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ABSTRACT OF THE DISSERTATION 

Engineering Physically Active and Genetically Specific Nanoantibiotics 

By 

Julius Adebayo Edson 

Doctor of Philosophy in Chemical and Biochemical Engineering  

University of California, Irvine, 2017 

Professor Young Jik Kwon, Chair 

 

Drug-resistant infectious bacteria are a pressing societal challenge with 

conventional antibiotics are becoming less effective at treating bacterial infections. More 

specifically, gram-negative intracellular infection provides an additional challenge. An 

innovative therapy for combating these emerging superbugs requires a paradigm-shift in 

therapy development. Therefore, a combinatory therapy of nanoantibiotics and gene 

therapy was developed. Chitosan, has been heralded as a material with applications in 

gene therapy, antimicrobials, wound healing, and various biomedical fields due to its 

availability, nontoxicity, and biodegradability, therefore, it was a highly suitable 

nanoantibiotic. However, the efficacy of chitosan is restricted due to the lack of aqueous 

solubility and limited response to biological triggers.  

The focus of my work has been to engineer chitosan as an improved gene delivery 

vector while maintaining the antimicrobial properties. This was achieved by conjugating 

an amino branch to the primary hydroxyl group via a temporary, acid-cleavable ketal 

linkage to created acid-transforming chitosan (ATC). The temporary conjugated 
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aminoethoxy branch onto chitosan increased the hydrophilicity, maintained antimicrobial 

efficacy, and promoted cytosolic release in the mildly acidic endosome. The change in 

hydrophilicity and solubility of ATC was confirmed by dissolving ATC in deionized water 

and observing a complete dissipation. Acid-triggered reduction of ATC to native chitosan 

was achieved by incubation at an endosomal pH 5.0, and analyzed by NMR, MALDI-TOF, 

and FTIR. The antimicrobial capabilities of ATC were explored, and the possible 

mechanism of action was determined using transposon insertion sequencing. The 

efficacy of the free polymer was observed against S. typhimurium, an intracellular 

pathogen, alone at varying pH conditions which lead to a positive correlation between pH 

and effects the polymer had on the microbe. Additionally, ATC polyplexes were applied 

to RAW 264.7 cells infected with S. typhimurium expressing GFP and resulted in a 

decrease in the levels of bacteria found within the cells as confirmed by flow cytometry. 

This highlighted the key advantage of using an antimicrobial vector against difficult 

intracellular infections. Improved cytosolic release, which led to improvement in gene 

delivery, was confirmed by the complexation of ATC with pDNA, and siRNA to form acid-

responsive DNA/ATC (D/ATC) and siRNA/ATC (R/ATC) nanoparticles (NPs), The results 

indicated transfection of 30% and silencing of 85%, for both D/ATC and R/ATC, 

respectively.  

In summary, this dissertation provides a comprehensive study from synthesis to 

application of acid-transforming chitosan as a potential synergistic treatment of drug-

resistant microbes. 
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Chapter 1: Background and Introduction 

 

1.1 Rise of drug-resistant infections 

Infectious diseases remain a major cause of death worldwide with an estimated 

23,000 death toll annually in the United States alone 1. Drug-resistant microbes infect an 

additional 2 million people, leading to sickness. A 2014 report from the United Kingdom 

estimates the death toll of an antibiotic-resistance crisis to be about 300 million deaths 

globally, with a loss of up to $100 trillion to the global economy 2. Dire state of affairs has 

made treatment of infectious diseases a top priority of the US government 1,3. Recently, 

various drug-resistant microorganisms, such as vancomycin-resistant Staphylococcus 

aureus (VRSA), methicillin-resistant S. aureus (MRSA), carbapenem-resistant 

Enterobacteriaceae (CRE), and multi-drug resistant Mycobacterium tuberculosis (MDR-

TB) have increased due to prevalent overuse and misuse of antibiotics 2,4–6.  Developed 

countries have the largest occurrences of multidrug-resistant microorganisms 

(MDRMOs), which are attributed to high availability and abuse of conventional antibiotics 

in agriculture and the human health sectors 6.  Furthermore, intracellular infections such 

as TB provide additional therapeutic challenges. 

Variations of antibiotic agents developed after the discovery of penicillin have 

treated a variety of microbial infections by interfering with the integrity of the cell wall or 

membrane, hindering DNA or RNA synthesis, or disrupting protein or amino acid 

synthesis 7–10. While antibiotics are effective for a short period, their overt misuse of has 

driven microbes to evolve and acquire resistance against many conventional antimicrobial 

agents 11. Moreover, the continuing attempt to develop new antimicrobial drugs has been 
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outpaced by the emergence of drug-resistance microbes despite few successes (i.e., 

teixobactin) 9,12–14. Resistance to antibiotics is acquired by one of two distinct manners, 

microevolution or horizontal gene transfer 10,15–17. Microevolution leads to the survival and 

growth of the mutated genetic line itself. In contrast, horizontal gene transfer occurs when 

plasmids are exchanged between microbial species, resulting in propagated antibiotics 

resistance between multiple species 16,18. Drug resistance in microbes is achieved by 

various mechanisms, including inactivation or modification of antimicrobial drugs, 

alteration of drug target sites, or reduction of drug accumulation by actively expelling 

antimicrobial drugs across the cell membrane (Figure 1.1). These methods collectively 

contribute to developing resistance to current antimicrobial therapy 10. 

1.2 Drug-resistance mechanisms  

An effective mechanism for developing resistance against antimicrobial drugs is to 

modify or alter their structure to an inactive form via hydrolysis, group transfer, or 

reduction 15, (Figure 1.1). The hydrolysis of β-lactam antibiotics is of significant concern 

for its frequent clinical use as the first line of defense against common infections. Group 

transfer mechanism includes acylation, phosphorylation, thiolation, glycosylation, 

nucleotidylation, and ribosylation. Other mechanisms usually consist of chemical 

inactivation by oxidation 19. Another facilitator of drug resistance formation is the 

modification of the drug target site. Many antimicrobial agents target molecular sites that 

are vital for microbial growth and survival. Modification of such target sites by random 

mutations under antibiotic pressure leads to resistance (Figure 1.1). Mutations in RNA 

polymerase and DNA gyrase results in resistance to rifamycins and quinolones 20. 

Furthermore, mutated transpeptidase MecA makes S. aureus resistant to methicillin as 
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well as most other lactam antibiotics 20. Finally, actively pumping out antimicrobial agents 

across the membranes with the use of transporter proteins is another very common way 

for microbes to acquire drug resistance 21. Five families of prokaryotic efflux systems 

involved in drug efflux have been identified: ATP-binding cassette (ABC), major facilitator 

superfamily (MFS), resistance-nodulation-division (RND), multi-antimicrobial extrusion 

(MATE), and small multi-drug resistance (SMR). While the ABC transporters are ATP-

dependent, the other drug transporters require proton motif force 22–24 (Figure 1.1). All of 

these mechanisms are facilitated by some protein within the microbe.  

 

Figure 1.1  A schematic illustration of resistance mechanisms against antimicrobial 
agents, including 1) inactivated antimicrobial agents by hydrolysis, group transfer, or 
reduction (alterers), 2) blocked drug uptake and activity by membrane modification and 
altered binding sites, respectively (blockers), and 3) reduced intracellular drug 
accumulation by actively pumping through the membrane (three major expellers are 
shown). 62 
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1.3 Intracellular infections 

Intracellular bacteria are infectious microorganisms that replicate within host cells, 

usually mononuclear phagocytes (MPs). This allows the bacteria to evade host humoral 

defense mechanisms and aids in the survival and persistence of infection 25. Any host cell 

is suitable for most intracellular infection, but MPs are especially favorable for certain 

intracellular bacteria because they consume microorganisms and other foreign bodies, 

also, they have a long lifespan 25.  

Intracellular microorganisms can be classified by the following four characteristics: 

the exploitation of intracellular survival mechanisms, the role of T-lymphocytes in 

pathogenesis, the formation of granulomas at the infected tissue, and chronic infection 

caused by the inability to eradicate granulomas. The obligatory identifier of intracellular 

bacteria is the capacity to enter host cells, but some extracellular bacteria perform this 

function as well 25.  

M. tuberculosis (Mtb) best fulfills the definition of an intracellular bacteria 25 and is 

quickly becoming a global health problem. The bacteria cause tuberculosis (TB) which is 

estimated to affect 60 million people globally 26, with 9 million new cases appearing 

annually 26, and 1.5 million people dying from the disease giving it the highest morbidity 

rate amongst infectious diseases. Even with the advent of antibiotics, persistent infections 

and the emergence of drug-resistant strains remain a challenge to treat. Mtb primarily 

infects the lung first and occurs with a single 5 m droplet containing about three tubercle 

bacilli. Current treatment includes the use of nitroimidazoles, fluoroquinolones such as 

moxifloxacin, and pyrazinamide, to which various resistances are have developed. 26–28. 
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1.4 Genetic specificity in antimicrobial therapy  

Common antimicrobial agents, from β-lactams to fluoroquinolones, eradicate 

microbes by interfering with their key biological processes. Formation of drug-resistance 

intervenes with the eradication of these microbes. Therefore, new strategies to combat 

drug-resistant microbes by impairing the drug-resistance facilitators (Figure 1.1), 

particularly with high genetic specificity are in demand 29,30. Silencing the expression and 

activity of drug-resistance enablers by delivering antimicrobial RNA is of great interest in 

treating drug-resistant infections. RNA interference (RNAi)-mediated antimicrobial 

therapy can synergistically and selectively remove drug-resistant microbes when co-

administered with common antimicrobial drugs.  Despite the high promise in treating drug-

resistant microbes, RNAi is under-investigated in antimicrobial research and rarely 

utilized in the clinical trials for MDMRO treatment 31. Limited use of RNAi in antimicrobial 

therapy is mainly attributed to the recent discovery of the prokaryotic gene silencing 

pathway, requiring further elucidation of detailed mechanisms for designing effective 

antimicrobial RNAs.  

RNAi was first observed in plants and then various other eukaryotic organisms 

such as Caenorhabditis elegans and even mammalian systems 30,32. Recognition and 

processing of double-stranded RNA (dsRNA) within a cell eventually leads to the 

production of small interfering RNA (siRNA) of 20 to 30 nucleotides that are incorporated 

into a complex known as the RNA-induced silencing complex (RISC) in eukaryotes 30,33. 

This complex is responsible for deleting target mRNAs by complementary base pairing. 

An analogous gene silencing mechanism mediated by the prokaryotic clustered regularly 

interspaced short palindromic repeat (CRISPR) was also reported 34. CRISPR-mediated 
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gene silencing, which is typically used as a mechanism for bacteria to develop resistance 

against foreign nucleic acids, can be employed as a method to silence the target drug-

resistance-enabling pathways in prokaryotes 34. In general, RNAi in both eukaryotic and 

prokaryotic systems is a similar process of internalization of short silencing RNA 

molecules, integration to a large silencing protein complex, and eventual degradation of 

target mRNA 35. While siRNA-RISC complex binds and degrades target mRNA with a 

complementary sequence in eukaryotes, Cas RAMP module (Cmr) complex, a multi-

subunit ribonucleoprotein, 36,37 in combination with CRISP RNA (crRNA; previously 

referred to as prokaryotic silencing RNA or psiRNA) cleaves the target mRNA at two well 

defined sites starting from the 3’ end in prokaryotes 34,38–40. The Cmr complex binds with 

crRNA with an additional 5’ tag of 8 nucleotides (guide sequence) and then cleaves the 

target mRNA with a complementary target sequence that encodes a drug-resistance 

enabler as shown in vitro with β-lactamase 36,41. The target mRNA is cut at the location 

complementary to 14 nucleotides downstream of the 3’ end of crRNA 36.  

Introduction of small silencing RNA (siRNA for eukaryotes and crRNA for 

prokaryotes) complementary to drug-resistance enabler-encoding mRNA can be an 

effective and targeted way to tackle the resistance against common antimicrobial drugs 

39,42. For example, using crRNA against expellers, MsrA or LmrA, re-sensitizes MRSA 

and E. coli to conventional antibiotic treatment 22,43. Additionally, the degradation of target 

mRNA by delivering crRNA in Sulfolobus solfataricus 44 and Synechocystis sp. 45 has also 

been reported. In contrast to ample examples of eukaryotic gene silencing 46–49, achieving 

gene silencing in prokaryotes has not been attempted until recently38,50–53.  A group from 

Tel Aviv University School of Medicine were able to sensitize streptomycin resistant E. 



7 
 

coli to antibiotics by silencing the gene ndm1 and ctx-M-15 using the CRISPR-Cas system 

54.  

1.5 Using nanoantibiotics as a physically active gene delivery carrier 

A pivotal limiting factor in the clinical use of gene therapy is the efficient delivery of 

nucleic acids. siRNA and crRNA are subject to degradation by nucleases and immune 

response in vivo 49. Effective and safe carriers for antimicrobial RNAs share some 

characteristics required for the nanoscale vectors developed for gene therapy:  protection 

of nucleic acids during circulation, selective internalization by target cells/microbes, and 

efficient cytosolic release. The additional antimicrobial activity of the carrier itself can be 

advantageous and specifically desirable for antimicrobial RNA delivery to treat 

intracellular pathogens. For example, some classes of materials have been discovered 

to possess antimicrobial capabilities such as producing reactive oxygen species (ROS), 

disrupting cell membrane, inducing DNA damage, or interrupting trans-membrane 

electron transport, all of which microbes would not easily develop resistance against via 

genetic mutations 55.   

Nanoantibiotics (nAbts) are nanomaterials that have an antimicrobial activity or 

improve the efficacy and safety of antibiotics administration 55. NAbts possess many 

advantages over conventional antibiotics, including but not limited to production, storage, 

durability, and versatility. Preparation of antimicrobial nanoparticles may be cheaper, 

faster, and more adaptable with the added advantage of a long shelf life 55,56. They are 

typically composed of either naturally occurring antibacterial substances, metals and 

metal oxides, carbon-based nanomaterials, or nanoemulsions 57,58. Moreover, the 
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persistent misuse and overuse of current antimicrobials can also be attributed to the lack 

of patient compliance 59–61. NAbts provide the added advantage of a site-specific, 

sustained release that can be administered in a single dose. While most conventional 

antibiotics are a systematic release of therapeutics that require multiple doses. 

The improved antimicrobial efficacy can be attributed to high surface area to 

volume ratios and unique chemical-physical properties. Some proposed antimicrobial 

mechanisms of nAbts include: 1) generation of reactive oxygen species (ROS) that age 

bacterial intracellular components, 2) compromise the bacterial cell wall/membrane, 3) 

interruption of energy transduction, and 4) inhibition of enzyme activity and DNA synthesis 

55,56, as shown in Figure 1.2. In comparison, conventional antibiotic agents have treated 

a diverse multitude of microbes via interference with the integrity of the cell wall or 

membrane, hindrance DNA or RNA synthesis, or disruption of protein or amino acid 

synthesis (Figure 1.2) 62. While there is some overlap present, such as inhibition of nucleic 

acid synthesis and compromising cell wall integrity, the mechanisms by which these occur 

are vastly different. While conventional antibiotics interfere on the molecular scale, nAbts 

physically disrupt key biological processes. This allows for a unique method of destroying 

microbes with a combination of both mechanisms.  
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Figure 1.2. Nanoantibiotics mechanisms versus conventional antibiotic mechanism. 
A schematic illustration of nanoantibiotics (nAbts) mechanism in comparison to 
conventional antibiotics mechanisms.  
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1.6 Chitosan as a physically active carrier 

NAbts come in different shapes and sizes, all of which have been continuously 

documented 55,58,63–65. Nanoantibiotic polymers typically need to be formulated into 

nanoparticles for full usage of the therapeutic antimicrobial properties. These polymers 

do hinder the growth of bacteria through one of the nAbts mechanisms. Chitosan is 

chosen as a vector for various reason. Chitosan, an N-deacetylated chitin product, 

possesses excellent innate antimicrobial properties 66 and enzymatically degrades into 

oligosaccharides. Chitosan physically targets the bacterial surface and damages the cell 

membrane via strong electrostatic interactions between the cationic amines on the 

chitosan and the anionic phosphoryl groups of the microbe membranes67–69. Chitosan 

has been shown to adequately complex nucleic acids 69,70 and damages the cell 

membranes of S. aureus 71,72. 

The threatening challenges concerning the increasing rate of drug-resistant microbes 

can be addressed by an innovative therapeutic strategy of combining nucleic acids 

against drug-resistance enablers and antimicrobial nanomaterials. Further understanding 

of the prokaryotic gene silencing process, selection of novel materials that are 

antimicrobial and capable of carrying antimicrobial nucleic acids, and development of safe 

and efficient administration methods will not only improve the conventional ineffective 

antimicrobial treatments but also assist in preventing the formation of further resistances. 

Furthermore, engineering nanoantibiotics using silencing mechanisms does not negate 

the use of conventional therapies using small molecules. Rather, gene-based strategies 

provide additional synergistic therapies that will allow for more effective treatment of 

bacterial infections. 
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1.7 Scope of the dissertation 

In this dissertation, the use of a pH-responsive polymer as an antimicrobial gene 

delivery platform was explored. The key design parameter was to have the delivery 

vehicle play an active role in the therapy. Various types of antimicrobial could have been 

selected, but very few met the design criteria for gene therapy. Furthermore, due to the 

overlapping pathways of gene delivery and intracellular infections, the design was 

focused on bacteria that invade mammalian cells. The motivation behind Chapter 1 is to 

highlight the challenges with drug-resistant formation caused by conventional antibiotics 

and to demonstrate a possible strategy to circumvent the current problems with 

antimicrobial resistance by using nanoantibiotics as a delivery vector for gene therapy. 

This will be achieved by the combination of the gene-based system to combat drug-

resistance with an engineered vector capable of efficiently delivering a genetic payload in 

addition to supporting the therapeutic process. 

 Chapter 2 provides details of the synthesis of acid-transforming chitosan (ATC). 

Chitosan was selected as our vector because it had many of the desired properties for 

the therapeutic. However, the use of the polymer was met with various hurdles such as 

aqueous solubility, and challenges with endosomal escape. This chapter provides the 

synthesis scheme used to create the acid-responsive variant of chitosan. The modified 

polymer overcame the hurdles presented in the unmodified polymers. Additionally, this 

chapter discusses the challenges involved in the separation and purification of the 

modified polymer. 
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Chapter 3 explored the antimicrobial capabilities of ATC and determined the 

possible mechanism for the antimicrobial efficacy of ATC and chitosan. The efficacy was 

observed against the bacteria alone at varying pH conditions to see the effects had on 

the polymer and microbe. Additionally, the mechanism of action of ATC was hypothesized 

using preliminary data from transposon insertion sequencing. The utility of ATC 

polyplexes in the eradication of an intracellular infection was also demonstrated. The 

investigation into the death of bacteria within a macrophage and the possible target sites 

that would be most efficacious for the application of ATC polyplexes.  

The motivation for Chapter 4 is to demonstrate the gene delivery capabilities of 

ATC polymer. Various polyplexes were created using different genetic materials pDNA, 

and siRNA. These polyplexes were characterized by morphology, surface charge, and 

complexation efficiency. Additionally, in this chapter, the transfection efficiency was 

observed using flow cytometry. 

Chapter 5 describes the summary of developing acid-transforming chitosan as an 

antimicrobial gene delivery vector from chemical synthesis to final formulation of the 

therapeutic and concluded with perspectives and future directions of the work. 
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Chapter 2: Synthesis and characterization of acid-transforming 
chitosan  

 

 

2.1. Introduction 

 

Chitosan is an abundant, natural, biodegradable, antimicrobial material with no 

reported toxicity. Although it is a unique material used within numerous fields, ranging 

from pharmaceutical to food industry 1, chitosan is difficult to use easily in most of those 

applications due to its lack of solubility in biologically relevant pH. Chitosan only readily 

dissolves in any solvent that is of a pH of 5.0 or lower. This pH is not within the range of 

normal biological pH (6-8). Accordingly, this limits the general use of chitosan as a drug 

delivery material. Currently, all attempts to overcome this limitation has been 

accomplished through varied mechanical and chemical modification share one 

commonality: the permanence of modification 1,2. Chitosan has three modifiable sites, the 

primary, secondary hydroxyl, and the primary amine functionality. Various modifications 

to these sites over the years have produced chitosan for use in a multitude of industries. 

While the applications are broad, very few are used in healthcare. Additionally, while 

some of the known modifications have shown success in applications of gene delivery, 

long-term effects of those modifications in a clinical setting are still unknown. Therefore, 

we modified chitosan with the addition of a 2-aminoethoxy branch allowing for improved 

application in aqueous environments.  

2.1.1. Chitosan structure, size, and effects of molecular weight 
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  Chitosan can be obtained in various ranges of molecular weights, ranging from 

10,000 g/mol to 800,000+ g/mol, depending on the processing and the origin of the chitin 

used to create chitosan. Many of chitosan’s properties are attributed to molecular weight, 

with different properties associated with each molecular weight range 3–5. Low molecular 

Table 2.1. pH-responsive functionalities 

Name  Structure pH Range References 

Ketal   
4-5 

 

9,21,22 

Acetal  
9,21 

Hydrazone 
 

<5 

9 

Hydrazide 9 

Oxime  
 

9 

Methyl maleate 
        

5.5, 6.8 9 

Succinyl 
 

5-7 

6,23 

Carboxymethyl 
 

6,21 

Imine 
 

9 

Amino ester 
 

24 

Acetyl 
    

6-7 

6,25 

Histidine  

 

9 

Phthalyl 

 

6 
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weight chitosan and chitosan oligomers of 1kDA have shown higher antimicrobial activity 

against gram-negative bacteria, whereas larger oligomers have higher activity against 

gram-positive bacteria 4. It is suggested that molecular weight and degree of 

deacetylation (DD) have the greatest influence on the various properties of chitosan since 

both parameters affect the number of free amine and crystallinity of the polymer3.  For the 

study, medium molecular weight (30,000-60,000 kDa) chitosan at 80% DA was used with 

the possibility of retaining the benefits determined from low and high molecular weight 

chitosan. 

 

2.1.2. pH-responsive linkers 

pH-responsive linkers have a unique advantage against microbes that thrive in 

highly acidic environments, whether extracellularly in the stomach (pH = 1-3) and 

gastrointestinal tract (pH = 5-8) or intracellular in the phagolysosomes (pH = 4.5-5) and 

macrophages 6–8. Additionally, chronic infections and wounds have pH values between 

5.4 – 7.4 and are another potential site for the application of this therapy 7. Examples of 

microbes that thrive in an acidic environment include Helicobacter pylori, Agrobacterium 

tumefaciens or Vibrio cholera 6,7. This specificity allows for a direct exploitation of the 

stimuli-response in certain tissues or a cellular compartment. The key element for pH-

responsiveness is protonation/deprotonation caused by charge distribution over ionizable 

functional groups such as carboxyl or amino groups six listed in Table 2.1. Polymers that 

contain carboxylic, sulfonic acid or amino groups such as poly(L-histidine), 

poly(methacrylic acid) (PMAA), and  poly(acrylic acid) (PAA) 9,  have been commonly 

used for their pH-responsive functionalities. pH changes induce a phase transition in pH-
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responsive polymers very abruptly, which can aid within intracellular compartments or 

with rapid release of drug cargos. 6,9 

 

2.2 Experimental methods 

2.2.1 General 

  All chemicals were purchased from commercially available sources and used as 

received. Chitosan (MW 18–44 kDa, 80% degree of deacetylation) and 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyltetrazoliumbromide (MTT) were purchased from Sigma-Aldrich 

(Milwaukee, WI).  2,2,2-Trifluoro-1-{2-[2-(1-methoxy-1-methylethoxy)ethoxy]ethylamino}-

1-ethanone (trifluoroacetate [TFA]-protected aminoethoxy branch with ketal linkage, TFA-

AE-k) was synthesized as previously reported 10,11. Phthalic anhydride and hydrazine 

monohydrate were purchased from Acros Organics (Morris Plains, NJ). 

 

2.2.2 ATC synthesis 

Phthalimide-protected chitosan (Phth-C): Chitosan (1 g, 6 mmole pyranose) and 

phthalic anhydride (4 g, 20 mmole) were dissolved in 30 mL of 5% (v/v) deionized water 

in DMF and heated to 120 °C under nitrogen for 7 h. The reaction was stopped by 

mixing with 300 mL of deionized water and Phth-C was obtained after vacuum filtration 

in a fritted funnel, then dried under vacuum for 4 h at room temperature. Yield: 90%. FT-

IR (KBr, cm-1): 2950 – 2800 (alkyl), 1777 – 1670 (carbonyl), 1250 – 950 (pyranose), 728 

(arom). 1H NMR (500 MHz, DMSO-d6, , ppm): 1.9 (m, acetyl), 3.0 – 5.2 (m, pyranose), 

7.5 – 7.9 (m, N-phthaloyl). MALDI-TOF MS (m/z): 18,000 – 44,000.  
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Phth-C conjugated with TFA-protected aminoethoxy branches via ketal linkage 

(Phth-TFA-AE-k-C): Phth-C (1 g, 1.91 mmole), pyridinium p-toluenesulfonate (PPTS) 

(2 g, 7.96 mmole), and TFA-AE-k (3 g, 10 mmole) were mixed in 20 mL anhydrous THF 

and 5Å sieves (10 g) for 3 h at 25 oC then the reaction was quenched by adding 5 mL 

triethylamine (TEA). Residual PPTS and unreacted TFA-AE-k were removed by 

repeated rinsing three times with 100 mL methanol (MeOH), then dried under vacuum 

for 4 h at room temperature, resulting in Phth-TFA-AE-k-C as tan-brown solid. Yield:  

40%. FT-IR (KBr, cm-1): 2950 – 2800 (alkyl), 1777 – 1670 (carbonyl), 1200 – 1000 

(pyranose), 728 – 700 (arom). 1H NMR (500 MHz, DMSO-d6, , ppm): 1.3 (s, ketal), 1.9 

(s, acetyl), 3.0 – 5.2 (m, pyranose), 7.5 – 7.9 (m, N-phthaloyl), 9.5 (s, acetamide). 

MALDI-TOF MS(m/z): 18,000 – 51,000. 

Chitosan conjugated with aminoethoxy branches via ketal linkage (ATC): Phth-TFA-

AE-C (1 g, 1.0 mmole) was added to 10 mL of 1 M NaOH and stirred at room temperature 

for 24 h for TFA-deprotection. After the precipitate was removed by centrifugation, the 

liquid fraction was added to 100 mL of 20% (v/v) hydrazine in deionized water and stirred 

at 90 °C for 16 h for Phth-deprotection. The final product, ATC as white-colored powder, 

was obtained after dialysis in deionized water for 24 h and freeze-drying (Freezone 2L, 

Labconco [Kansas City, MO]) for 18 h. Yield: 50%. FT-IR (KBr, cm-1): 2950 – 2800 (alkyl), 

1665 – 1650 (Carbonyl), 1200 – 900 (pyranose). 1H NMR (500 MHz, D2O, , ppm): 1.46 

(s, ketal), 2.1 (s, acetyl), 3.3 – 4.0 (m, pyranose). MALDI-TOF MS (m/z): 11,000 – 50,000. 

2.2.2 Chemical characterization methods 
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 Proton nuclear magnetic resonance (1H NMR) was recorded on Bruker (Billerica, 

MA) DRX500 spectrometer with a BBO probe as standard with 10 mg of ATC and 

chitosan samples in 1 mL DMSO-d6 or D2O/DCl. Fourier transform infrared (FT-IR) 

spectra were obtained on Jasco 4700 spectrophotometer (Oklahoma City, OK) between 

4000 and 400 cm-1 with a resolution of 4 cm-1 on pressed 1% (w/w) ATC and chitosan 

samples in potassium bromide (KBr) windows. Matrix-assisted laser desorption/ionization 

(MALDI)-TOF measurements were completed on AB SCIEX (Redwood City, CA) 

TOF/TOF 5800 System with 10 mg/mL 2,5-dihydroxybenzoic acid in 50% (V/V) 

acetonitrile in deionized water (1% trifluoracetic acid) as a matrix solution. The solubilities 

of ATC and chitosan were observed by dissolving them in pH 5.0 acetate buffer at 37 °C 

for 4 h or DI water at a concentration of 10 mg/mL. ATC and chitosan solutions in pH 5.0 

acetate buffer (1 mL) were then neutralized with 200 μL of NaOH (1 M in DI water) to 

show reduced ATC to native chitosan with lowered solubility. Half-lives of ATC at different 

pHs were calculated using the Arrhenius equation where A and Ao represented the 

integrations of ketal linkage peaks (1.46 ppm) in 1H NMR spectrum.  ATC (10 mg) was 

dissolved in 1 mL of acetate (pH 5.0 and pH 6.0, adjusted by NaOH) and Tris-HCL (pH 

7.4) buffer in D2O, respectively, and incubated at 37 °C for various periods of time. 
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Figure 2.1.  Synthesis of ATC. The amine groups in chitosan backbone was 
phthalamide-protected and its primary hydroxyl groups were then conjugated with 
TFA-protected aminoethoxy ketal (TFA-AE-k). ATC was obtained after the de-
protection of both Phth and TFA. 
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2.3 Results and discussion 

2.3.1 ATC Synthesis 

Chitosan was conjugated with acid-cleavable, cationic side chains to synthesize 

acid-transforming chitosan (ATC) with improved aqueous solubility, siRNA complexation, 

and siRNA release into the cytoplasm upon acid-hydrolysis of the ketal linkage in the 

mildly acidic endosome. Successful ATC synthesis was confirmed by the peak at 1.4 

ppm, indicative of the dimethyl ketal linkage, and disappearance of the peaks for the 

 

Figure 2.2. Molecular characterizations of chitosan, Phth-TFA-C, and ATC by (A) 1H 
NMR, (B) FTIR, and (C) MALDI-TOF.  
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phthalimide and TFA groups at 7.8 ppm and 9.5 ppm, respectively in 1H NMR spectra 

(Figure 2.2A). Comparison of the dimethyl ketal (1.4 ppm) with pyranose (3.5  3.8 ppm) 

peak integrations determined that approximately 13% of primary hydroxyl groups were 

conjugated with the acid-cleavable, cationic side chain. FTIR also confirmed the alkyl 

(yellow), carbonyl (blue), pyranose (pink), and aromatic (green) groups (Figure 2.2B).  

The peaks representing carbonyl, pyranose, and aromatic groups exhibited noticeable 

changes at the protected intermediate but no visible peak shifts were observed in the 

alkyl region. Chitosan has stronger CH2 and CH3 vibrations than the conjugated 

aminoethoxy branch which could have caused the lack of significant vibrational change 

in the alkyl region 12,13.  

Molecular characterizations of chitosan offer significant technical challenges 

primarily due to its poor aqueous solubility 14. While chitosan requires an acidic solvent, 

ATC should avoid an acidic solvent for characterization. Therefore, it was essential to use 

the combination of multiple molecular characterization methods such as 1H NMR, FTIR, 

and MALDI-TOF a in characterizing ATC and its intermediates (Figure 2.2). MALDI-TOF 

provided an estimated range of the molecular weight of chitosan, the intermediate, and 

ATC (Figure 2.2C). The dashed line was used to indicate the peak of the curvature. 

Between chitosan and phth-TFA-C, the peak shifted from 28,000 to 32,000 m/z. The shift 

was attributed to conjugation of TFA-AE-k to chitosan as confirmed by conjugation 

efficiency (i. e. ~ 13%) as calculated by 1H NMR. After removal of the phth and TFA 

protecting groups, the MALDI-TOF peak shifted back to 27,000 m/z. The average 

molecular weight of ATC was lower than chitosan but the molecular weight distribution of 

ATC (11,000 – 50,000 m/z) was wider than that of chitosan (18,000 – 44,000 m/z).  This 
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could be attributed by significant differences between chitosan and ATC in solubility for 

separation and purification during synthesis as well as sample preparation for 

characterization. The molecular weights estimated by MALDI-TOF could be 

complemented by other methods such as gel permeation chromatography (GPC) and 

provide crucial information for understanding and predicting its molecular behaviors and 

 

Figure 2.3. Acid-triggered transformation of ATC to chitosan (marked as C) at an 
acidic pH (10 mg/mL), confirmed by (A) 1H NMR and (B) solubility changes upon 
acid-transformation and subsequent neutralization.  
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interactions with nucleic acids; however, ATC and its intermediates tend to aggregate in 

a column, interfering with obtaining an accurate molecular weight measurement. 

 

2.3.2 Acid-transformation of ATC to native chitosan 

Acid-triggered ATC transformation to chitosan was demonstrated by changes in 

molecular structure and solubility at various pHs (Figure 2.3). After incubation at pH 5.0 

for 16 h, the peaks for the ketal linkage (1.4 ppm, q, r) disappeared, the broad peak at 

3.5-4.0 ppm (u-w) reduced to two distinct peaks upon the loss of aminoethoxy side chain, 

and a sharp peak at 2.2 ppm for acetone, a by-product of ketal hydrolysis, appeared 

(Figure 2.3A). Acid-transformation of ATC to chitosan was also obvious in solubility 

changes (Figure 2.3B). While 

chitosan rapidly precipitates in 

water, ATC was instantaneously 

and fully dissolved in water.  At 

an endosomal pH of 5.0, 

chitosan became soluble but 

precipitated severely upon 

neutralization, while hydrolyzed 

ATC at pH 5.0 became insoluble 

without visible precipitation upon 

neutralization. The half-lives of 

ATC at pH 5.0, 6.0 and 7.4 were calculated to be 0.48, 0.64, and 17.7 h, respectively 

(Figure 2.4). Neutralization of acid-incubated ATC reduced its solubility due to acid-

   

Figure 2.4.  Hydrolysis kinetics of ATC at pH 5.0, 6.0, 
and 7.4.   
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hydrolysis of ketal linkages of aminoethoxy side chains. This observation indicates 

molecular changes of ATC during extracellular and intracellular processes; ATC is water-

soluble during extracellular transport and cellular uptake, gets acid-hydrolyzed in the 

endosome/lysosome and undergoes transformation, and is released as chitosan into the 

cytoplasm.  Interestingly, ATC solution incubated at pH 5.0 and further neutralized 

became a homogeneous suspension of small particulates (575 +/- 42 nm), while much 

larger aggregates (1110 +/- 425 nm) of chitosan treated in the same way (Figure 2.5). 

This observation implies faster clearance of hydrolyzed ATC by reticuloendothelial 

system (RES) and enzymatic degradation 15,16 as well as lower risk of causing adverse 

effects such as embolism 17,18 than native chitosan. The results shown in Figure 2.3 

implicate efficient siRNA complexation by ATC with improved aqueous solubility and 

molecular interactions with cationic side chains, rapid siRNA release upon acid-hydrolysis 

of cationic side chains in the mildly acidic endosome/lysosome and avoided re-

complexation of siRNA in the cytoplasm by self-aggregated, hydrolyzed ATC.   

 

   

Figure 2.5.  Inverted microscope images of chitosan and ATC after incubation at pH 
5.0 and neutralization as described in Figure 2.3B.  
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2.3.3 Effects of deacetylation and molecular weight on synthesis 

Properties of chitosan are heavily dependent on the degree of de-acetylation, 

changing the number of free primary amines, and the molecular weight of the polymer. In 

most cases, natural chitosan has an extremely heterogeneous molecular weight. 

Depending on the source of chitosan, the heterogeneity of changes 19,20. The molecular 

weight of chitosan can range from 10 kDa to 100,000 kDa with polydispersity index 

greater than 3. This polydispersity presents a challenge in the synthesis of ATC. Chitosan 

was refined and purified before use by the manufacturer to overcome the variability. 

These purified, source chitosan were provided with a narrower range of molecular weight 

and specific deacetylation values. When used in the reaction, the higher molecular weight 

and higher de-acetylation values typically required longer reaction times and higher 

concentrations of catalyst. This was expected since the larger chain lengths, and 

increased number of amines will have a direct effect on the products for each step of the 

synthesis. 

2.3.4 Separation and purification of polymer 

 The final yield of ATC obtained was highly dependent on the deprotection 

conditions and the recovery of pure ATC after the separation process. Separating 

conjugated ATC from unconjugated was relatively straightforward due to the increased 

water solubility when conjugated. Unmodified chitosan precipitates easily in aqueous 

conditions. The major challenge involved in the separation process is that it is done in 

water through dialyzing. Specifically, ATC did not have a long shelf life in aqueous 

conditions and would start reverting to chitosan after 24 h at room temperature. However, 
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dialysis post deprotection took 24 h minimum to complete. Thus some product was lost 

during purification. Additionally, ATC appeared to have a maximum solubility in water at 

around 7 mg/ml. Solutions with higher concentrations of ATC precipitates, which led to 

the possible loss of product during the separation process. For a generation of large 

amounts of ATC, large volumes would need to be generated to account for the solubility 

limit. There is a possibility that modifying the linker molecule to a longer alkyl chain or 

increasing the conjugation further could improve the solubility limit. However, those 

changes may also impact the properties of antimicrobial or gene therapy applications. 

 

2.4 Conclusion 

 The modification of chitosan with an acid-responsive linker to form acid-

transforming chitosan (ATC) was accomplished and fully characterized. This modification 

was shown to be temporary, and chitosan is regenerated upon acid hydrolysis. While the 

synthesis worked, the efficiency was relatively low, yielding with only milligram quantities 

of ATC recovered after each reaction process. For future applications, the synthesis 

scheme will need to be revisited and optimized to allow for higher yields. Another 

alternative would be to change the reaction process from a batch type reaction to a 

continuous reaction.  Additionally, it would be ideal to have the linker molecule play an 

active role in the therapeutic process so future studies will include the possibility of 

conjugating conventional antibiotics via the linker molecule. 
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Chapter 3: Antimicrobial capacity of acid-transforming chitosan (ATC)  

 

3.1. Background 

 Intracellular bacteria are infectious microorganisms that replicate within host cells, 

usually mononuclear phagocytes (MPs) 1. This allows the bacteria to evade host humoral 

defense mechanisms and aids in the survival and persistence of infection 2. Salmonella 

typhimurium is an example of a pathogenic gram-negative intracellular bacterium. S. 

typhimurium, generally infect humans and many other mammalian species, most 

specifically domestic animals 3. Salmonella invades cells by injecting effector proteins into 

the host cell then triggering cytoskeletal rearrangement 4. The bacterium further persists 

within a vacuole (~pH 7.4) after escaping the endosomal compartment (~pH 5.0). 

Intracellular bacteria such as Salmonella persists and hide well within cells, making their 

treatment challenging due to the added biological barrier. However, there is a possibility 

of treating these infections by hijacking the gene delivery pathway, through the application 

of nanoparticle vectors that are engineered for enhanced cellular uptake and intracellular 

release. The most suitable vector would be a non-viral vector (reduced immunogenicity) 

with some antimicrobial capabilities.  

 Chitosan is a natural polysaccharide, with broad-spectrum antimicrobial efficacy 

against both gram-positive and gram-negative bacteria 5. In our previous work, we 

improved on key limitations of chitosan (limited solubility in aqueous solution and 

inefficient nucleic acid complexation and release) with the synthesis of acid-transforming 

chitosan (ATC). ATC was shown to be aqueous soluble, but more significantly was the 
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regeneration of chitosan upon acid hydrolysis. The regenerated chitosan presented an 

opportunity to apply the antimicrobial material to an intracellular infection where both the 

gene silencing pathway and the acid-responsive properties can be utilized. Therefore, in 

the work presented we confirmed ATC’s antimicrobial efficacy against an intracellular 

gram-negative infection (S. typhimurium).  In confirmation of the antimicrobial efficacy of 

ATC, objectives were evaluated: antimicrobial capacity of the polymer at various pHs to 

simulate possible intracellular conditions; formation of ATC polyplexes to treat 

intracellular infections in vitro; elucidation of ATC’s antimicrobial mechanism with the aid 

of transposon insertion sequencing. 

 

3.2 Experimental details 

3.2.1. Materials 

All chemicals were purchased from commercially available sources and used as 

received. Chitosan (Mw 18–44 kDa, 95% deacetylated) was purchased from Heppe 

Medical Chitosan (Halle, Germany) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyltetrazolium bromide (MTT) and Gentamicin were purchased from Sigma-Aldrich 

(Milwaukee, WI).  Raw 264.7 and HeLa cells (ATCC, Rockville, MD) and were cultured in 

Dulbecco's modified Eagle's medium (DMEM) (MediaTech, Herndon, VA) with 10% fetal 

bovine serum (FBS) (Hyclone, Logan, UT) and 1% antibiotics (100 units/mL penicillin; 

100 μg/mL streptomycin) (MediaTech). Libraries of E. coli Nissle (ECN 150923) and S. 

typhimurium (MZ0921) bacterial strains were obtained from the lab of Professor Michael 

McClelland (University of California, Irvine) and grown in LB broth at 37°C, with antibiotics 



37 
 

added at the following concentrations: 100 μg/ml ampicillin, 60 μg/ml kanamycin, as 

indicated. 

3.2.2. RAW 264.7 cells infection with GFP Salmonella Typhimurium  

GFP Salmonella (MZ0921) was grown for 16h in LB broth in 60 μg/mL antibiotics 

to 109 CFU. In DMEM Salmonella was diluted 4-fold to 105 CFU. 10 µL of bacteria 

was diluted in 10 mL of fresh LB. Followed by further dilution of 20 µL into 20 mL of DMEM 

with 10% FBS  400 μL of inoculant was added to each well then incubated for 30 min. 

After 30 min, the inoculant was removed and washed twice with PBS. 400 μL of DMEM 

with 100 μg/mL gentamicin was added to each well and incubated for 1 h at 37 °C. The 

media was removed, and wells washed once with PBS. 400 μL of DMEM with 100 μg/mL 

gentamicin and 60 μg/mL kanamycin was added to the cells and incubated for 1 h. 10% 

10x DMEM and 10x PBS and FBS were added to the polyplex solutions. Media was 

removed, and wells were washed once with PBS.  

3.2.3 Effect of pH on microbial toxicity 

5 μL and 10 μL of 1 M acetic acid buffers at pH 5, 5.5, and 6 were added to each 

well in a 24 well plate. 100 μL of sample was then added to each well and mixed on an 

orbital shaker for 5 mins. 100 μL of bacteria in LB broth was added followed with 24 h 

growth at 37 °C incubator 

3.2.4. Preparation of ATC/pdrn polyplexes 

Polyplexes at N/P of 100 were created from 500 µL of the polymer at 

concentrations of 100, 500, and 1000 µg/ml ATC in DI water was added dropwise to 500 

µL of 34.07 µg of pdrn, followed by vortexing and incubation at room temperature for 30 
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min to form ATC/pdrn polyplexes. The resulting polyplex solution was diluted with an 

additional 800 μL of DI water. Mean particle diameter (Z-average) with a polydispersity 

index (PDI) and zeta potential of various ATC/pdrn polyplexes were measured by 

dynamic light scattering (DLS) particle analysis using a Zetasizer Nano ZS (Malvern, UK) 

at 25 °C and angle of 90°. The viscosity (0.887 mPA/s) and refractive index (1.33) of water 

at 25 °C were used to analyze the data. 

3.2.5. Preparation of E. coli Nissle samples for transposon screening 

For the log phase: 100 µL of ECN 150923, stored in the -80 °C (@ 109 CFU) was 

added to 10 mL of LB w/ 10 µL of kanamycin (60 mg/mL) final concentration 60 µg/mL) 

and grown overnight. 100 µL was then taken and added to 10 mL of LB (60 µg/mL 

kanamycin), allowed to reach OD of 0.3. A 100 µL aliquot of the 0.3 OD was mixed by 

pipetting with 40 µL of 50% glycerol to make 20% glycerol and frozen in -80 for titering. 

500 µL of bacteria was added to a 24 well plate, and 500 µL of the compound was added 

to each well. The plate was stored in an incubator at 37 degrees with 200 rpms of shaking. 

After 1 h a 100 µL aliquot of each was mixed with 40 µL of 50% glycerol to make 20% 

glycerol and frozen in -80 for titering. The remaining was transferred to a 10-mL conical 

tube, centrifuged at 1500 rpm to make a pellet, the supernatant was thrown away. The 

pellet was washed in 5 mL LB again, and then centrifuged again, the supernatant 

removed, then resuspended in 3 mL of LB with kanamycin, and grown overnight. The 

purpose was to remove the compound and grow the bacteria without selection. After 

growth, a 1 mL aliquot was mixed with 400 µL of 50% glycerol to make 20% glycerol and 

frozen in -80 °C for sequencing. 
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For stationary phase: 100 µL of ECN 150923, stored in the -80 °C (109 CFU) was 

added to 10 mL of LB w/ 10 µL of kanamycin (60 mg/mL) final concentration 60 µg/mL) 

and grown overnight.  A 100 µL aliquot of stationary bacteria was mixed with 40 µL of 

50% glycerol to make 20% glycerol and frozen in -80 for titering. 500 µL of stationary 

bacteria was added to a 24 well plate, and 500 µL of the compound was added to each 

well. The plate was stored in an incubator at 37 degrees with 200 rpms of shaking. After 

1 h a 100 µL aliquot of each was mixed with 40 µL of 50% glycerol to make 20% glycerol 

and frozen in -80 for titering. The remaining was transferred to a 10-mL tube, centrifuged 

at 1500 rpm to make a pellet, the supernatant was thrown away. The pellet was washed 

in 5 mL LB again and then centrifuged again, the supernatant removed, then resuspended 

in 3 mL of LB with kanamycin, and grown overnight. Titrations were done on the library 

by sampling what went into the 24 wells and the content of each well at one hour. 

Sequencing was completed following procedures previously published 6. 

 

3.2.6. Cytotoxicity of polymer on RAW 264.7 cells 

Cells were seeded at a density of 9,000 cells per/well in a 96-well plate and 

incubated overnight. The culture medium was replaced with 200 μL of the polymer at 

various concentrations by serial dilution in FBS-free DMEM and incubated for 12h at 37 

°C. The medium was replaced with 200 μL of MTT solution (1 mg/mL in FBS-free DMEM). 

After 2 h of incubation at 37 °C, the MTT solution was discarded from each well, and the 

cells were washed with PBS once. 200 μL of DMSO was added to each well to dissolve 

the MTT formazan crystals formed by live cells, and the plate was incubated at 37 °C for 
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5 min. The absorbance of formazan products was then measured at 561 nm wavelength 

using a microplate reader, Synergy HT (BioTEK, Winooski, VT, USA). 

3.2.7. Statistical analysis 

All Data were expressed as mean +/- standard deviation. chi-squared T(x) was 

used to evaluate data for significant differences between means. We accepted p < 0.05 

as an indication that statistically significant differences exist between the means. 

3.3 Results and discussion 

 

3.3.1. Antimicrobial efficacy of ATC and toxicity of ATC 

Intracellular pathogens can localize in cellular compartments such as early 

endosome, late endosome, or vacuoles1,7,8 protecting them from normal bactericidal 

activities of the host cell. Each of these compartments has a pH ranging from 5.3 or lower 

for late endosome to 7.4 for vacuoles 9–11.  S. typhimurium, has been shown to transition 

from the late endosome to a specialized vacuole within the host cell 12,13.  Therefore, in 

engineering an antimicrobial gene carrier against intracellular microbes like S. 

typhimurium, antimicrobial efficacy under a multitude of pH conditions is desired. To this 

end, antimicrobial efficacy of ATC against S. typhimurium at varied pH was confirmed 

prior to testing on intracellular infection (Figure 3.1A).  S. typhimurium was incubated with 

ATC and 25 mM of buffer (pH 5.5, 6, or 7) for 24 h (Figure 3.1A). Less than 50% of 

microbes survived regardless of pH at ATC concentration greater than 500 µg/mL. At pH 

5.5, the percent of surviving microbes decreases for all ATC concentrations but most 

significantly for concentrations of 50 and 100 µg/mL. It has been previously reported that 
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the antimicrobial efficacy of chitosan increased in an acidic pH 14, same can be expected 

for ATC. In an acidic pH the primary amines with pKa values ~ 6.5 become protonated, 

which is believed to favor interactions with microbial wall and membrane 15 without 

damage to mammalian cells.    

 In vitro and in vivo toxicity is of high importance for the design of nanoantibiotic 

platform using ATC. Furthermore, since intracellular bacteria are within a host mammalian 

cell, ATC needs to maintain minimal toxicity to the host will effectively eradicating the 

infection. From the MTT assay of ATC against RAW 264.7 macrophage cells, no toxicity 

was observed at any of the concentrations (Figure 3.1B). ATC was compared to 

unmodified chitosan which no in vitro cellular toxicity was reported16. However, for in vivo 

studies, 50 mg/kg doses and higher of chitosan caused death (Figure 3.1C). The 

observed in vivo toxicity agreed what has been previously reported for chitosan16 when 

delivered intravenously. Blood aggregation was speculated as the cause of death17. 

Interestingly, although ATC was derived from chitosan, in vivo toxicity was not observed 

at similar dosages. This reduced toxicity was possibly because ATC is a water-soluble 

variant of chitosan, therefore, when administered intravenously was less likely to cause 

blood aggregation. In the design of the platform, limiting acute toxicity was given greater 

significance since the focus was on immediate eradication of a pathogenic bacteria. 

However, 
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Figure 3.1.  (A) ATC polymer against S. typhimurium varying pH conditions. (B) MTT 
assay of Chitosan and ATC on RAW 264.7 cells. (C) Comparison of the in vivo 
toxicity of Chitosan vs ATC.  
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possible long-term toxicities associated with chitosan and hence ATC, should be noted 

as well.      While toxicities stemming from chronic use are only just starting to be explored, 

these toxicities are usually dose and concentration dependent18,19. Some early studies 

have indicated some chronic in vivo toxicity against zebrafish models at dosages of 250 

mg/L which is close to the lethal dose of 280 mg/L18. Furthermore, while these chronic 

toxicities should to be considered, they are at doses much higher than doses of clinical 

significance. 

 

3.3.2. Formation of ATC/pdrn polyplexes  

ATC displayed excellent antimicrobial activity, however, in an uncomplexed form, 

traversing the cell membrane would be a problem. Therefore, cell uptake was facilitated 

 

Figure 3.2. ATC/pdrn polyplex characterizations at N/P = 100 shown through DLS 
data and TEM image. 
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by creating a polyplex out of ATC with polydeoxyribonucleotide (pdrn) to form particles 

around 200 nm in diameter (Figure 3.2).  

Pdrn was selected because it is comprised of negatively charged nucleic acids and 

lacks genetic specificity as it does not code for any specific proteins 20,21. Thus a polyplex 

can be simply formed through electrostatic interaction to test the intracellular antimicrobial 

activity of ATC.  Polyplexes were created at an N/P ratio of 100 and created highly 

monodisperse particles with a PDI less than 0.1 (Figure 3.2). These particles also had a 

zeta potential of +13 mV. ATC/pdrn polyplexes were created and used without any 

additional purification. Due to the lack of further purification, there could have been 

possibility of excess uncomplexed material which were not expected to cause any 

problems for in vitro studies. However, for in vivo studies and future clinical applications, 

further purification will be desired. Removal of excess pdrn or ATC could be achieved by 

column chromatography. 

3.3.3. Utilization of ATC/pdrn polyplexes to treat intracellular infection 
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Intracellular infections can occur in various cell types, but usually more prevalent 

in phagocytic cells22, hence the use of RAW 264.7. Furthermore, in most real-world 

applications, antibiotics are not used until the infection has prolonged, ATC polyplexes 

were applied to prolonged infections to highlight the versatility of ATC as a nanoantibiotic. 

Therefore, to demonstrate an early infection, where there were minimal bacteria per cell, 

RAW 264.7 cells were infected with GFP expressing S. typhimurium for 1 h then treated 

with ATC/pdrn polyplexes. Microbe death was confirmed using fluorescence microscopy 

and flow cytometry. For early-stage infection, the most significant results occurred at 500 

and 1000 µg/mL of ATC/pdrn polyplexes (Figure 3.3). Bacterial growth was hindered 

nearly 100% at concentrations of 1000 µg/mL, and minimal 100 µg/mL. This result was 

as expected and correlated with the antimicrobial efficacy observed with uncomplexed 

ATC. For a prolonged intracellular infection, RAW 264.7 cells were infected with GFP 

 

Figure 3.3. RAW 264.7 cells infected for 1h with GFP S. typhimurium then treated 
with ATC/pdrn polyplexes at varying polymer concentrations, flow cytometry data 
with corresponding fluorescence images. (p <0.05) 
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expressing S. typhimurium where the bacteria grew for 16 h before ATC/pdrn polyplexes 

were introduced (Figure 3.4). There was significant reduction of up to 40% in bacteria as 

the concentration of polyplex increased. Even at low concentrations of polyplex, 100 

 

Figure 3.4. RAW 264.7 cells infected for 16h (prolonged) with GFP S. typhimurium 
then treated with ATC/pdrn polyplexes at varying polymer concentrations, flow 
cytometry data indicating the median fluorescence intensity (MFI) with corresponding 
fluorescence images. (p<0.05) 
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mg/mL, there was a 9% reduction in the median fluorescence intensity compared to the 

control.  Though this was a single dose study, continued treatment could yield a further 

reduction in bacteria growth. The antimicrobial capacity against early-stage intracellular 

infection was further emphasized in cell lysis data (Figure 3.5). Bacteria at 1000 µg/mL of 

ATC were almost completely eliminated, and intracellular survival of colonies was almost 

negligible. From the colony count, 100 µg/mL polyplexes showed about twice the 

reduction in S. typhimurium growth compared to the control than observed in the flow 

cytometry data and fluorescence images. It is possible that there were false positive 

fluorescent readings attributed to extracellular bacteria since it is expected highest 

antimicrobial activity would occur intracellularly. 

 

 

 

 

Figure 3.6. Colony count of S. typhimurium post treatment of RAW 264.7 cells with 
ATC/pdrn polyplexes followed by cell lysis. (A) agar plate of titrated colonies, with the 
(B) overall count of the colonies at each titration compared side-by-side. 
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3.3.4. Suggested antimicrobial mechanism using transposon insertion 
sequencing 

 

 One of the suggested mechanisms by which chitosan, and ATC, kills microbes 

involves charge-mediated transmembrane pore formation 23, however there is growing 

speculation that this is not the only mechanism. Therefore, to determine whether the 

antimicrobial efficacy is predicated on pore formation on the cell membrane or disruption 

of microbial intracellular processes 5,24–26 an analysis of microbe fitness upon exposure 

to chitosan or ATC was performed on E. coli Nissle was used as a preliminary model 

(Table 3.1). Preliminary data of sequenced samples highlighted a myriad of genes that 

could have some significance in the mechanism of action. It is important to note that these 

genes were not upregulated or down-regulated in this assay instead only changes in the 

relative abundance of mutants. Some mutants are becoming more common while others 

are becoming rarer during the treatment.  If a mutant became common, then knocking out 

the gene made the bacterium survive better in the presence of the treatment with the 

polymers. However, if the mutant became rarer upon treatment, then that means knocking 

out the gene caused the survival of the bacterium in the treatment to be worse. This event 

would have indicated that such gene might be involved in protecting the bacterium against 

the treatment. However, no such genes were found in the preliminary study. More 

replicates would need to be used in future studies to confirm whether such a gene existed. 

While an equal number of genes in the cytosol versus membrane appeared have been 

flagged, only a few are significant. The library used consisted of about 40,000 

independent mutants which were constructed by electroporating the transposon into the 

bacteria. Each transposon, with a kanamycin resistance cassette and a barcode, located 
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Table 3.1. E. coli Nissle transposon sequencing data 

Legend:
Red= also in S. Typhi –
cytosol
Blue = also in S. Typhi -
membrane
Green = mutant more 
resistant than wild type to ATC 
and chitosan
* = P value <0.05

Significant 
Sample

Log (Input before treatment / Output 
after treatment)

ATC 
0.7 
mg/
ml

ATC 
3.5 
mg/
ml

ATC  
7.0 
mg/
ml

Chit
0.7
mg/
ml

Chit 
3.5
mg/
ml

Chit 
7.0 
mg/
ml

Gene Function | Location ATC Chit Δ Δ Δ Δ Δ Δ

MprA
transcriptional 

regulator/ repressor | 
Cytosol

✔ ✔ 2.8* 3.0* 2.5* 3.6 2.9* 1.8*

EntB/
PhzD

Isochorismatase
siderophore 

biosynthesis | Cytosol
✔ 2.8* 3.2* 2.6* 3.1 1.4 1.4

BioA

adenosylmethionine--8-
amino-7-oxononanoate 

aminotransferase | 
Cytosol

✔ 2.7* 2.8* 2.5* 2.6 2.1* 1.5

ItaE
low-specificity L-

threonine aldolase | 
Cytosol

✔ 2.8* 2.9* 2.5* 2.5 2.4* 1.2

PoxB
pyruvate 

dehydrogenase | Cell 
Membrane

✔ 2.7* 3.0* 2.5* 2.4 1.3 2.1*

YbcU
lambda Bor protein

precursor | Outer cell
membrane

✔ 2.9* 3.1* 2.6* 2.8 1.4 2.2*

YjiR
GntR family 

transcriptional regulator 
| Cytosol

✔ 3.2* 3.5* 3.1* 3.1 0.9 1.8

FlhA
flagellar biosynthesis 

protein | Inner cell 
membrane

✔ 2.6 2.9* 2.8* -1.1 0.2 0.9

ClbM

MATE family efflux 
transporter:Na+-driven 
multidrug efflux pump | 

Transmembrane

✔ 2.9* 3.2* 2.7* 2.9 1.3 1.1

FecD

Iron(III) dicitrate
transport system 

permease protein | 
Inner cell membrane

✔ 2.8* 2.8* 2.7* -2.0 -0.2 0.7

GcvH
Glycine cleavage 
system H protein | 

Cytosol
✔ 2.9* 3.1* 2.6* 2.8 1.5 1.5
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in a random place in just one bacterium. Then the library was selected for in kanamycin-

containing media to generate 40,000 mutants with an identifiable barcode 6. After 

exposure to both chitosan and ATC, only a few features seemed to be disrupted. 

Furthermore, all significant data appears to have occurred primarily in the log phase 

samples as opposed to the stationary phase bacteria. There is a possibility that the 

exposure time to ATC was too short, hence why the log phase bacteria showed a 

response to chitosan and ATC as opposed to the stationary phase. At 1 h exposure to 

polymers, log phase bacteria were growing and proliferating at a much faster rate. Hence 

any changes in microbe fitness would be observed much faster. Samples will need longer 

exposure to the polymer, to observe possible changes in stationary phase. 

ATC is derived from chitosan, and because of the stimuli-responsive modification, 

it should revert to chitosan upon acid hydrolysis. However, the initial results indicate there 

may be some mechanistic differences between the two polymers. Only one gene had 

significant fitness change for both chitosan and ATC (Table 3.1). The MprA gene is 

responsible for transcriptional regulation in the cytosol 27,28. It is found in multiple 

organisms 29,30 and was the only gene with a positive increase in fitness for both samples. 

It was interesting that ATC showed a greater effect on the bacterium in comparison to 

chitosan. Additionally, the effect was consistent at all concentration levels of ATC, 

whereas chitosan only showed any significant effects at random concentrations. There is 

a possibility that since ATC was in a non-acidic solvent and chitosan was dissolved in an 

acidic buffer of pH 5, caused the difference in fitness readings. Early studies have 

indicated that acidic conditions around pH 5 influenced the growth of the microbe, hence 

the possibility of a negated effect of chitosan. Since chitosan cannot be solubilized in 
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solutions greater than pH 5 this effect will be considered in future studies by hydrolyzing 

ATC under mildly acidic conditions of pH 5.5, then analyzing for fitness changes. 

E. coli Nissle was used in the preliminary studies, and future studies will transition 

to a more complex S. typhimurium library. It is expected that both bacteria will have similar 

fitness conditions since they are both gram negative with the capability of surviving intra 

or extracellularly 31,32. This was shown in the preliminary data where those genes that are 

found in both microbes are highlighted (Table 3.1). Interestingly, transposon insertion 

sequencing can also be used to highlight metabolic pathways 6,33,34. Sets of genes can 

be mapped under selection onto any known network of genes such as metabolic 

pathways. Therefore, if a set of genes under selection are enhanced in a specific part of 

the network, that would indicate that part of the network could be of relevance for the 

phenotype of the bacterium in the treatment. This can then be used to elucidate the 

mechanism of action of ATC and chitosan under varying conditions, as well as predict 

possible methods of drug resistance formation that may arise. 

 

3.4. Conclusions 

 

In this study, extracellular and intracellular treatment of S. typhimurium was 

demonstrated using acid-transforming chitosan (ATC). Antimicrobial efficacy of ATC was 

confirmed in the possible different pH conditions where the bacteria might be in the host 

cell, without observing any evidence of acute toxicity. Furthermore, polyplexes created 

from ATC were able to effectively eliminate intracellular infection. The mechanism by 

which ATC works has not been elucidated, however, preliminary results hinted at 
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antimicrobial activity on the bacterial membrane as well as interference with intracellular 

processes. Overall, it appeared that using ATC as antimicrobial polyplex is a viable and 

effective method for traversing extracellular and intracellular barriers to treat hardy gram-

negative intracellular infections such as Salmonella. 
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Chapter 4: Gene delivery using ATC 

 

4.1 Introduction 

RNA interference (RNAi) enables the knockdown of a specific gene in a sequence-

specific manner, offering tremendous opportunities for research and clinical translation to 

treating cancer, inflammatory diseases, genetic disorders, and more 1,2. A key molecular 

event for successful RNAi is the binding of small interfering RNA (siRNA) with RNA-

induced silencing complex (RISC) to form a complex that cleaves the mRNA with a 

complementary sequence 3. Due to its macromolecular size, anionic charge, and 

susceptibility to nuclease-mediated degradation,  siRNA requires an efficient delivery 

carrier that traverses all the multiple extracellular and intracellular barriers before reaching 

a RISC 4,5. However, intrinsic toxicity of delivery carriers, imperfect biocompatibility, and 

limited gene silencing efficiency for a desired period of time remain  unresolved issues  

for siRNA delivery, particularly in clinical use  6,7. 

Chitosan, a biocompatible, cationic polysaccharide derived from the exoskeleton 

of arthropods and fungal cell walls, has been investigated for gene delivery 8–10. However, 

its dissolution only at a pH of 6.0 or lower 11–13 due to its primary amines with a significantly 

lower pKa (e.g., 6.3) than the physiological pH range (e.g., 7.0-7.5), is a pivotal limitation 

in using chitosan irrespective of potentially broad applications 14. While nucleic acids can 

be polyplexed by chitosan at an acidic pH 15, a lowered charge density under physiological 

conditions16–18 leads to the premature release of nucleic acids, thus reducing transfection 

efficiency. Upon endocytosis, the mildly acidic condition in the endosome protonates 
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chitosan again, elevates the electrostatic interactions between chitosan and nucleic acids, 

and subsequently hinders their release into the cytoplasm 19,20. Covalent modifications of 

chitosan in attempts to overcome these limitations permanently altered its structure and 

aided gene delivery with limited improvement14,21–23. Irreversible conjugation of various 

functional groups onto the primary hydroxyl, the secondary hydroxyl, or primary amine 

groups has shown marginal improvement in gene delivery 24,25and long-term efficiency 

and safety of those changes, particularly in a clinical setting, are still unknown. 

Stimuli-reversible modification overcomes chitosan’s limitations without 

compromising the intrinsically attractive function. Ketal linkages rapidly cleave at a mildly 

acidic endosomal pH (~5.0) and have been intensively employed in the cytoplasmic 

release of biomacromolecules such as proteins and nucleic acids 26,27. In this study, we 

grafted a cationic, water-soluble branch onto the primary hydroxyl groups of chitosan via 

an acid-degradable ketal linkage resulting in acid-transforming chitosan (ATC). The 

chemical modification is designed to improve aqueous solubility and enhance molecular 

interactions with siRNA by adding flexible cationic branches extended from the rigid 

polymer backbone. Upon endocytosis, the ketal linker allows ATC for reversion to native 

chitosan in the mildly acidic endosome/lysosome, where the cationic branches are 

dissociated from the polymer backbone and release of siRNA is ensured. Subsequent 

release into the cytoplasm (Figure 1) is hypothesized to be enhanced by endosomal 

destabilization by a combination of the proton sponge effect by chitosan 28,29 and 

increased osmotic pressure contributed by dissociated branches 30. We synthesized ATC 

and investigated its acid-transformation, followed by preparation of ATC/siRNA 

polyplexes and characterization for size, zeta-potential, and morphology.  In vitro studies 
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demonstrated highly efficient gene silencing and significantly lowered cytotoxicity by 

ATC/siRNA polyplexes.  

 

 

Figure 4.1. ATC/siRNA polyplex preparation, cellular uptake, acid-transformation in 
the endosome/lysosome, siRNA release into the cytoplasm, and gene silencing. 
Upon acid-hydrolysis in the mildly acidic endosome/lysosome, ATC loses the 
extended, flexible, and cationic branches, responsible for primary interaction with 
siRNA, leading to polyplex dissociation and facilitated siRNA release. 
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4.2 Experimental methods 

4.2.1. Materials 

All chemicals were purchased from commercially available sources and used as 

received. Chitosan (Mw 18–44 kDa, 95% degree of deacetylation) was purchased from 

Heppe Medical Chitosan (Halle, Germany) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich (Milwaukee, WI).  

Silencer® GFP siRNA (sense strand 5’-CAAGCUGACCCUGAAGUUCdTdT-3’ and 

antisense strand 5’-GAACUUCAGGGUCAGCUUGdCdC-3’), and negative control siRNA 

with a scrambled sequence (sense strand 5’-AGUACUGCUUACGAUACGGdTdT-3’ and 

antisense strand 5’-CCGUAUCGUAAGCAGUACUdTdT-3’), were purchased from 

Ambion (Austin, TX). HeLa cells (ATCC, Rockville, MD) were cultured in Dulbecco's 

modified Eagle's medium (DMEM) (MediaTech, Herndon, VA) with 10% fetal bovine 

serum (FBS) (Hyclone, Logan, UT) and 1% antibiotics (100 units/mL penicillin; 100 μg/mL 

streptomycin) (MediaTech, Herndon, VA). HeLa cells stably expressing GFP 

(HeLa/EGFP) were prepared by transducing them with retrovirus encoding enhanced 

green fluorescence protein (eGFP) and further sorting them by FACS, as described for 

the preparation of NIH 3T3/EGFP cells 31,32 .  

4.2.2. Preparation of ATC/siRNA polyplexes 

Desired amounts of ATC in 100 μL DI water was drop-wise mixed with eGFP 

siRNA (1.5 μg) in 100 μL DI water to yield various N/P ratios, followed by a brief vortex 

and incubation at room temperature for 30 min to form ATC/siRNA polyplexes. The 

resulting polyplex solution was diluted with an additional 800 μL of DI water. Mean particle 
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diameter (Z-average) with a polydispersity index (PDI) and zeta potential of various 

ATC/siRNA polyplexes were measured by dynamic light scattering (DLS) particle analysis 

using a Zetasizer Nano ZS (Malvern, UK) at 25 °C and angle of 90°. The viscosity (0.887 

mPA/s) and refractive index (1.33) of water at 25 °C were used to analyze the data. 

4.2.3. Assays for nucleic acid complexation by ATC  

The ability of ATC to complex siRNA was evaluated by a standard ethidium 

bromide (EtBr) exclusion assay. EtBr (1 μg) and siRNA (1 μg) were incubated in 40 μL of 

DI water for 15 min at room temperature. Desired amounts of ATC solution in 60 μL of DI 

water were added to achieve various N/P ratios and vortexed. After 30 min of incubation 

at room temperature, fluorescence intensity (λex 320 nm and λem 600 nm) was measured 

using a fluorescence microplate reader (Synergy HT, BioTEK [Winooski, VT]). Reduced 

fluorescence intensity was used as a quantitative indicator of siRNA condensation in the 

polyplexes. 

The ATC’s siRNA complexation efficiency was also determined by agarose gel 

electrophoresis. Desired amounts of ATC dissolved in 100 μL DI water were vortexed 

with 1 μg of siRNA in 100 μL DI water to yield polyplexes at various N/P ratios.  Polyplexes 

(18 μL mixed with 2 μL DNA loading dye [Thermo Fisher Scientific, Waltham, MA]) were 

loaded into each well of 1% (w/v) agarose gel. To demonstrate the dissociation of the 

siRNA from ATC upon acid-transformation, the polyplexes were mixed with an equal 

volume of pH 5.0 acetate buffer (100 mM acetic in DI water adjusted by 50 mM sodium 

acetate trihydrate) and further incubated for 4 h at 37 oC. The acid-transformation was 

quenched by adding 5 μL of 1 N NaOH into 20 μL samples and incubating the mixture for 

another 15 min.  An 18 μL aliquot of the samples were mixed with 2 μL of loading dye, 
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and the resulting mixture solution was loaded on the agarose gel.   Electrophoresis was 

carried out at a constant voltage of 45 V for 10 min then 100 V for 30 min in Tris-acetate-

EDTA (TAE) buffer. Bands were then visualized under a UVP transilluminator (Analytik, 

Jena, Germany) at a wavelength of 365 nm. 

4.2.4. Morphology of ATC/siRNA polyplexes  

The morphology of various polyplexes were analyzed by transmission electron 

microscopy (TEM). ATC/siRNA polyplexes at varying N/P ratios prepared as described 

earlier in 10 μL deionized water were dropped on a hydrophobic wax paper, then a 

carbon-coated copper TEM grid (Electron Microscopy Sciences [Hatfield, PA]) was 

placed on the sample droplet for 10 min at room temperature. Grid was then air-dried for 

2 h at room temperature. The grids were imaged with a Philips/FEI (Hillsboro, OR) CM-

20 Transmission Electron Microscope operated at 200 kV. 

4.2.5. Transfection using ATC/pDNA polyplexes 

Polyplexes were transfected into HeLa cells seeded in a 24 well plate at 20,000 

cells/well. 100 μL of polyplex solution was diluted with 300 μL of 1X phosphate buffered 

saline (PBS) before it was added to the wells. The particles incubate in the wells for 4 

hours without any serum. After 4 hours of transfection, the medium was removed, and 

the cells were washed with PBS, following this, media was replaced with 400 μL of 

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

incubated at 37 °C with a 5% CO2 atmosphere for 24 or 48 h. The analysis was performed 

24 and 48 hours after transfection. 
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4.2.6. Silenced eGFP expression in HeLa cells by ATC/siRNA polyplexes 

HeLa/eGFP cells were seeded overnight in a 24 well plate at a density of 20,000 

cells/well. Prior to transfection, culture media was removed, and cells were washed once 

with PBS. siRNA-containing polyplexes were prepared by adding dropwise various 

volumes of polymer (200 μg/ mL in PBS) to eGFP siRNA or scrambled (scr) siRNA 

solutions (80 pM). Following 30 min incubation, polyplex solutions (100 μL in PBS) were 

diluted with 300 μL of FBS-free DMEM before it was added to the wells. The cells were 

incubated for 4 h with ATC/siRNA polyplexes at 37 °C with a 5% CO2 atmosphere. After 

4 h, the polyplex-containing medium was aspirated, and the cells were rinsed with PBS 

once, followed by the addition of 400 μL DMEM with 10% FBS and further incubation for 

72 h. Fluorescence imaging and flow cytometry (Easycyte Plus, Guava) were performed 

to confirm eGFP silencing in the cells. 

4.2.7. Cytotoxicity of ATC polyplexes on HeLa/eGFP cells 

HeLa/eGFP cells were seeded at a density of 9,000 cells per/well in a 96-well plate 

and incubated overnight. The culture medium was replaced with 200 μL of ATC/siRNA 

polyplexes at various N/P ratios in FBS-free DMEM and incubated for 12 h at 37 °C. The 

medium was then replaced with 200 μL of MTT solution (1 mg/mL in FBS-free DMEM). 

After 2 h of incubation at 37 °C, the MTT solution was discarded from each well, and the 

cells were washed with PBS once. DMSO (200 μL) was added to each well to dissolve 

the MTT formazan crystals formed by live cells, and the plate was incubated at 37 °C for 

5 min. The absorbance of formazan products was then measured at 561 nm wavelength 

using a microplate reader (Synergy HT, BioTEK). 
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4.3. Results and discussion 

 

4.3.1. Complexation of nucleic acids and the morphology of polyplexes  

Since nucleic acids are hydrophilic, the improved aqueous solubility and flexible 

cationic side chains of ATC were speculated to contribute to efficient complexation via 

enhanced electrostatically-attractive molecular interactions. The particle size of 

ATC/pDNA polyplexes, prepared by simple complexation, increased gradually when the 

concentration of chitosan was increased from an N/P ratio of 1 to 10 in distilled water 

(Figure 4.2). However, there was a decrease in particle size from an N/P ratio of 10 to 

100. Smallest particle sizes of ATC/pDNA polyplexes were obtained at N/P ratios 20 and 

100. For ATC/siRNA polyplexes the size of the particles continued to gradually increase 

from N/P ratio of 1 to 100. Similarly, the PDI of the particles showed a similar trend, with 

PDI of N/P ratio of 50 was slightly higher than the N/P ratio of 100. The zeta potential of 

ATC/pDNA polyplexes increased with the increasing concentration of ATC at a constant 

nucleic acid concentration. The increment was due to the increase in the number of 

positive charges provided by ATC which counteracts with fixed negatively charged nucleic 

acid. When a polyplex was formed with ATC and large nucleic acid-like pDNA, a roughly 

spherical object was created with various contusions (Figure 4.2D). However, unmodified 

chitosan/DNA polyplexes formed cubic structures with defined edges. By adding 100 mM 

acetic acid to the polyplex, hydrolysis of the ketal group occurs, causing ATC to revert to 

native chitosan. When this occurred, there was the release of nucleic acid (Figure 4.2D), 

but additionally, the amine functionality on native chitosan became protonated as well. 
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Thus, free nucleic acid reassembled into a polyplex with chitosan at pH 5. When returned 

to pH 8 there was the release of all the nucleic acids except at N/P of 100. Additionally, 

conditions at pH 7 ATC and N/P of 20 to 100 effectively complexed DNA (Figure 4.2C). 

At N/P ratios of 1 to 10 there was not enough polymer available to complex all the DNA 

in the solution, but some were still available to form a polyplex. 

ATC complexed siRNA and formed ATC/siRNA polyplexes in a size range from 

180 nm to 400 nm in a N/P ratio range of 10-100 within a consistent PDI of approximately 

0.2 (Figure 4.3A). The zeta-potential transitioned from negative to positive between N/P 

 

Figure 4.2. ATC/pDNA polyplexes prepared at different N/P ratios and their 
characterization by (A) DLS size measurement and zeta-potential analysis, (B) 
ethidium bromide (EtBr) exclusion assay, (C) gel retardation assay before and after 
acid-hydrolysis, and (D) TEM.   
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ratios of 20 and 50. This indicates a molecular ratio of ATC to siRNA was approaching 

the point where both molecules complement each other by attractive electrostatic 

interactions without shortage or excess between N/P 20 and 50.  As expected, this is 

higher than the optimal N/P ratios known for complexing nucleic acids by PEI (i.e., N/P 

ratios of 5-10) due to the significantly lower cationic density of ATC than PEI. ATC has a 

total of two primary amines found on the pyranose backbone and another at the tip of 

aminoethoxy branch per repeating unit (MW 338 Da), while branched PEI has a total of 

four primary amines per repeating unit (MW 401 Da). In addition, the pyranose backbone 

of ATC makes it less flexible than PEI. Altogether, the electrostatic interactions with 

siRNA by ATC and PEI are different even for the same N/P ratios. The zeta potential of 

ATC/siRNA polyplexes became positive at N/P ratio of 50 and further increased at N/P of 

100 (Figure 4.3A) or higher (data not shown) due to the significant excess of positive 

charges provided by ATC for a given number of negative charges of siRNA. Ethidium 

bromide (EtBr) exclusion assay (Figure 4.3B) showed the reduction in fluorescence 

intensity as ATC shielded siRNA at increasing N/P ratio as anticipated. The shielding of 

siRNA by ATC was similar to those reported for chitosan, PEI, and PLL33. siRNA 

complexation by ATC was further qualitatively assessed by agarose gel electrophoresis 

(Figure 4.3C). ATC complexed siRNA via the increased charge density and close 

interaction with the cationic aminoethoxy branches more effectively than chitosan and 

was able to release siRNA upon acid hydrolysis. TEM showed consistent spherical 

morphology of ATC/siRNA polyplexes (Figure 4.3D) and their sizes increased as N/P 

ratios increased (Figures 4.3A and D).  
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Efficient delivery is dependent on the ability to efficiently protect siRNA, aid in 

cellular uptake, and ensure cytosolic release. While ATC demonstrated the capability of 

effectively complexing siRNA, the polyplex sizes as determined by DLS and TEM were 

larger than a typical size range for endocytosis 34 but could be suitable for transfecting 

phagocytic cells35, particularly in vivo. However, polyplexes in a similar size have also 

 

Figure 4.3. ATC/siRNA polyplexes prepared at different N/P ratios and their 
characterization by (A) DLS size measurement and zeta-potential analysis, (B) 
ethidium bromide (EtBr) exclusion assay, (C) gel retardation assay before and after 
acid-hydrolysis, and (D) TEM. 
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been reported to efficiently transfect many kinds of cells in vitro as well as in vivo 36–40. 

One advantage of transfecting larger gene carriers is to deliver a large number of nucleic 

acids to a cell 41, which seems to be crucial for gene silencing 42,43.  

4.3.2. Efficient transfection of pDNA with low cytotoxicity 

Transfections of HeLa cells with ATC/DNA polyplexes at different N/P ratios 

revealed that the highest transfection of a population of cells was observed at N/P ratios 

of 20 and 50 (Figure 4.4). After 24 hours of cell growth post transfection, about 20% of 

HeLa cells were producing GFP. Transfection was observed at other N/P ratios but at a 

smaller amount. In contrast, ATC/siRNA silencing is most optimal at higher N/P ratios. 

For N/P ratios of 100 and 200, an almost 100% reduction in expression is observed 

(Figure 4.6B). At higher N/P ratios of 300 and 400, the silencing efficiency decreases. 

Though there is a reduction in eGFP expression, there was some cell death observed. 

Consequently, the death of some of the cells might have contributed to the increase 

silencing for N/P ratios of 300 and 400. 

 

Figure 4.4. Fluorescence microscope images of HeLa cells after 24 h of incubation 
with 20 μM of ATC/pDNA polyplexes.  
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HeLa cell viability was accessed by MTT assay to investigate the potential 

cytotoxicity of ATC/DNA polyplexes. Over 95% average cell viability was observed for 

ATC/DNA polyplex and naked DNA at 40 µM concentrations. However, about 20-25% 

loss of cell viability was observed for polyplexes at 80 µM. Additionally, there was inherent 

toxicity of about 5% associated with a solution of pure material diluted in PBS. Free DNA 

did not show toxicity at any concentration, while at the polyplexes at N/P of 50 appeared 

to be the most cytotoxic (25%) at 100% concentration, (Figure 4.6C). The apparent 

toxicity of the nanoparticles might be attributed to the release of acetone and methanol 

from the ketal linkage upon hydrolysis, or might also be an effect of the membrane 

 

Figure 4.5. Fluorescence microscope images and flow cytometry data of eGFP-
expressing HeLa cells after 72 h of incubation with 20 μM of ATC/eGFP siRNA 
polyplexes prepared at N/P ratio of 50. The almost completely muted expression of 
eGFP in the cells indicated highly efficient transfection by ATC/eGFP siRNA 
polyplexes.  
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permeability properties of chitosan. Further studies are necessary to determine the 

appropriate pharmacokinetics of ATC. 

4.3.3. Efficiently silencing eGFP expression by ATC/siRNA polyplexes with low 

cytotoxicity  

The capability of ATC/siRNA polyplexes to silence the expression of a target gene 

was investigated by incubating them with HeLa cells expressing eGFP as a model gene. 

Polyplexes (20 μM) prepared at N/P ratio of 50 demonstrated a very efficiently silenced 

eGFP expression from 85% to 0.7% without noticeable cytotoxicity (Figure 4.6D) after 72 

h incubation, while eGFP siRNA alone or ATC/scr siRNA polyplexes did not affect eGFP 

expression (Figure 4.5). The polyplexes prepared at a higher N/P ratio also showed 

significant eGFP silencing:  expression decreased from 85% to 0.67% (Figure 4.6B) at 

N/P ratio of 100. However, this was accompanied by moderate cytotoxicity (ATC/eGFP 

siRNA polyplexes in Figure 4.6D) as well as measurable non-specific gene silencing of 

4.8% (ATC/scr siRNA polyplexes). In addition to poor solubility, limited endosomal escape 

before being cleared by endolytic recycling 6 attributes to inefficient transfection by 

chitosan/siRNA polyplexes 44,45, despite chitosan’s capability of generating the proton 

sponge effect 46. Acid-cleavage of ketal linkages in ATC in the mildly acidic 

endosome/lysosome greatly aided endosomal escape of siRNA via dissociation from 

hydrolyzed ATC and increased osmotic pressure via release of side branches 27,31.   Acid-

hydrolyzed ATC self-aggregates with low solubility at a neutral pH and releases free 

siRNA for binding to the RISC complex. 
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The acid-transformation of ATC in the endosome/lysosome to native chitosan 

makes it a promising carrier in treating intracellular infections. Intracellular bacteria are 

infectious microorganisms that replicate within host cells allowing the bacteria to evade 

host defense mechanisms and aids in its survival 47. ATC is capable of not only delivering 

antimicrobial agents such as antibiotics and nucleic acids but also directly act on microbes 

upon conversion to native chitosan 48. For example, ATC complexing siRNA against a 

resistant gene cannot only silence the expression of the target drug-resistance gene but 

also eradicates microbes upon acid-transformation. The relatively large size of 

ATC/siRNA polyplexes could be particularly suitable for treating microbial infections (e.g., 

salmonella) in phagocytic cells (e.g., macrophages)49. Additionally, ATC can be used to 

Figure 4.6. Transfection studies on HeLa cells. (A) ATC/pDNA transfection of GFP 
plasmid, (B) ATC/siRNA silencing of eGFP, (C) MTT assay of ATC/pDNA 
polyplexes, (D) MTT assay of ATC/siRNA polyplexes 
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coat the hydrophilic surface of implantable devices for aseptic applications 50,51. The ketal 

linker and the aminoethoxy branch could be replaced by other stimuli-responsive linkers 

and side chains, depending on specific demands by other biomedical applications. 

4.3.4. Use of ATC as a vector for other cargo 

 Effectively complexing other types of nucleic acids or larger cargo such as proteins 

demonstrate the versatility of a polymeric carrier. To this end, ATC was complexed with 

polydeoxyribonucleotide (pdrn). Pdrn is a mixture of nucleic acids with varying lengths. 

Due to the heterogeneity, and genetic non-specificity, it served as a suitable control to 

observe the versatility of ATC. Polyplexes created from ATC/pdrn at an N/P ratio of 100 

had a diameter around 200 nm with a zeta potential of 12 mV. Interestingly, these 

polyplexes have a low polydispersity and are all almost completely the same size. This 

was partially observable in the TEM image. However, some polyplexes appeared to have 

shrunk during the drying process. 

4.3.5. Use of ATC in combined therapeutic 

This polyplex formed from ATC was especially unique due to the ability to revert 

to native chitosan in acidic conditions. Many chitosan’s plethoras of uses are dependent 

on the free anime functionality, thus leaving that intact is ideal for maintaining those 

advantages. ATC, which maintains this free amine and is water soluble, can be an 

excellent asset is in the treatment of intracellular bacterial infections. Intracellular bacteria 

are infectious microorganisms that replicate in host cells allowing the bacteria to evade 

host defense mechanisms and aids in its survival 47. Since ATC, composed of 

antimicrobial chitosan, already serves as an efficient vector, it can additionally act as an 
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antimicrobial agent. Additionally, ATC can be applied to implantable devices for 

applications of wound healing, and antimicrobial uses 50,51. 

Furthermore, while the ketal linkage serves the purpose of providing hydrophilicity 

to chitosan and making it water-soluble future studies will take aim at changing this linker. 

While our current linker has no added toxicity, it does not serve any purpose. The current 

linker does act as an excellent working model for designing the synthesis scheme of ATC, 

in the long term it is cleaved as a byproduct once the polyplex has been endocytosed.  

To engineer a genuinely efficient and multipurpose vector, a drug with therapeutic 

significance would be an ideal molecule to conjugate to chitosan through the same pH-

responsive linker. 

4.4. Significance of findings 

ATC is a water-soluble and acid-liable vector. When the acid-responsive group is 

gone, native chitosan is generated, allowing applications which utilize other properties of 

chitosan (e.g., antimicrobial and anti-inflammatory), an advantage that offers a gene 

therapy delivery vector with a dual-purpose. We have demonstrated the capability to 

synthesize a water-soluble chitosan, capable of complexing with nucleic acids at neutral 

pH and displaying release and delivery of payload intracellularly. In the future, it would be 

of interest to test linker molecules that play an active role in the therapeutic process. 

Polyplexes formed from ATC, can change morphology based on the environmental pH 

due to the pH-responsive acid-transforming linkage. The transformation permits the 

improved transfection efficiency without having to modify the material to high extremes. 

From our studies, we conclude that chitosan modified with a pH sensitive functional group 
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can efficiently deliver nucleic acids to HeLa cells in vitro. To engineer some novel 

therapeutics, studies that take advantage of the natural properties of chitosan as an 

antibiotic and inflammatory agent, combined with the improved transfection efficiency of 

ATC are warranted. 
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Chapter 5. Summary and future directions 

 

5.1. Summary of dissertation 

Chapter 1 served as an introduction to the dissertation. This chapter highlighted 

the challenges with drug-resistant formation caused by conventional antibiotics, and to 

demonstrate a possible strategy to circumvent the current problems with antimicrobial 

resistance by using nanoantibiotics. Further discussions delved into the possibility of 

combining gene therapy with a nanoantibiotic vector. The combined therapeutic can aid 

in overcoming the threatening challenges ahead with respect to the increasing rate of 

drug-resistant microbes. The need for an antimicrobial material with gene delivery 

capabilities led to the use of chitosan as our selected polymer. 

 In Chapter 2, details of the synthesis of acid-transforming chitosan (ATC) were 

provided. Chitosan was selected as our vector because it had many of the desired 

properties for the therapeutic. However, the use of the polymer was met with various 

hurdles such as aqueous solubility, and challenges with endosomal escape. This chapter 

provided the synthesis scheme used to create the acid-responsive variant of chitosan. 

The modification of chitosan with an acid-responsive linker to form acid-transforming 

chitosan (ATC) was accomplished and fully characterized. This modification was shown 

to be temporary and chitosan is regenerated upon acid hydrolysis. While the synthesis 

worked, the efficiency was relatively low yielding with only milligram quantities of ATC 

recovered after each reaction process. 
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Chapter 3 explored the antimicrobial capabilities of ATC and determined the 

possible mechanism for the antimicrobial efficacy of ATC and chitosan. The efficacy was 

observed against the bacteria alone at varying pH conditions to see the effects it had on 

the polymer and microbe. Followed with the utility of ATC polyplexes in the eradication of 

an intracellular infection was also demonstrated. There were almost no surviving bacteria 

at 1000 µg/mL, and the amount surviving intracellularly in each cell is almost negligible.  

Moreover, the surviving colonies post cell lysis for 100 µg/mL appears to be much less 

than was seen from the flow data or the fluorescence images which indicated polyplexes 

hindered the growth of Salmonella better intracellularly even at low concentrations of the 

polymer. Furthermore, the mechanism of action of ATC was hypothesized using 

preliminary data from transposon insertion sequencing. The preliminary data of 

sequenced samples highlighted a myriad of genes that could have some significance in 

the mechanism of action, however, to confirm the true significance, more replicates would 

be needed. 

The motivation for Chapter 4 was to demonstrate the gene delivery capabilities of 

ATC polymer. While the previous chapter confirmed intracellular uptake of ATC 

polyplexes, these chapters elucidated on the efficient intracellular release of genetic 

components. Various polyplexes were created using different genetic materials pDNA, 

and siRNA. These polyplexes were characterized by morphology, surface charge, 

complexation and release efficiency. Additionally, in this chapter, the transfection 

efficiency was observed using flow cytometry. 

Chapter 5 describes the summary of the dissertation and concluded with 

perspectives and future directions of the work. 
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5.2 Future directions 

5.2.1. Nanoparticles with multi-stimuli response  

Another advantageous nAbts design is one that places various stimuli into one 

package. These will require the use of different stimuli-responsive linkers with two or more 

nAbts. For instance, a thermo-responsive group like NIPAM is combined with pH-

responsive functionality for the purpose of designing a multi-environment NP1. These 

could be very useful in topical applications where one release will happen at body 

temperature, followed by another stimulus-triggered release intracellularly or at an 

inflammatory site. Moreover, a multi-stimuli nAbts can be advantageous for treating 

difficult intracellular drug-resistant microbe as illustrated in Figure 5.1. Adding a stimuli-

responsive functional group to a nAbts such as a gold nanoparticle or a carbon nanotube 

can be accomplished by different methods from surface coating using emulsion to 

reduction-driven synthesis 2,3. For polymeric systems, the method that dictates the 

addition of stimuli-responsive functional group is determined by the specific group being 

conjugated. For example, conjugating a pH-responsive functionality such as succinyl or 

acetyl to chitosan has been done by various groups with relative ease 4–6. An alternative 

pairing is one that places a light-responsive nanoparticle with one that has a different 

antimicrobial mechanism. For example, doping TiO2 with silver creates a particle that can 

destroy bacteria by photocatalytic inactivation and generation of silver ions 7–9. These 

particles have been shown to have excellent light-independent antimicrobial activities 

against Escherichia coli (E. coli), Staphylococcus aureus (S. aureus) and Pseudomonas 

aeruginosa (P. aeruginosa) 8.  A similar interaction can be observed when gold is 

combined with TiO2 NPs. While not necessarily used for antimicrobial therapy yet, various 
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groups in the cancer research field are already applying the strategy of multi-stimuli-

responsive particles 10. 

 

 

 

Figure 5.1. (a) Formation of a stimuli-responsive nanoantibiotics particle: a combined 
system can be created by combining conventional antibiotics with nanoantibiotics. (b) 
Proposed therapeutic effect of stimuli-responsive nanoantibiotics against intracellular 
infection.  
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5.2.2. Modification of Linker Molecule  

The current linker molecule on ATC is 2-aminoethoxyethanol, which is a monomer 

of polyethylene glycol (PEG). While this material has no inherent toxicity, it does not serve 

any therapeutic process for the nanoantibiotic system. The current linker did serve as an 

excellent working model for designing of ATC, but in the long-term, it is cleaved as a 

byproduct once the polyplex has been endocytosed.  To engineer an efficacious 

nanoantibiotic system, especially one that can hinder the growth or destroy intracellular 

bacteria, an antibiotic with therapeutic significance would be an ideal molecule to 

conjugate to chitosan through the same pH-responsive linker. 

 Various small drugs can be conjugated to chitosan that will adequately serve the 

purpose of eradicating intracellular bacteria. For example with tuberculosis three drugs 

that are given as frontline drugs for the treatment of persistent TB, infections could be the 

candidates. Pyrazinamide, isoniazid, and ethionamide11,12 are three drugs usually 

prescribed when an infection is detected. Pyrazinamide is a membrane damaging agent 

against tuberculosis. It acts as an ionophore and leads to cellular acidification. This 

disruption in pH is an important part of proton motive force, which also kills metabolically 

dormant cells at acidic pH under oxygen-limiting conditions. This type of microbe targeting 

is energy dependent metabolism disrupting. Isoniazid is along the same line of anti-TB 

drugs; the pathway leads to the inhibition of mycolic acid, which is required for synthesis 

of mycobacteria. Another of the first line of prescribed anti-TB drugs is ethionamide. 

However, ethionamide is uncommonly prescribed in the regiment of drugs used to treat 

multi-drug resistant (MDR) TB or extensively drug-resistant (XDR) TB 12 The mechanism 

of action is like that of isoniazid. 
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This modification could be easily accomplished by repeating the reaction 

mechanism detailed in a previous publication, in which anti-tuberculosis drugs were 

conjugated to chitosan13,14. Briefly, the first step is the preparation of O-

carboxymethylated (OCMC) chitosan which was accomplished with the reaction of 1 g of 

Chitosan suspended in 10 mL of 2-propanol, and chloroacetic acid is added. Reaction 

proceeds for 2 hours and the product is precipitated in acetone. Subsequently, 500 mg of 

OCMC is dissolved in water, and 200 mg of the appropriate drug (Pyrazinamide, 

Isoniazid, or Ethionamide) is added. The reaction mixture is cooled to 0 – 5 oC  and 220 

mg of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) is added as a crosslinker. 

The reaction proceeds for 3 hours. After, the reaction is brought back up to room 

temperature, and the product precipitated with acetone. Upon confirmation of product by 

NMR, another material (Figure 5.2) will be made that maintains the acid-cleavable region. 

Starting with 3-(2-Hydroxyethoxy)propanoic acid, EDC and the appropriate drug can be 

conjugated at a 1:1-mole ratio at 0 – 5 oC in tetrahydrofuran. After 3 hours the reaction 

 

Figure 5.2. Drug molecule conjugated linker synthesis reaction scheme 
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can be stopped, and the crude 1H NMR will be checked to confirm the generation of 

desired product. The product will be purified using column chromatography. That product 

will then be reacted with 2-methoxypropene, in anhydrous THF and 5 Å sieves to remove 

water and methanol. The TLC of the product will be checked, along with a crude 1H NMR, 

followed by purification on a column depending on whether the final product is recovered. 

After synthesis of the new drug conjugated linker molecule, a modified ATC will be 

generated. An alternate route of synthesis will consist of using protected half acetal (HA) 

deprotecting it in 1M NaOH, followed by reaction with EDC, and drug molecule15 at a 1:1-

mole ratio. The product can be collected and purified by column chromatography.  

 

5.2.3. Designing nucleic acid targets against drug-resistance enablers  

The final piece in the engineering of a multi-faceted nanoantibiotic drug that will 

specifically target drug-resistant intracellular bacteria is the use of genetically specific 

nucleic acids. The provided genetic specificity will increase the antibiotic capability of the 

system. To achieve efficient treatment of prokaryotic infections, engineering specific 

crRNA sequences that facilitate the silencing of drug-resistance enablers is 

indispensable. There are various facilitators of drug resistance in microbes (Table 5.1). 

Designing the genetic sequences that can silence just one of the common facilitators 

would be highly advantageous and beneficial to the design of the nanoantibiotic.  Recent 

studies have shown the capabilities of sensitizing drug-resistant bacteria by silencing the 

expression using CRISPR RNA (crRNA)16.  
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Ideally, purchasing crRNA that silence the drug-resistant proteins in the microbes 

directly would be the course of action, but considering crRNA use and understanding is 

still in infancy there is a likelihood of not finding the specific sequences necessary for that 

drug resistance protein. Therefore, in this case, the well-understood siRNA-mediated 

RNAi in eukaryotes can be a good model to mimic. Eukaryotic siRNA can be prepared by 

chemical synthesis and transcription in vitro, or used as longer dsRNA for delivery 

followed by further intracellular processing (diced to shorter siRNA). Chemical synthesis 

of siRNA starts with the sequence selection in a target cDNA complementary to 5’-

AA(N19)UU-3’ (N to be any nucleotide) in the mRNA with desirably about 50% G to C 

content 17. Then the sense RNA 5`-(N19)TT-3’ and antisense RNA 5’-(N’19)TT-3’ are 

synthesized, where N’19 is the reversely complementary to N19. The confirmed 

Table 5.1. Drug-resistance enablers for MDRMOs (common in bold) 18 

MDRMO Alterers  Blockers Expellers Ref. 

S. aureus MphC, VatA-E MecA, dhfr, 
mupA, fucA, 
gyrA, gyrB, 
fabI, VanA, 
rpoB 

MSF (NoA, TetK-L, 
MdeA) 
QacA, MepA, ABC 
(MsrA) 

9,14,17,19, 21, 
22, 24 

Enterococci 
faecium 

VatA-E PBP, VanA, 
VanC->E VanG 

MSF (Mef, TetK-L, 
EmeA) 
ABC (Lsa) 

19, 21, 24 

Neisseria 
gonorrhoeae 

Not Available ponA MtrD 9, 19, 21, 24 

M. 
tuberculosis 

ARR, katG, 
inhA, embB, 
BlaC 

pncA, rpoB, 
GyrA, gyrB 

MSF (TetK-L), ABC 
(DrrB), Mmr 

18,19, 21, 24, 
27 

Klebsiella. 
pneumoniae 

KPC2, SFC1 Mosaic PBP, 
dhfr 

MSF (MefE, 
PmrA,TetK-L) 

19, 21, 24 

E. coli MphB, ereA, 
ereB, TEM1, 
TEM2, SHV1, 
CTX-M 

Erm, fabI MSF (TetA-E, BCr, 
MDfA, YceL, Emr), 
ABC (MacB, Lmr), 
RND (AcrD, 
MexAB-OprM)

9,18,19, 21, 22, 
24, 26 
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sequences, confirmed by Basic Local Alignment Search Tool (BLAST) will be annealed 

to produce siRNA duplexes. The process contains some flexibility in meeting these exact 

sequence specifications. Similarly, in vitro siRNA preparation, an 18mer oligonucleotide 

along with a T7 promoter sequence is annealed to form 38mer oligonucleotides 

containing the sequence complementary to the target 19. The transcribed 19mer RNA 

includes 2 extra nucleotides. The sense and antisense transcripts are then annealed and 

precipitated in ethanol to recover the resulting siRNAs.  An approach similar to the siRNA 

preparation has been explored for obtaining crRNAs. Briefly, a target RNA is extracted, 

sequenced, and amplified by T7 RNA polymerase. Then pre-crRNA with a 

complementary sequence to the amplified RNA is generated and recovered by ethanol 

precipitation, followed by annealing with a complementary crRNA to generate duplexes 

20,21.  

 

5.2.4. Challenges for nanoantibiotics 

With all the promise of nAbts comes challenges that must be addressed before 

widespread clinical use can be adopted. The two main challenges of nanomaterials in 

biological applications are toxicity of the material and large-scale manufacturing of those 

materials. 

5.2.4.1 Toxicity 

Various nAbts, particularly metallic and carbon-based ones, have severe toxicity 

generated from prolonged exposure. Although silver NPs provide many benefits, 

prolonged exposure to soluble silver-containing compounds may produce an irreversible 
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pigmentation in the skin (argyria) and the eyes (argyrosis) in addition to other toxic effects 

22. Some studies provide a direct contradiction to this, claiming minimal concentration-

dependent toxic effects 22,23. These concentration-dependent toxicities in mammalian 

cells have been shown in other studies using metallic nanoparticles 24,25. Similarly, while 

nanotubes and fullerenes have been shown to be potentially toxic, there are some 

contradictions which suggest that the toxicity may be due to solvent contaminants during 

preparation 26,27. For one, a suspension of nC60 prepared without THF lacked toxicity 28. 

Moreover, nC60 prepared without using any polar organic solvent lacked any acute or 

subacute toxicity in rodents 29. And although these potential side-effects limit their 

applications, their use should not be disregarded entirely. A complete elucidation of 

nanoparticle toxicity needs to be ascertained before extensive manufacturing induced 

exposure. 

In general, there has been increased scrutiny over the toxicity of nanoparticles due 

to increased use in various industries. Not only in the application, but also in the 

manufacturing of nanoparticles as those who manufacture the nanoparticles will 

experience the most exposure.  Silver NPs have been analyzed to determine their toxicity 

when manufactured. Based on a continuous 3-day exposure assessment, it was evident 

that workers were exposed to high levels of nanoparticles on a day-to-day basis; similar 

results were also found for other metallic and carbon NP manufacturing 30. While the exact 

toxicities of long-term overexposure are still completely unknown, a recent study by Das 

et al. 31 looks at the potential toxicity to mammalian germ cells and developing embryos 

from engineering nanoparticles such as gold, silver, fullerenes, and chitosan. They 

summarize various toxicities based on nanoparticle uptake and internalization 
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mechanisms. The major emphasis of the study is that while some nanoparticles may not 

have any acute toxicity, there is a possibility that there is some long-term toxicity or effect 

to germ lines to consider. The authors disclose that a large percentage of these toxicities 

are mostly dependent on NP size and surface modifications. Taking those variables into 

consideration when designing and engineering nAbts can aid in ameliorating the possible 

toxicities that may arise. 

5.2.4.2 Large-scale manufacturing 

Scale-up for creating nanoparticles requires sophisticated techniques. 32. Two key 

pathways to generate nanoparticles are through chemical or mechanical routes 33; these 

can also be considered as bottom-up or top-down manufacturing approaches respectively 

(Figure 5.3) 34. A bulk material may be dissolved chemically into molecular entities to yield 

a distinct molecular intermediate form of the material. That intermediate is then reacted 

kinetically or processed further using stabilizing agents such as emulsifiers. Generation 

of silver nanoparticles from silver nitrate is an excellent example of a chemical route 33. 

Alternatively, mechanical energy can also be applied to a bulk material to split it into 

smaller particles. This usually requires heavy machinery such as a mill. Regardless of the 

chosen pathway, most particles are modified, whether by some type of surface 

modification or another type of customization, before further use 33. 
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Another method used to industrially generate nanoparticles is an emulsion type 

system 35,36. This is a bottom-up synthesis approach that has some similarity to chemical 

synthesis route. Instead of distinct intermediates being formed, the emulsion route allows 

for the formation of nanoparticles based on an oil-water system. The versatility of the 

reactor system, where starting materials may simply be mixed, serves as an advantage 

for this system. A disadvantage of the emulsion system is that it will be limited to only 

certain types of nanoparticles made with materials that are soluble in an organic phase 

or an aqueous layer, and thus, it cannot be widely used.  

The other end of the spectrum for scaling and manufacturing is the top-down 

approach of templated systems 37,38. Using cast molding generated from 

polydimethylsiloxane (PDMS), different shapes and sizes can be generated for a material 

that can be cured and dried, usually a polymeric material. While most nAbts are not 

applicable to this technique, there might be a way of combining the stimuli-responsive 

 

Figure 5.3 Manufacturing methods of nanoparticle. Nanoparticles can be manufactured 
in large scales either by bottom-up or top-down manufacturing methods. 
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linkers or polymers that will allow for the template-assisted system to be leveraged. The 

main advantage of using a template-like system is the ability to make many uniform 

nanoparticles very rapidly. This would reduce the cost of manufacturing for 

pharmaceutical applications while being able to maintain consistent quality. This 

consistency is something that the bottom-up approach may lose. The downside is the 

limited source materials that can be used in the template-assisted systems. 

 One thing is certain, when industrial scale manufacturing of nAbts comes into 

question, attempting to use just one system may not be adequate to serve a broad 

therapeutic need. Entities that decide to venture into commercializing nAbts for 

therapeutic applications need to consider which systems they are trying to target, and 

what would be the safest and most economical way to accomplish that goal.   

 

5.2.5. Future directions for nanoantibiotics 

Worldwide, scientists are scrambling to discover and uncover new ways to fight off 

infections. The rate of drug-resistant formation is frightening, and while there are many 

promising new compounds and products being introduced, unfortunately, that is still not 

enough. The major problem lies in the fact that we are stalled in this persistent paradigm 

of discovering new antibiotics. Of the few pharmaceutical companies that invest money 

into the discovery of new antibiotics, most do not see a return on their investment. This 

makes the prospect of developing new antibiotic highly unattractive from that standpoint.  
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However, the difficulty in developing new antibiotic compounds stems from the fact 

that most new antibiotic compounds are found from another, competing microbe 39,40. 

nAbts circumvent that system by using a completely different mechanism of action; 

moreover, they are also highly versatile and tunable. This allows for the ubiquitous use of 

nAbts. Antimicrobials are used in a multitude of industries such as livestock and 

agriculture, water treatment, military, and clinics; however, sr-nAbts will most likely thrive 

in industries that require the precise release of certain antibiotic effect after certain 

conditions are met. One possible application is to apply it to on-site or field-based medical 

devices, where autoclave or sterilization is not easily accessible. This will allow for 

situations where temperature, light, or pH-responsive nAbts coated materials can react 

to sterilize an environment. The same system can also be used in the design of a water 

treatment system where the filter self-cleans and sterilizes itself. Another possible 

direction would be a theranostic system for antimicrobial infections. This is a relatively 

direct venture if the nAbts system is stimuli-responsive. The timing of such a system would 

be most useful in topical applications, or applications where an infection status may be 

uncertain. These types of nAbts theranostic system could also be very useful in curbing 

 

Figure 5.4 Antibiotics market share in comparison to the overall 
pharmaceutical market size.  
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the spread of sexually transmitted infections, such as Neisseria gonorrhea, by applying 

them to contraceptives. Bacteriophages, though excluded can be classified as bio-active 

nanoantibiotics. These phages are virus-like particles that selectively kill bacteria when 

they infect them, without any damage to the eukaryotic cell 41. Furthermore, phages can 

be modified with stimuli-responsive functionalities that allow for added efficacy and 

capabilities 42. Additionally, non-lytic phages can be engineered to permit use as vaccines 

or diagnostic tools against specific bacterial infections 43. 

It is important to note, fortunately, that the antibiotic industry is gaining some 

steam. Aside from the obvious need, this renewed interest in antimicrobial discovery is 

Table 5.2 Examples of commercial nanoantibiotics products 

Company Product Composition Current application 
Development 

stage 

Insmed Arikace Liposomal amikacin 
Chronic P. aeruginosa 

Infection  
Clinical trial 

(phase 3) 

Staten 
Serum 
Institute 

CAF09 
Cationic liposome-

based adjuvant 
Tuberculosis, HIV Preclinical 

Smith & 
Nephew 

Acticoat 
Ag NP coated 

polyethylene mesh 
Wound dressing Marketed 

I-Flow 
ON-Q Silver 

Soaker 
Ag NP coated 

polyvinylchloride 
Catheter for delivery of 

local anesthetics 
Marketed 

Benanova EbNP 
Ag ions embedded 

in lignin 
Nanosilver substitute Marketed 

INGMedical 
Antimicrobial 

textiles 
Electrospun textiles 
with metallic NPs 

Medical devices Marketed 

NanoBio NanoStat 
Nanoemulsion 
based carrying 

various adjuvants 

Intranasal/intramuscular 
vaccine delivery 

Completed 
phase 1 

IBM ------ 
Stimuli-responsive 
polymer hydrogel 

Antimicrobial Pre-clinical 
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likely due to the expected increase in the value of the industry. BCC Research reports the 

market to be worth about 40.6 billion in 2015 with an expected compound annual growth 

rate of 2.0% within the next 5 years 44,45. Regardless of the source, whether it is IBIS 

World Industry Report, Statista, or BCC Research Reports, there is a general agreement 

over the size of the current antimicrobial market. However, the forecasted direction of the 

market is still uncertain. This uncertainty might be caused by the upcoming patent cliffs, 

production of cheaper generics, or the loss of efficacy due to the drug-resistance 

formation. Irrespective of that, about 3.7% of the over 1 trillion-dollar pharmaceuticals 

industry 44 is focused on antibiotics(Figure 5.3). While it may not be the largest sector, it 

has been drawing increased interest.  Interestingly enough, the number of clinical devices 

focusing on some sort of nAbts application that has received approval for use continues 

to increase (Table 5.2) 46. 

The ability to directly target drug-resistant strains of various microbes can provide 

a vital impact on the state of global medicine. The use and availability of a natural 

nanomaterial that can innately affect the growth of various strains of microbes will 

increase access, especially for those in various socioeconomic classes and developing 

countries that may not necessarily have traditional antibiotics readily available. Aside from 

direct use, nanoantibiotics can also be used to treat water systems all over the world, 

which will make help microbe polluted waters drinkable. There can also be additional use 

in agriculture and livestock. 
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