pH 5.5). As previously 

described, the sensitivity of the zwitterionic formulations to acidic environment was essential 

to impart a switch in surface charge of the nanoparticles, from a neutral charge to a cationic 

charge. As a result, we hypothesized that this will assure binding and penetration through the 

biofilms. The time dependent penetration of the rhodamine labelled formulations (PDMRho 

90/5/5) was therefore investigated. 

As shown in Figure 21B, after 30 minutes of exposure to PDMRho 90/5/5 (50 µg/mL), a weak 

red fluorescence within the mature S. aureus biofilms was observed with a more dominant green 

fluorescence from the bacteria (GFP). 
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Figure 21: In vitro biofilm binding and penetration assay toward S. aureus biofilms. CLSM 3D-images 

of A) CTRL, and after exposure PDMRho 90/5/5 (50 µg/mL) for B) 30 min and C) 120 min. 

 

However, after 120 minutes of exposure to the formulation (Figure 21C), an increased amount 

of the red fluorescence from rhodamine B was observed. More importantly, the merged image 

of the two fluorescence substances showed co-localization of the PDMRho 90/5/5 (50 µg/mL) 

with the biofilm which potentially confirms its biofilm uptake. These results confirm the high 

binding and penetration of the formulation in S. aureus biofilms. 

 

5.5 Cytotoxicity 

When introducing foreign particles into the human body, toxic substances can possibly induce 

unwanted immune responses and/or other undesired side effects. There is therefore a great 

interest to design non-toxic nanocarriers and investigate their biocompatibility as a means to 

better estimate their ability to integrate with the biological system (150). Hence, the 

biocompatibility of free vancomycin and vancomycin loaded zwitterionic nanoparticles was 

evaluated in vitro in HaCaT cells. 
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Figure 22: Cytotoxicity of free vancomycin and formulations with various concentrations assessed on 

HaCaT cells. Values based on mean ± SD, n=3. 

 

Free vancomycin at a dose range between 1µg/mL to 50 µg/mL demonstrated negligible 

toxicity. As shown in Figure 22, exposure to 50 µg/mL of PD 95/5 for 24 h resulted in 

significantly reduced cellular viability of 50.73 ± 1.30% compared to the untreated control 

group (i.e. 0 µg/mL of PD 95/5). On the other hand, exposure to 50 µg/mL of PDC 90/5/5 

resulted in a viability of 63.64 ± 1.25%. According to International Organization for 

Standardization (ISO) standards (151), a reduced viability less than 70% indicates toxicity, and 

therefore the PD 95/5 and PDC 90/5/5 formulations demonstrated concentration-dependent 

toxicity. Conversely, when the cells were exposed to PDM 90/5/5 at the same concentration, 

the viability exceeded 70% (i.e. 73.72 ± 3.71%), demonstrating reduced toxicity and a good 

degree of biocompatibility of the formulation towards HaCaT cells. This observation can be 

attributed to the modulation of the surface potential in the PDM zwitterionic (+0.02 ± 0.02 mV) 

formulation, compared to the highly cationic PD (+24.87 ± 0.55 mV) and PDC (+17.40 ± 0.17 

mV) formulations. As previously mentioned, it is shown that cationic liposomes exhibit greater 

toxicity compared to neutral or anionic liposomes in some tissue cells (78, 79). Liposomes 

possessing a higher zeta potential have also been found to be more toxic compared to liposomes 

with lower zeta potentials (152). 
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Moreover, the high compatibility of the PDM formulations are in good agreement with 

previously reported compatibility study of vancomycin loaded DN constructs prepared with 

neutral SPC liposomes by Obuobi and colleagues (107). In this work, the authors also 

demonstrated more than 70% cell viability of the vancomycin loaded nucleic acids liposomal 

hybrids (Van_DNL). In agreement to this study, Ternullo and coworkers utilized the lipid 

soybean phosphatidylcholine (SPC), to fabricate human epidermal growth factor (heGF) 

incorporated deformable liposomes for skin therapy (153). The authors observed that the empty 

neutral liposomes were non-toxic to human foreskin fibroblast (HF) and HaCaT cells after 24 

h. Furthermore, after 48 h exposure to the heGF loaded liposomes, the HF proliferation was 

increased by 40%. 

 

5.6 Ex vivo pig skin biofilm eradication 

To further assess the translational value of the zwitterionic nanoparticles, the ability of PDM 

90/5/5 formulations to eradicate biofilms caused by GFP labelled S. aureus was investigated in 

an ex vivo porcine explant model (Figure 23A). 

 

 

Figure 23: Ex vivo porcine skin explant biofilm eradication model and effect of the PDM 90/5/5 

formulation on an ex vivo wound infection model. A)Schematic illustration of experimental steps to 

establish the model. B) Fluorescence intensity results. Data calculated based on baseline adjustment 

and presented as mean ± SD as well as individual values, n= 3. 
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As shown in Figure 23B, in the control group (treated with 50 µL 1x EB buffer) a fluorescence 

intensity of 3779.13 a.u. was observed after 24 h following biofilm establishment. However, a 

significant reduction in fluorescence intensity on the skin sections was observed when 50 µL 

of the PDM 90/5/5 formulation was topically applied once, as compared to the untreated control 

group. This resulted in a fluorescence change of 56.16 ± 2.26% and indicates the ability of the 

formulation to reduce bacterial burden within 24 h. These findings correlates with the pre-

reported in vitro results and revealed the antimicrobial potency of the PDM 90/5/5 formulation 

as well as demonstrates their potential as an effective antimicrobial delivery system in topical 

wound therapy. 
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6 CONCLUSION 

The main aim of this study was to design a zwitterionic nanocarrier system to enhance the 

delivery of antimicrobial drugs against S. aureus wound biofilms. To achieve this, we sought 

to fabricate a pH and enzyme responsive DDS to better control the behavior of the nanocarrier 

(i.e. enhanced biofilm binding, control drug release and minimize toxicity). 

A successful fabrication of the zwitterionic nanoparticle PDM 90/5/5 was achieved. 

Characterization by DLS and TEM presented well-formed zwitterionic nanoparticles with the 

desired surface characteristics (i.e. size, shape, surface charge) and the formulation exhibited 

good stability over one month. Entrapment efficiency studies revealed that the modulation of 

the lipid surface did not compromise the loading of the drug. Further evaluations demonstrated 

the sensitivity of the formulations to components of the biofilm matrix (i.e. LPS, dextran), 

bacterial enzyme (i.e. lipase) and endotoxin (i.e. a-hemolysin). In vitro drug release 

experiments demonstrated enhanced release in presence of lipase, indicating the enzyme 

triggered and controlled release properties of the formulation. Antibiofilm properties of the 

formulation was assessed by crystal violet staining method, SEM imaging, CLSM and by an ex 

vivo porcine pig skin model, which showed the ability of the formulations to bind, penetrate 

and eradicate S. aureus biofilms. Furthermore, the formulation did not possess any significant 

toxicity towards HaCaT cells. 

Although further studies in vivo need to be conducted, these findings show the advantageous 

effect of the surface modification of the liposome to better enhance the therapeutic efficacy of 

antimicrobial against S. aureus biofilms. The PDM 90/5/5 zwitterionic nanoparticle is a 

promising stimuli responsive DDS, with promising features to address the current burden of 

clinical biofilm infections on medical devices and chronic wounds. Further optimization of this 

nanocarrier holds immense promise to combat the current menace of antimicrobial resistance. 
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7 PERSPECTIVES 

The findings from this study opens up new avenues to the previously fabricated nucleic acid 

loaded liposomal hybrids presented by Obuobi and colleagues (107) in 2020. The current 

modifications done in this work to develop a nanocarrier with the zwitterionic features is a 

promising strategy to further improve the efficacy of the designed DDS against biofilms 

infections. Although the findings from this study provide valuable data, further optimization of 

the methods and the utilization of broader experimental conditions could be explored. 

Following are some short and long-term perspectives presented: 

 

• Regarding quantification analysis, utilization of methods and instruments that are more 

precise could improve the data accuracy. For instance, the use of High Performance 

Liquid Chromatography (HPLC) for quantification experiments of vancomycin could 

be done. 

 

• Investigation of size and surface charge characteristics could be explored in simulated 

biological fluids (e.g. wound exudates) that better mimic in vivo bodily fluids to better 

estimate the effect and potential formation of protein-corona on the liposome surface.  

 

• Investigation of the antibiofilm activity of the formulations against other bacteria 

strains, for instance different S. aureus strains or MRSA. 

 

• Evaluation of the toxicity and biocompatibility of the formulations against other 

mammalian cells (e.g. fibroblast). 

 

• Optimize the skin conditions in the ex vivo porcine skin explant model, to better mimic 

a real wound infection site with altered physiochemical reactions and utilize human skin 

sections to evaluate the ex vivo efficacy of the formulations. 

 

• Findings from experiments done with our conditions will only be indicative and are not 

necessary translational to in vivo conditions. Therefore, it would be of high interest to 

further investigate the formulation in vivo in fitting animal studies to better evaluate the 

formulations effect and safety. 
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APPENDICES 

 

Appendix Figure 1: Size distribution of PDC 85/5/10 formulation.  

 

 

Appendix Figure 2: pH effect on size distribution of PDC 90/5/5 at A) pH 7.2 and B) pH 5.2. 

 

Appendix Figure 3: pH effect on size distribution of PDM 90/5/5 at A) pH 7.2 and B) pH 5.2. 
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Appendix Figure 4: Binding affinity to LPS of formulations with vancomycin at physiological pH 

(7.4). 



 

 

 


