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Alveolar intracellular bacterial infections, such as those caused by Burkholderia 

pseudomallei and Francisella tularensis, are one of the most challenging infectious disease 

settings where the appropriate treatment of these pulmonary pathogens remains an important 

unmet clinical need. In this thesis, we outline the design and development of an inhalable 

macromolecular prodrug technology against airborne F. tularensis (pulmonary tularemia). 

Francisella is an infectious bacterium with a high global burden, historical precedence of being 

weaponized for biological warfare, and is currently classified by the U.S. Centers for Disease 

Control and Prevention as a Tier 1 bioagent capable of mass public harm and casualty. The current 

standards of care for treating respiratory infections of F. tularensis relies on rigorous prolonged 

applications of oral and intravenous antibiotics. In greater than forty-percent of cases, these 

therapies clinically fail to clear the bacterial infection due to poor pulmonary biodistribution and 

sustained localized drug concentrations causing a high-rate of fatality and disease relapse.  
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Direct pulmonary drug delivery offers a unique opportunity to control drug concentrations 

at the site of bacterial persistence, and is gaining popularity as an attractive strategy for the 

treatment of pulmonary infections. Inhalable free-drug dispersions and liposomal based antibiotic 

formulations have been clinically exploited against bacteria such as Pseudomonas aeruginosa in 

cystic fibrosis patients, however, with limited success due to poor pulmonary pharmacokinetics 

brought on by rapid drug release, low drug encapsulation efficiencies, and complex formulations 

procedures that affect manufacturing scalability and reproducibility. To address these limitations, 

we have synthesized polymeric prodrugs with high-drug densities of a model antibiotic, 

ciprofloxacin, from polymerizable drug monomers that can provide rapid extended therapy against 

respiratory tularemia and reduce drug dosing.  

Our macromolecular ciprofloxacin prodrugs deliver sustained release of antibiotics via 

ester hydrolysis from engineered chemically-labile drug-linkers, with the ability to control drug 

release kinetics with the choice of various linkers and polymer architecture. Specifically, 

ciprofloxacin polymeric prodrugs derived from a phenolic ester modified drug linker showed faster 

hydrolysis kinetics in human serum with 50% of the drug released within 5d, whereas constructs 

with an alkyllic ester linkage demonstrated similar release over 22d. Using a quantitative LC-MS 

approach, this difference in drug release was also captured in vivo with pulmonary drug half-lives 

of 9.3h and 15.6h from the phenol and alkyllic ester macromolecular prodrugs, respectively. 

Establishing appropriate in vivo antibiotic pharmacokinetic-pharmacodynamic profiles is critical 

for promoting therapeutic efficacy. We observed that having a slower alkyl-ester modified drug 

linker within these unimeric copolymer morphologies although provides improved stability, it fails 

to meet specific PK-PD thresholds necessary for efficacy. This was further supported by 

evaluations using lethal aerosol exposures of F. tularensis in murine challenge models where we 



www.manaraa.com

 

 

 

demonstrated enhanced survival rates with the endotrachaelly administered fast-releasing 

macromolecular prodrugs compared to slower-releasing variants and free drug controls.  

Modifying the polymer architecture provided an alternative approach to alter and control 

drug release profiles. Systematic hydrolysis studies in human serum showed that diblock 

copolymers where the drug was segregated to a second hydrophobic segment had considerably 

slower release kinetics compared to the molecularly soluble unimeric species. This was 

independent of the drug-linker suggesting that degree of solvation near the esters is important to 

achieve and can vary the hydrolysis rates. Current iterations of these macromolecular prodrugs 

extend from these observations to create more complex architectures such as mannosylated radiant 

star nanoparticles that can actively target and bind alveolar macrophages, and has improved drug 

release kinetics, compared to the previous micelle-forming diblock copolymers. In addition, the 

incorporation of mannose targeting chemistry can provide potential dose-sparing properties to 

overcome drug resistance. 

The manufacturing of these drug conjugates deviates from formulation based approaches 

and focuses on creative small-molecule synthetic strategies providing a highly-modular 

technology where the final macromolecular therapeutic can be engineered from a library of drugs, 

drug-linkers, and corresponding hydrophilic targeting moieties or solubilizers. These constructs 

characteristically afford an expanded and more versatile drug repertoire from conventional 

delivery vehicles, and the success of these macromolecular prodrugs stems from providing tunable, 

individualized drug release kinetics that control for in vivo PK parameters such as Cmax and AUC. 

This thesis establishes inhalable macromolecular prodrugs synthesized from polymerizable 

prodrug monomers as a promising modular platform technology that can not only treat aerosolized 

F. tularensis but may also be applicable for other invasive alveolar intracellular bacteria.     
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CHAPTER 1. Introduction and Background 

 

1.1 Pulmonary melioidosis and tularemia are highly-lethal infectious diseases 

Lower-respiratory tract infections remain the leading cause of mortality from infectious 

diseases around the world.1 Among these pathogens include the highly-lethal, gram-negative 

intracellular bacteria Burkholderia pseudomallei and Francisella tularensis, which cause 

pulmonary melioidosis and tularemia, respectively. Due to their ability to cause catastrophic 

diseases by an airborne route, coupled with low initial and readily acquirable doses, the U.S. 

Centers for Disease Control and Prevention (CDC) has classified these bacteria as Tier 1 (highly-

virulent) biothreat agents capable of use in biochemical warfare and terrorism.2–4 In the 1970s, 

researchers at the World Health Organization (WHO) utilized various modeling studies to predict 

the effects of mass airborne release of biothreats such as F. tularensis in the U.S. under relevant 

meteorological conditions and bacterium decay-rates in air.5 For example, assuming the use of an 

antibiotic-sensitive F. tularensis strain, health officials at the WHO theorized that in a city with a 

population of 5 million, there would result in approx. 250,000 cases of life-threatening respiratory 

tularemia, with 3500 case-fatalities even with immediate antibiotic treatment.2,3 In present day, 

where both melioidosis and tularemia infections have a worldwide presence and there is a 

significant concern for public health and safety, those that have an added high-risk for bacterial 

exposure remain to be troops of all nationalities that serve in areas with the widespread diseases.2,4–

8  

 

1.1.1 Etiology, prevalence, and virulence of Burkholderia pseudomallei  
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As the causative agent of melioidosis, B. pseudomallei is most common to southeast Asia 

(e.g. Thailand) and northern Australia (Fig. 1.1A).8–11 The disease has an array of clinical 

presentations that can vary from acute septicemia to chronic focal pathology and latent infection, 

which can reactivate in host from tissue reservoirs.4 Depending on the severity of the disease, 

melioidosis can mimic other infections such as glanders, typhoid fever, and tuberculosis. B. 

pseudomallei is found naturally in the environment in contaminated soil and water and, although, 

can have diverse routes of entry into the host, from ingestion through skin abrasions, inhalation of 

the microbe often times leads to the poorest prognosis.4,9,12 Endemic respiratory melioidosis has 

an incident rate of approx. 50 cases per 100,000 with 40-50% fatality without treatment and 10% 

reoccurrence with treatment.8,11 Moreover, B. pseudomallei is intrinsically resistant to many 

antibiotics including penicillin, cephalosporins, macrolides, rifamycins, colistin, and 

aminoglycosides.4 The current standard of care for treating respiratory melioidosis typically starts 

with IV antimicrobial therapy with ceftazidime and meropenem for 10-14 days followed by 3-6 

months of oral therapy with doxycycline.4,13  
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B. pseudomallei is an aerobic, motile, non-spore forming bacillus that predominantly 

survives and replicates within macrophages, and uses multiple mechanisms to facilitate 

pathogenesis and bacterial dissemination (Fig. 1.1B).14 One important virulence factor is a type III 

secretion system (TTSS) that functions as a molecular syringe and interacts with host cell 

membrane to inoculate bacterial effector proteins into a target cell’s cytosol.13,15–17 The TTSS gene 

cluster helps to make up the Burkholderia secretion apparatus (bsa), which encodes for proteins 

necessary for bacterial invasion and endosomal escape.15,16 Intracellular B. pseudomallei can be 

propelled by inducing continuous polymerization of actin at one pole of the bacterial cell, which 

FIGURE 1.1. Epidemiology of respiratory melioidosis and the intracellular life-cycle of Burkholderia 

pseudomallei. (A) Pulmonary melioidosis is predominantly localized to southeast Asia, and parts of Africa, South 

America, and Australia. (B) Inhalation of B. pseudomallei results in the intracellular accumulation (a-b) and 

distribution (c-d) of the pathogen within alveolar macrophages. Virulence factors such as the expression of 

burkholderia secretion apparatus (bsa) and actin motor proteins helps the bacteria infect, replicate, and persist in 

phagocytic host immune cells. Figure modified from ref. [13]. 
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results in the formation of membrane protrusions that can project into adjacent host cells, 

facilitating cell-to-cell bacterial migration.14,18 In addition, B. pseudomallei produces an 

extracellular polysaccharide capsule [-3)-2-O-acetyl-6-deoxy-β-D-manno-heptopyranose-(1] that 

is capable of preventing opsonization and phagocytosis by limiting the deposition of C3b 

compliment factor on the bacterial surface.19–21 Due to the native pathogen’s high-replicative 

capacity in humans, a laboratory surrogate such as B. thailandensis is commonly used for 

research.4,19,22 Although B. thailandensis naturally coexists with B. pseudomallei in the 

environment, the former bacterium rarely causes disease in humans, but has equal virulence to the 

wild-type B. pseudomallei in hamsters and mice.13,23    

 

1.1.2 Etiology, prevalence, and virulence of Francisella tularensis 

Pulmonary tularemia is a zoonotic infection that results from the inhalation of the infectious 

bacterium, Francisella tularensis and is present in several parts of the world, from the U.S. to most 

of Europe and Australia (Fig. 1.2A).2 The pathogen can have varied modes of entry into a host 

from insect bites (e.g. ticks, deer flies, etc.), cutaneous contact with infected animal carcasses, and 

ingestion of contaminated food and water.3,24 Nevertheless, inhalation of the viable organisms 

results in the most dangerous form of tularemia with a fatality rate of > 30% if untreated.2,25 

Pneumonic tularemia can have clinical presentations of ulcerative bronchitis, pulmonary 

hemorrahagic edema, suppurative necrosis of lung parenchyma, as well as potential granulomas.26 

Growth of F. tularensis in culture from pharyngeal swabs and sputum specimens provides 

definitive means of confirming a pulmonary tularemia diagnosis. Medical care for the respiratory 

form of this disease stems primarily from antibiotic eradication of F. tularensis, which can reduce 

mortality rates to approx. 4%.7,27 Exhaustive oral and IV administrations lasting 3-4 weeks of 
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aminoglycosides (e.g. streptomycin and gentamicin), and fluoroquinolones (e.g. ciprofloxacin) are 

currently the standard of care for antibiotic therapy against pulmonary tularemia.2,26,28,29  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar to B. pseudomallei, the facultative intracellular pathogen F. tularensis 

predominantly targets host macrophages (Fig. 1.2B). After entry into the macrophage, the bacteria 

FIGURE 1.2. Epidemiology of respiratory tularemia and the intracellular life-cycle of Francisella 

tularensis. (A) Pulmonary tularemia has a global presence with the subsp. tularensis and novicida resulting in 

high number of lethal cases. (B) Similar to B. pseudomallei, inhaled F. tularensis targets host alveolar 

macrophages, resulting in the phagocytic internalization and intracellular accumulation of the pathogen. F. 

tularensis has a high replicative capacity, overpowering the immune cell and inducing apoptosis. Figure modified 

from ref. [2]. 
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are contained inside phagosomes, where by acidification of subcellular compartment has been 

hypothesized to be essential for F. tularensis replication.30 Studies by electron and confocal 

microscopy have demonstrated that during the first 3-4 hours of infection, the pathogen is co-

localized with late endosomal-lysosomal markers before being released into the cytoplasm for 

replication.31 Although mechanisms behind endosomal escape remain to be elucidated, 

intracellular bacterial replication is known to be quite rapid with 1.5-2.5 log10 bacteria present per 

cell within 24 hours-post infection.32,33 The infection cycle renews as the macrophage undergoes 

apoptosis, releasing large numbers of Francisella into the microenvironment.34,35 Genomic and 

proteomic studies have helped to suggest the role of potential molecular regulators for intracellular 

bacterial survival and growth, but remain to be further explored as targets for therapeutic 

efficacy.36 Moreover, known virulence factors such as bacterial lipopolysaccharide and protective 

capsule have been identified to be necessary for immune evasion and resistance.37–40 Due to a low 

dose for infection (~10-20 cfu) and a high intracellular replicative capacity, most research into the 

biology of F. tularensis has been done using an atypical live vaccine strain (LVS-SchuS4), which 

is derived from a F. tularensis subsp. holarctica strain, and is attenuated in humans while retaining 

little virulence in mice.2,41 In comparison, an alternative strain (U112) from F. tularensis subsp. 

novicida, which shares approx. 98% nucleotide identity with F. tularensis subsp. tularensis, is 

considered to be a more lethal surrogate model with higher virulence than LVS-SchuS4 in mice.42–

44      

   

1.2 The current oral and IV standards of care require improvement 

The standard of care for treating pulmonary infectious melioidosis and tularemia is oral 

and IV antimicrobial therapies. However, many antibiotics administered orally or through IV 
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injection are limited by poor pharmacokinetics and biodistribution to the lungs, and can have 

associated systemic toxicity.24,45,46 For instance, ciprofloxacin, which is a commonly prescribed 

oral fluoroquinolone used to treat pulmonary F. tularensis, has a bioavailability of only approx. 

65% with a serum half-life of 4 h.47 This is in comparison to doxycycline, part of the tetracycline 

family of drugs, which has a bioavailability of >90 % and serum half-life of 18 h. According to 

the U.S. Food and Drug Administration (FDA), about 40-50% of an orally administered 

ciprofloxacin dose is excreted by renal clearance as unchanged drug. Additionally, due to the 

vigorousness of these respiratory infections and the ability of the bacteria to evade natural immune 

responses, some antibiotics alone, such as ciprofloxacin or tetracycline, when administered orally 

or via IV are not able to clear the pathogens, resulting in high relapse rates of the disease.8,13,45 

Therefore, patients taking oral ciprofloxacin for pulmonary tularemia have to end up taking large 

amounts of drug (e.g. 500-750 mg capsules) more frequently (e.g. q12 h), and often times in 

combination with other drugs over extended periods of time (weeks-months).48 Consequently, 

these intensive antibiotic treatment cycles can not only be slow-acting and inefficient, but also 

financially overwhelming for patients. For these reasons, there exists a clinical unmet need for new 

efficient drug formulations that improves on the current therapeutic standards by localizing and 

sustaining effective drug concentrations in the lungs, which can also potentially reduce patient 

burden. 

 

1.3 Pulmonary drug delivery offers an attractive alternative for drug administration 

Direct pulmonary drug delivery provides a convenient, efficient, non-invasive strategy to 

treat respiratory infections by localizing drugs to the site of bacterial persistence. The delivery of 

high drug concentrations directly to the disease site not only minimizes the risk of systemic side 
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effects, but also provides a rapid clinical response that bypasses therapeutic barriers, such as poor 

gastrointestinal absorption or the first-pass metabolism.46 In this regard, pulmonary drug delivery 

can achieve similar or superior therapeutic effects at a fraction of the systemic dose. Inhalable 

forms of medications have existed for many years and have been clinically used as first-line 

therapy against lung conditions such as asthma and chronic obstructive pulmonary disease. 

Recently, the FDA has approved the use of inhalable antibiotics such as aztreonam (Cayston®, 

Gilead) and tobramycin (Tobi®, Novartis) for the treatment of pulmonary bacterial infections in 

cystic fibrosis patients.49  

 

1.3.1 Aerosolization of antibiotics 

Therapeutic efficacies of pulmonary drug delivery are dependent upon the dose deposited 

and its distribution within the lung.46 Pulmonary infections from both B. pseudomallei and F. 

tularensis have been shown to start in the bronchioles of the lung and spread distally into the 

FIGURE 1.3. Lung physiology provides key barriers for pulmonary drug delivery. Inhalable antibiotic 

delivery systems must be able to achieve therapeutic concentrations of drug localized to deep lung parenchyma 

where there is high bacterial persistence. Drug formulations that successfully reach alveolar macrophages will 

overcome barriers including resistance-forming pulmonary anatomical features (bronchiole size and degree of 

branching), mucuciliary clearance, and the presence of potential molecular-disruptive surfactants. Figure modified 

from ref. [51].  
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smaller alveolar spaces before entering the blood and disseminating to other organs.50,51 

Aerosolization of antibiotics compared to intranasal instillations or intratracheal injections have 

been shown to access these deeper lung environments where the bacteria can preside and create a 

more well-distributed endotracheal delivery reflected in improved in vivo bactericidal activity.52–

54 It should be noted that in a diseased lung, mucus plugs in the bronchi and bronchioles may 

prevent appropriate aerosol deposition and is subsequently one of the main limitations of 

pulmonary antibiotic delivery.46 In addition, airway geometry defined by progressive branching 

and narrowing, and relative lung humidity can encourage particle impaction upon aerosolization 

resulting in decreased deposition and distribution into the alveolar space (Fig. 1.3).55 Current 

research in pulmonary drug delivery devices have sought to address these challenge by developing 

nebulizers/microsprayers that use pressure sensitive, high-velocity, aerosol streams that have a 

reduced probability of impaction to reach lung disease environments.56  

 

 

1.3.2 Mechanisms of lung clearance 

Deposited drugs after aerosolization can be cleared from the lungs, absorbed into the blood, 

or degraded via drug metabolism. Drug particles deposited in the conducting airways are primarily 

removed through mucuciliary clearance and, to a lesser extent, are absorbed through the airway 

epithelium into the blood and lymphatic system (Fig. 1.3).46 Ciliated epithelium extends from the 

trachea to the terminal bronchioles. The airway epithelial goblet cells and submucosal glands 

secrete mucus composed of proteoglycans and glycoproteins forming a two-layer mucus coat over 

the ciliated epithelium: a low-viscosity periciliary layer covered by a high-viscosity gel layer.57 

Insoluble particles are trapped in the mucus gel layer and are moved toward the pharynx by the 

metachronous beating of cilia. In comparison, lipophilic and hydrophilic molecules can more 
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readily pass through the airway epithelium via passive transport or extracellular pathways (e.g. 

tight junctions, active transport, etc.), respectively.58 Drugs deposited in the distal alveolar region 

can be phagocytosed and cleared by alveolar macrophages or directly absorbed into pulmonary 

circulation (Fig. 1.3).55 The rate of drug absorption from the alveoli is dependent on size, as 

alveolar permeability is inversely related to the molecular weight of the absorbing species.59 

Lastly, drug metabolism can influence the therapeutic efficacy of inhaled drugs; however, all 

metabolizing enzymes found in the liver are found in a lower concentrations distributed throughout 

the conducting airways and alveoli.60 For example, phase 1 cytochrome-450 (CYP450) enzymes 

are 20 times lower in the lung than in the liver.46 Other enzymes include monooxygenase, aldehyde 

dehydrogenase, NADPH-CYP450 reductase, proteases (e.g. endopeptidase, cathepsin H, etc.) and 

esterase, which is specifically present in high concentration within alveolar macrophages.   

 

1.4 Pulmonary delivery of free drug formulations have limited efficacy 

Pharmaceutical companies have developed inhalable free drug formulations in efforts to 

address the therapeutic shortcomings of oral and IV administered antibiotics against pulmonary 

bacterial infections. In 1997, an inhalable solution formulation of the aminoglycoside antibiotic 

tobramycin (TOBI®; Novartis) became the first inhaled antibiotic to be approved by the FDA for 

the treatment of pulmonary infections caused by Pseudomonas aeruginosa in patients with cystic 

fibrosis.49 The TOBI® solution for inhalation is formulated as an aqueous solution with the pH and 

salinity adjusted specifically for administration by a compressed air driven reusable aerosol unit.61 

Each single-use 5 mL ampule contains 300 mg tobramycin and 11.25 mg sodium chloride in sterile 

water. Sulfuric acid and sodium hydroxide are added to adjust the pH to 6.0, while nitrogen gas is 

used for sparging. At present, treatment with TOBI® involves using the nebulizer device to 



www.manaraa.com

 

 

21 

 

administer the antibiotic over a 15-minute period twice daily.49 The cationic polar molecule TOBI® 

does not readily cross the epithelial membrane in the lungs, and due to the noted variability of 

individual dosing and rapid pulmonary free drug clearance, the drug has poor accumulation in 

sputum and serum.62 For example, after the first 300 mg dose of TOBI®, the average drug 

concentration in the sputum is about 1.2 µg/g and falls to approx. 1.1 µg/g after 20 weeks of 

therapy.61 In 2010, the FDA approved the next inhalable antibiotic, aztreonam monobactam 

solution (Cayston®; Glidead) for treatment against also P. aeruginosa infections in cystic fibrosis 

patients.49 A dose of Cayston® inhalable solution consists of a 3 mL vial containing lyophilized 

aztreonam (75 mg) and lysine (46.7 mg) in a 0.17% sodium chloride aqueous solution at pH 4.5-

6. Administration of Cayston® uses an Altera nebulizer that is an improvement over the TOBI 

system because it decreases the dosing time from approx. 15 min to 3 min.63 The efficacy of 

Cayston® following 28 days of therapy, however, was reported to be similar to that of TOBI®, with 

only 10% improvements in pulmonary function of subjects receiving the inhalable treatment 

against those receiving placebo controls.64–66 

Inhalable free drug formulations are currently limited by the relative solubility of drugs in 

salt-form in the sputum, and poor drug pharmacokinetic properties in the pulmonary space (i.e. 

trafficking into epithelial tissue and rapid lung clearance).67 This results in short respiratory half-

lives and resident times of the inhaled drug, and the potential for sub-therapeutic dosing that can 

influence treatment efficacy.68 Due to these challenges, current inhalable free drug formulations 

such as TOBI and Cayston require repeated daily dosing over months at a time, reducing patient 

adherence. Thus, new pulmonary drug delivery systems that improve on the limitations of 

administering free-drug formulations can have significant clinical impact for patients with 

persistent respiratory infections.  
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1.5 Drug encapsulating delivery systems  

Encapsulation delivery vehicles (e.g. liposomes, polymer particles, etc.) have historically 

been used as potential drug carriers for a variety of active compounds including small molecule 

drugs and biologics, therapeutic proteins and vaccines, and diagnostic agents.  

 

1.5.1 Liposomes for antibiotic delivery 

Liposomes are colloidal systems, usually 0.05 – 5 µm in diameter composed primarily of 

a combination of synthetic or natural lipids (phospho- and sphingo-lipids) and other bilayer 

constituents such as cholesterol and hydrophilic polymer-lipid conjugates.69 Due to the relative 

polarity of the lipid hydrophilic head groups and thermodynamic influences from the hydrophobic 

effect, liposomes can undergo spontaneous self-assembly under hydrated aqueous conditions to 

form unilamellar and multilamellar vesicles. Drugs with widely varying lipophilicities can 

subsequently be encapsulated in these constructs, either in the lipid bilayer or entrapped in the 

aqueous core of the liposome. Numerous procedures have been developed to prepare liposomal 

drug systems (e.g. reverse-phase evaporation, freeze-thaw, extrusion, etc.) and depend strongly on 

the co-solvents used and the physiochemical properties of the encapsulated drug.70 These 

approaches often times yield difficulty in reproducibility and manufacturing scalability, and results 

in poor drug encapsulation efficiencies.69,71 In addition to complex formulation methods, 

liposomes can also suffer from incomplete and burst drug release kinetics which may limit control 

over individual drug dosing and efficacy (Fig. 1.4A).68,71 
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FIGURE 1.4. Key characteristics of clinically relevant inhalable liposomal ciprofloxacin formulations for 

the treatment against highly-infectious pulmonary agents. (A) In vitro drug release kinetics from liposomal 

ciprofloxacin variants demonstrates burst release of drug within 0-30 min, followed by continuous rapid release 

for 60-120 min in PBS, pH 7.4. (B) In vivo pulmonary retention times of aerosolized free and liposomal 

encapsulated ciprofloxacin shows significant improvement in drug half-lives of liposomal systems over free drug 

controls. (C) Therapeutic efficacy of oral ciprofloxacin (50 mg/kg), intranasally instilled liposomal ciprofloxacin 

(50 mg/kg), and aerosolized liposomal ciprofloxacin (50 mg/kg) against inhaled F. tularensis Schu S4 infection 

in mice (n = 12 for each group). The study depicts the importance of aerosol delivery of drug formulations as 

shown by the enhanced survival rates of mice treated with inhaled liposomal ciprofloxacin compared to oral and 

intranasal formulated drug controls. Figure modified from ref. [52]. 
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The clinical applications of liposomes are well known and the initial success achieved with 

many liposome-based drugs has fueled further clinical investigations. For example, an inhalable 

liposomal ciprofloxacin (Aradigm) formulation is currently undergoing pre-clinical trials for 

localized treatment and prevention against pulmonary anthrax infections.52 Ciprofloxacin for 

inhalation is an aqueous colloidal dispersion containing a mixture of ciprofloxacin hydrochloride 

and the corresponding ciprofloxacin base encapsulated in unilamellar liposomes at a drug 

concentration of 50 mg/mL. The average particle size of these liposomes is 75-120 nm. In 

comparison to free drug formulations, liposomal drug delivery systems can provide extended 

therapeutic half-lives with reduced overall drug dosing and potentially systemic toxicity. For 

instance, un-encapsulated ciprofloxacin is rapidly absorbed and cleared within 2 h after pulmonary 

administration (Fig. 1.4B).52 In contrast, the use of excipient compounds, such as liposomes, 

increases respiratory drug residence times to approx. 24 h.54 Proof-of-concept in vivo studies 

utilizing endotrachaelly administered liposomal ciprofloxacin for post-exposure prophylaxis 

against a F. tularensis LV-Schu4 strain demonstrated improved survival rates in mice compared 

to oral and aerosolized free drug and saline negative controls (Fig. 1.4C).52,54 Moreover, others 

have also established enhanced therapeutic efficacy of liposomal ciprofloxacin over free drug 

formulations in other pulmonary pathogen models (e.g. Pseudomonas aeruginosa, Coxiella 

burnetti).53,72 

Current research with liposomal delivery systems has focused on synthesizing 

immunoliposomes that function to increase drug accumulation in desired tissues and organs, as 

well as discovering liposome surface modification strategies that allow for implementing chemical 

reactive groups for enhanced therapeutic properties (e.g. antibody- and folate-mediated 

targeting).71,73,74  
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1.5.2 Polymer-drug encapsulated particles for antibiotic delivery 

Polymer derived nano- and micro- particulate systems have been utilized in a variety of 

drug delivery applications including pulmonary administrations of antibiotics. Due to the highly 

variable and often times poor physiological stability properties of liposomal systems, polymer-

drug encapsulated carriers offer an alternative approach to better control the delivery and release 

of drugs and minimize daily drug dosing.75 In addition to potentially providing improved 

protection of the entrapped drug, polymer-drug encapsulated systems can also provide easier 

surface modification that allows for cellular targeting and transport through lung lining fluid.68 For 

example, covalent modification of poly(sebacic acid) particles with high-density, low molecular 

weight polyethylene glycol has demonstrated faster penetration of human mucus in comparison to 

uncoated particles.76  
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Among the most commonly exploited polymeric nanomaterials for endotracheal delivery 

of antibiotics include poly(lactic-co-glycolic acid) (PLGA). In general, PLGA based polymeric 

constructs have generated significant research interests due to their favorable biocompatibility, 

composition dependent tunable degradation profiles, and the presence of modifiable end groups.67 

PLGA particles have traditionally been prepared by a combination of emulsion polymerization, 

solvent evaporation/extraction, or micro-droplet techniques.68,77 Dry powder formulations of 

PLGA-antibiotic encapsulated carriers have been well studied for treating pulmonary infections. 

For example, porous PLGA microparticles containing <1 wt. % ciprofloxacin was synthesized 

using a version of emulsion polymerization and resulted in particles of approx. 10 µm that were 

capable of steady release of drug in vitro over 20 days.78 In addition, PLGA loaded rifampicin 

particles (Fig. 1.5A), an anti-tuberculosis antibiotic, after intratracheal administration in pigs 

FIGURE 1.5. Representative drug release profiles from poly(lactic-co-glycolic) acid (PLGA) nanoparticles. 

(A) Cumulative drug release of rifampicin, a potent antibiotic for treating tuberculosis, from various porous PLGA 

particles demonstrates rapid burst release of drug within 0-30 minutes in PBS, pH 7.4. (B) Similar burst release 

kinetics was also observed from PLGA encapsulated tobramycin with 20-40% drug release within 0-1 day under 

physiological conditions. Figure modified from ref. [77,79]. 
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demonstrated improved pulmonary half-lives (4 h) compared to oral (2.5 h) or IV (1.2 h) free drug 

formulations.77 Still others have developed tobramycin (1-2 wt. %) loaded PLGA nanoparticles 

via a modified emulsion-solvent diffusion technique to demonstrate release properties for up to 25 

days, and in vitro efficacy against P. aeruginosa planktonic cells (Fig. 1.5B).79   

The disadvantages associated to drug encapsulation strategies stem from the difficulties 

and complexities of the preparation methods. Similar to the formulation of liposomal systems, the 

synthesis and development of polymer derived drug encapsulated particulates is associated to high-

cost, inability to easily and reproducibly produce biologically-stable carriers, and low 

encapsulation efficiency with burst drug-release of many types of antibiotics (Fig. 1.5).51,68,75,80 

Alternative approaches using chemically-labile polymer-drug conjugation techniques have been 

explored to more readily create drug delivery systems with unique disease-responsive properties.    

 

1.6 Polymeric drug conjugates offer advantages over encapsulated drug systems 

Conjugation of drugs to polymer systems offer numerous advantages for simple, small 

molecule delivery, including the potential for sustained and controlled release of bioactives. 

Specifically, the drug release rate can be modulated based on the chemical bonds that link the 

active drug to the polymer (e.g. ester, hydrazine, acetal, amid, etc.), formulation properties of the 

polymer (e.g. powder, hydrogel, microspheres, etc.), and polymer chemical composition (e.g. non-

bioactive polymer backbone or drug-linker molecules).81 Additionally, by covalently linking the 

drug, higher drug loading is achieved compared to physical encapsulation and incorporation 

methods.82  

 

1.6.1 Post-polymerization chemical conjugation of antibiotics to polymers 
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The chemical conjugation of small-molecule drugs to an existing polymer, post-

polymerization, usually results in cleavable covalent bonds linking the antibiotic to the polymer 

backbone (Fig. 1.6).83 Through this approach, it is also possible to add several different drugs 

and/or targeting moieties to the polymer construct. Fluoroquinolones, such as norfloxacin and 

ciprofloxacin, are among the well-investigated antibiotics for direct chemical conjugation 

strategies.84 For example, norfloxacin has been covalently linked to dextran with tetrapeptide 

linkers, gly-phe-ala-leu and gly-phe-leu-gly, that are susceptible to degradation under lysosomal 

conditions.85 The drug was coupled using trimethylsilyl-activated norfloxacin with subsequent 

reactions with pentafluorophenyl-activated peptides to create amide bond linked drug-peptide 

conjugates. Free drug was consequently released via enzymatic (cathepsin B) cleavage with 65% 

drug released within 24 h. Subsequent in vivo efficacy data maintained improved pulmonary 

bactericidal efficacy against mycobacterium tuberculosis compared to oral norfloxacin. In another 

example, norfloxacin polyester prodrugs were developed using ring-opening of cyclic esters.86 

Lactic acid and caprolactone homopolymer and copolymers were synthesized using glycerol, 

penthaerythritol, or polyethylene glycol as initiators to yield hydroxyl-terminated oligoesters with 

pendant arms. The antibiotic was conjugated post-polymerization to the free hydroxyl end groups 

of the polyesters through direct esterification. The result polymers were able to provide in vitro 

hydrolysis of free drug over five to seven days. 
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Similarly, cipfrofloxacin was conjugated to hydroxyl ends of polyesters with two, three, 

four or six arms.87 The resulting ciprofloxacin-ester conjugate had a final drug content of 2-9 mol. 

% with polymer molecular weights of 6-11 kDa. Degradation was performed on the polymer-drug 

conjugates at 37C in aqueous buffer at pH 1, 4 and 7.4. The authors demonstrated that the use of 

polyethylene glycol as a hydrophilic initiator and rac-lactide as a low crystalline monomer resulted 

in the fastest release rate with 29% hydrolysis of ciprofloxacin after about 35 days at neutral pH. 

It was also found that lowering the pH to 1 increased the drug release to 37% over the same time 

period. In addition, others have used polyurethanes to conjugate ciprofloxacin using 

trimethylamine to create ester functionalized drug linkers.88,89 The resulting polymers had 

molecular weights from 20-24 kDa and a molar mass dispersity of 1.6. Degradation studies were 

performed with and without cholesterol esterase in buffer at pH 7 to show twice the amount of 

drug released in the presence of the esterase. The enzyme-incubated samples were also able to 

demonstrate antibacterial activity against P. aeruginosa planktonic infection with minimum 

inhibitory concentrations comparable to free ciprofloxacin. 

FIGURE 1.6. Direct conjugation of drugs to polymer scaffolds post-polymerization. Schematic representing 

post-polymerization conjugation of drug to create final bioactive polymeric prodrugs. Figure from ref. [81].  
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1.6.2 Polymerizable antibiotic monomers 

In contrast to direct chemical conjugation of drugs to pre-made polymers, polymerizable 

antibiotic containing precursors is a creative alternative to create higher drug loaded polymeric 

prodrugs with sustained and controlled drug release properties (Fig. 1.7A).81 For example, 

norfloxacin was reacted with a methacrylate to produce an acryl monomer that subsequently 

underwent a free radical polymerization to form the norfloxacin polymeric prodrug.90 This 

synthesis was carried out by first reacting the antibiotic with glycidyl methacrylate in 

dimethylformamide to create the methacrylate quinolone monomer, which was subsequently 

treated to a free radical polymerization to form the drug-rich antibiotic polymer with molecular 

weight and molar mass dispersity of 42 kDa and 2.7, respectively. The antibiotic activity of the 

polyquinalone was evaluated against a variety of bacterial agents in PBS at physiological 

temperature via the shake flask test. Both the monomer and corresponding norfloxacin polymer 

displayed >98% reduction in bacterial planktonic cells. Similarly, norfloxacin was reacted with 3-

(acryloyloxy)-2-hydroxypropyl methacrylate in dimethylformamide to yield another version of the 

antibiotic monomer (Fig. 1.7B).91 Polymer constructs of the norfloxacin monomer with 

polyethylene glycol methyl ether methacrylate, was synthesized using free radical polymerization. 

The resulting homopolymer and copolymers had a molecular weight of 26 and 62 kDa, 

respectively, with molar mass dispersities of 1.7 and 1.8, respectively. In vitro bactericidal 

properties of the polymers and the antibiotic monomer was determined against E. coli and S. 

aureus, which showed 100% reduction for both bacterial strains.  

In addition to fluoroquinolones, other family of drugs such as beta-lactams and 

aminoglycosides have also been utilized to create polymerizable antibiotic monomers. For 
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instance, gentamicin, an aminoglycoside, was chemically introduced into hyperbranched polymer 

networks using N,N’-methylenebisarcylamide dissolved in sodium bicarbonate.92 The final 

branched polymer was linked by glycoside and amide bonds (molecular weight of 5.4 Da) that 

degraded only after 5 days at pH 5.5. Antibacterial efficacy using E. coli demonstrated 86% 

bacterial death after 12 h in LB broth.  

Improving patient compliance and decreasing drug dosing remain a concern for current 

pulmonary antibiotic therapy.46,68,93 Polymeric prodrugs as localized, controlled antimicrobial 

delivery systems can allow sufficiently high concentrations and extended release mechanisms to 

effectively eradicate persistent organisms.81,87 The advantages of using prodrug monomers as 

oppose to direct conjugation of antibiotics stems from the greatly improved drug loading that is 

achieved using polymerizable precursors in synthesizing the final polymer. Moreover, free radical 

polymerization allows for a wider selection and easier incorporation of polymer attributes (e.g. pH 

responsiveness, targeting segments, etc.) that can have added benefits to creating antibiotic linked 

delivery systems.94 
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1.7 Reversible addition-fragmentation chain transfer polymerization is a robust, versatile, 

and highly-effective approach to develop polymeric prodrugs  

Free radical polymerization utilizes reactive radical species as functional building blocks 

for polymer synthesis and remains one of the most widely employed techniques to create polymers 

for a variety of applications. Reversible addition-fragmentation chain transfer (RAFT) 

polymerization is a form of controlled free radical polymerization that proceeds via a degenerative 

chain transfer process where there is an equilibration between propagating polymer and dormant 

FIGURE 1.7. Polymerizable prodrug monomers to create polymeric prodrugs. (A) Schematic illustrating the 

use of antibiotic containing polymerizable monomer that can be used under free radical polymerization conditions 

to create drug-rich polymers. (B) A representative approach to synthesize polymerizable monomers of the 

antibiotic norfloxacin that can be polymerized into a polymer via the methacrylate backbone. Figure modified 

from ref. [81].  
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radical species.95 In contrast, techniques such as atom transfer radical polymerization (ATRP) and 

nitroxide mediated polymerization (NMP) establish equilibrium by reversible termination of the 

propagating polymer chain through redox reactions with a metal halide salt or a nitroxide end-cap, 

respectively.96 The RAFT process is unique and advantageous in that it can be used with a wide 

range of monomers and reaction conditions, and in each case provides high control over polymer 

molecular weight and molar mass dispersities. For example, RAFT provides good control over the 

polymerization of vinyl esters and vinylamides, where NMP and ATRP typically provide minimal 

control.96,97 Additionally, RAFT is compatible with a wide variety of reaction media, being 

routinely applied in organic solution, aqueous solution, and in dispersed phase.98 

 

1.7.1 RAFT is a ‘living’ process 

RAFT is an example of a living polymerization, where chain termination and transfer 

reactions are limited, so as to allow for the preparation of block copolymers and complex 

architectures. In an ideal living polymerization, chains are initiated at the beginning, grow at the 

same rate, and survive the polymerization without termination.96 It is necessary for living radical 

polymerization to prevent or suppress processes that would otherwise terminate chains 

irreversibly. In the case for RAFT, this only becomes possible in the presence of reagents (e.g. 

reversible chain transfer agents) that react with the propagating radicals so that the majority of the 

chains are maintained in the dormant form.99 In general, the degenerative chain transfer that occurs 

in RAFT polymerization is facilitated by a thiocarbonylthio chain transfer agent (RAFT CTA) that 

is functionally swapped between growing polymer chains. The effective control over molecular 

weight and molar mass dispersity arises through rapid equilibration of chains with respect to the 

polymerization rate where all chains have an equal opportunity to grow.98 Upon completion of a 
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RAFT polymerization, the majority of polymer chains will possess a thiocharbonylthio end-group, 

with the overall process able to be viewed as an insertion of monomer units between the S-R bond 

of the RAFT CTA (Fig. 1.8A). The conserved raft end-group, often termed a macro-RAFT chain 

transfer agent (macroCTA) facilitates the synthesis of block copolymers via subsequent 

polymerization cycles with secondary monomer species.95,96  

 

1.7.2 Mechanism behind RAFT 

 The RAFT mechanism begins with the formation of an initiator derived radical (IO) that 

propagates with monomer (M) to give a polymer radical (Pn
O) (Fig. 1.8B). In an ideal RAFT 

polymerization reaction, Pn
O is efficiently reacted with the RAFT agent (1) after which the 

intermediate (3) fragments to give the macroCTA (2) and the expelled radical (RO), which 

reinitiates polymerization.95–97 The initialization of the RAFT process concludes when the original 

RAFT agent and corresponding radicals are consumed. In a well-controlled RAFT polymerization, 

the reaction moves into main equilibrium rapidly to allow for maximal equilibration of the growing 

chains and giving resulting polymers low dispersity.98 Termination of the RAFT process for a 

given polymer occurs when two growing polymers come together to form a dead polymer chain. 

When developing reaction conditions for RAFT, three ratios must be taken into consideration: (1) 

[M]O:[RAFT]O, (2) [RAFT]O:[I]O, and (3) [M]O:[I]O ratios. 

 

(1)  [M]O:[RAFT]O is the degree of polymerization and determines the theoretical number average 

molar mass. This is a theoretical value since it assumes there are no undesired reactions, such as 

termination or irreversible chain transfer. A defined [M]O:[RAFT]O ratio allows for the preparation 

of polymers with targeted molar mass.96,99 
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(2) [RAFT]O:[I]O is the ratio of initial raft agent to initiator. It provides control over the polymerization 

by affecting the ratio of dormant chains to dead chain ends.97  

(3) [M]O:[I]O is the ratio of initial total monomer to initiator ratio and influences the rate of 

polymerization.95,98 

 

 

 

1.7.3 Using RAFT to produce antibiotic polymers 

FIGURE 1.8. Overview of reversible-addition fragmentation chain transfer (RAFT) polymerization. (A) 

Scheme for the overall outcome of the RAFT process. Upon completion of RAFT polymerization, the majority of 

polymer chains will possess a thiocarbonylthio end-group with an overall process able to be viewed as an insertion 

of monomers between the S-R bond of the RAFT agent to give the final polymer with predetermined properties. 

(B) Schematic illustrating the equilibria of RAFT polymerization. The RAFT process provides high degree of 

versatility for monomer choice and high control over final polymer molecular weight and composition. Figure 

modified from ref. [96]. 
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The RAFT polymerization of polymeric prodrugs have been utilized by other groups in the 

past. For example, Smith et al employed RAFT technique in DMSO to polymerize copolymers 

incorporating the broad spectrum antiviral, Ribavirin, with the addition of poly(N-(2-

hydroxypropyl) methacrylamide), PHPMA as a therapeutic alternative against co-infections of 

HIV and the hepatitis C virus.100 The authors observed fine control over the size and molecular 

weight distributions over varied target degree of polymerizations of their HPMA polymeric 

constructs with a maximum Ribavirin composition of 23 mol. %. In addition, others have utilized 

RAFT polymerization to create antimicrobial polymers containing well defined cationic residues 

that mimic natural antimicrobial peptides to bactericidal properties against vigorous strains of 

methicillin resistant S. aureus, S. epidermidis, and C. albicans.101  

The polymer chemistry synthesis detailed herein improves and extends the versatility of 

RAFT to create innovative drug delivery platform-strategy of polymeric prodrugs capable of 

releasing drug with varying sustained release profiles, and consequently providing engineering 

guidelines for the intracellular delivery of a variety of potential chemically amenable antibiotics. 

The uniqueness of the current work stems from the development of polymerizable ciprofloxacin 

prodrug monomers that are used to synthesize new biocompatible polymeric prodrugs with distinct 

and well-defined materials and biological properties. 
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CHAPTER 2. Objectives 

 

Inhalable biothreats including Burkholderia pseudomallei and Francisella tularensis are 

of great clinical concern to public health and safety due to the aggressive in vivo replicative 

capacity of the pathogens. The current standard of care for treating these highly-infectious 

pulmonary bacteria are limited to oral and IV formulations of antibiotics that can have poor drug 

biodistribution to the lungs, require rigorous, prolonged drug dosing cocktails, and is clinically 

often times associated to disease relapse. In contrast, direct pulmonary drug delivery offers an 

exclusive, non-invasive, opportunity to provide localized therapy to the site of bacterial infection. 

Although inhalable free-drug formulations have been developed to address some of the 

shortcomings of oral and IV drug delivery, these systems have low pulmonary half-lives that fail 

to provide sustained therapy. For this reason, pulmonary delivery of free drug can require repeated 

self-administered dosing, and is associated to a high patient burden (low compliance). Historically, 

encapsulated drug systems, such as liposomes and polymeric nanoparticles, have been exploited 

to improve the pharmacokinetics of free drug by increasing in vivo drug residence times and 

decreasing drug clearance. Polymeric prodrugs, where the antibiotic has been incorporated into 

the polymer via a polymerizable group, offer an attractive alternative to encapsulated drug systems 

by enhancing drug loading, utilizing sophisticated drug-linkage chemistries for disease-specific 

applications, and improving manufacturing scalability. Controlled free-radical polymerization 

using polymerizable prodrug monomers is a creative strategy to engineer new inhalable antibiotic 

therapies consisting of drug-rich delivery vehicles with tunable drug release properties. To 

understand and evaluate the potential clinical impact of inhalable polymeric prodrugs derived from 
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polymerizable drug monomers against lethal highly-infectious pulmonary F. tularensis and B. 

pseudomallei, this thesis defines the following specific objectives:   

1. To develop unimeric polymeric prodrug carriers that demonstrate tunable drug release 

behavior and bioactivity in an in vitro infectious bacterial co-culture model. 

2. To demonstrate in vivo antibiotic efficacy in a highly-lethal aerosol challenge model, and 

establish the pharmacokinetics and biodistribution properties of resulting polymeric 

prodrug conjugates.  

3. To develop and evaluate polymeric particulate morphologies for drug release, in vivo 

pharmacokinetics and biodistribution, and bioactivity against an established aerosol 

challenge model. 

In meeting these objectives, this thesis develops a new class of antibiotic polymerizable 

prodrug monomers that can be used in reversible-addition fragmentation chain transfer (RAFT) 

polymerization technique to create new inhalable bioactive polymeric prodrugs of various 

architectures. These resulting constructs are unique in their ability to provide sustained drug 

release, have predetermined high-drug loading and polymer composition, and does not require the 

need for post-polymerization conjugation steps. In addition, the versatility of RAFT allows for the 

potential application and incorporation of a broad range of antibiotics targeting diverse diseases. 

 

 

 

 

 

 



www.manaraa.com

 

 

45 

 

CHAPTER 3. RAFT polymerization of ciprofloxacin prodrug monomers for 

the controlled intracellular delivery of antibiotics* 

 

*Provided as published: Das D., Srinivasan S., Kelly A.M., Chiu D.Y., Daugherty B.K., Ratner 

D.M., Stayton P.S., Convertine A.J. Polymer Chemistry. 7(4);826-37 (2016).   

 

ABSTRACT 

Prodrug monomers derived from the antibiotic ciprofloxacin were synthesized with 

phenolic or aliphatic esters linking the drug to a polymerizable methacrylate group. RAFT 

polymerization of these monomers exhibited linear pseudo-first-order kinetic and Mn vs. 

conversion plots and low Ð values throughout the polymerization. Prodrug monomers were then 

copolymerized with polyethyleneglycol methacrylate (O950) to yield hydrophilic copolymers with 

narrow Ð values.  A poly(O950) macroCTA was also synthesized and chain extended with the 

antibiotic monomers to form diblock copolymers.  The resultant copolymers and diblock 

copolymers were characterized via combination of 1H and 19F NMR and found to contain 16-17 

and 30-35 wt.% Ciprofloxacin, respectively. DLS measurements suggest that the copolymers 

remain unimeric between pH 5.6-7.4 while the diblock copolymers form nanoparticles with 

diameters between 30-40 nm at physiological pH. Drug release kinetics were measured in human 

serum via HPLC. Copolymers containing Ciprofloxacin linked via phenolic esters showed faster 

hydrolysis rates with 40% drug released at 120h, whereas copolymers with the corresponding 

aliphatic ester linkages showed only 10% drug release over the same period. Diblock copolymers 

with a discrete ciprofloxacin block and a poly(O950) stabilizing block self-assemble into micelles 

greatly reducing hydrolysis rates for both ester linked drugs. In vitro toxicity measurements in 
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RAW 264.7 cells showed the copolymers to be nontoxic up to 20 mg/mL following a 24h 

incubation period. Co-culture efficacy was determined using Burkholderia thailandensis where an 

MIC of 0.6 and 6 mM were determined for the phenyl and aliphatic ester linked polymeric 

prodrugs, respectively. 

 

3.1 Introduction  

 Respiratory melioidosis is an infectious disease found worldwide that is caused by the 

bacterium Burkholderia pseudomallei. Clinically, this disease presents as localized lung 

ulcerations with abscess formations and if left untreated can progress and disseminate into the 

bloodstream affecting all major organ systems.  Mortality rates for these infections can be as high 

as 40% even with optimal antibiotic treatment.4 The recommended treatment for this disease suffer 

from a number of significant limitations including: low therapeutic efficacy, poor drug 

biodistribution, and unfavorable pharmacokinetics.5-7 A prodrug pulmonary delivery vehicle 

would enable controlled antibiotic release at a target site, and would help to lower dosing, decrease 

toxicity, prevent bacterial resistance.8 Various pharmaceutical carriers (e.g. liposomes) are 

currently being developed to increase the stability and pharmacokinetic properties of administered 

drugs.9-12 Liposomes, which are composite structures made primarily of lipids, are among well-

investigated drug carriers for the delivery of water soluble drugs. For example, Wong et al. 

established the utility of Ciprofloxacin loaded di-palmitoyl-phosphatidylcholine liposomes after 

IV administration in vivo for increased circulation lifetime, which resulted in enhanced 

antibacterial activity against Francisella tularensis and improved delivery to key tissue systems 

including the liver and spleen. 13 
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Despite their wide spread clinical use liposomal delivery systems are limited by low 

encapsulation efficiency for a number of important drugs and often require complex formulation 

procedures that are challenging to manufacture.4,7,8,14,15 In contrast, polymer-drug conjugates can 

be synthesized with large amounts of the covalently linked prodrug without the need for 

formulation.4,8 These polymeric prodrugs can designed to incorporate a range of sophisticated 

linkage chemistries or responsive self-immolation properties enabling the development of disease-

specific release strategies.16 A variety of polymer architectures have been evaluated for use as drug 

scaffolds including linear polymers, hyperbranched structures (e.g. dendrimers and hyperbranched 

polymers), and polymer brushes.17-23 For example, Sanchez et al. prepared a library of poly-L-

glutamic acid (PGA)-doxycycline (Doxy) conjugates through post-polymerization modifications 

of PGA carboxyl side chains into ester and amide functionalized drug linkages in efforts to 

investigate fibril deposits associated to familial amyloid polyneuropathy.24 The authors 

demonstrated in vitro controlled release of drug from degradable ester modified PGA-Doxy 

conjugates with approximately 40% drug release within 16 days compared to the non-degradable 

amide alternative, which remained unaffected. Consequently, due to the stability of the amide 

linker employed, the study presented that IV administration in vivo of the PGA-amide-Doxy 

system was capable of having improved biodistribution compared to pure polymer negative 

controls and thereby may provide enhanced sustained therapy against amyloid polyneuropathy.   

 Polymerizable prodrug monomers provide an attractive route by which drug conjugates 

can be prepared directly without the need for post polymerization conjugation reactions.  In this 

approach the therapeutic agent is linked to a polymerizable group via a hydrolytic or enzymaticly 

cleavable linkage.  This approach has been employed by Dizman and coworkers to prepare 

copolymers containing methacrylated PEG and an antibacterial, Norfloxacin using conventional 
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free radical polymerization.25 The resultant copolymers demonstrated functional efficacy at a 

polymer concentration of 25 mg/mL in an in vitro planktonic setting with a 100% reduction of 

bacterial load compared to no treatment. Reversible addition-fragmentation chain transfer (RAFT) 

polymerization is a versatile controlled living radical polymerization technique that enables the 

synthesis of polymers with predetermined molecular weights, complex architectures, and low 

molar mass dipsersities.26 Moreover, RAFT technique has been employed by a variety of groups 

to prepare polymeric prodrugs with controlled molecular weights and low heterogeneity.27 For 

example, Smith et al. utilized RAFT to copolymerize macromolecular prodrugs of the broad 

spectrum antiviral, Ribavirin, with the addition of poly(N-(2-hydroxypropyl) methacrylamide) 

(HPMA), as a therapeutic alternative against co-infections of HIV and the hepatitis C virus.28 The 

authors observed fine control over the size and molecular weight distributions over varied target 

degree of polymerizations of their HPMA polymeric constructs with a maximum Ribavirin 

composition of 23 mol. %.  

 In this paper, we describe the use of RAFT polymerization to produce well-defined 

polymeric prodrugs of ciprofloxacin, an antibiotic used to treat many Gram negative bacteria, 

including Burkholderia pseudomallei, from monomeric drug precursors (Scheme 1). The ability 

to incorporate ciprofloxacin with varied drug linker designs, and in controlled composition and 

steric relation to other comonomers can result in notable delivery advantages. We demonstrate 

copolymer and diblock copolymer designs that exhibit high drug loading and interesting 

mechanisms for controlling drug carrier architecture, solubility, drug release kinetics, and 

antibacterial efficacy. 
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3.2 Experimental details 

3.2.1 Materials 

 Chemicals and all materials were supplied by Sigma-Aldrich unless otherwise specified. Sodium 

trifluoroacetate was purchased from TCI America. Recombinant human butyrylcholinesterase (BChE) was 

obtained from R&D systems. PEGMA 950 (Aldrich) (30 g) was purified as described previously.29 

Spectra/Por regenerated cellulose dialysis membranes (6-8 kDA cutoff) where obtained from Fisher 

Scientific. G-25 prepacked PD10 columns were obtained from GE Life Sciences. MTS cytotoxicity kits 

were obtained from Promega. Unless otherwise stated, RAW 264.7 cells, murine derived macrophages 

(ATCC), were maintained in Dulbecco’s modified eagle medium (DMEM) containing L-glutamine 

SCHEME 3.1. Synthetic strategy for the preparation of (1) poly(O950-co-HBC) and (2) poly(O950-co-CPM) via 

RAFT polymerization.  The resultant copolymers contain aliphatic (1) and phenyl (2) esters linking the 

ciprofloxacin prodrugs to the polymer backbone.  Cleavage of the TBOC protecting groups was accomplished by 

dissolving the copolymers in neat TFA for 2 h at 25 oC. 
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(Gibco), 4.5g/L glucose, 10% fetal bovine serum (FBS, Invitrogen), and 1% penicillin-steptomycin (Gibco) 

at 37 °C and 5% CO2. 

 

3.2.2 Synthesis of (hydroxyethyl)methacrylate-boc-ciprofloxacin (HBC) 

 To 20 g (60 mmol) of ciprofloxacin in 350 mL of dioxane:water (1:1) was added 90 mL of 

1N NaOH, followed by 20 g (91.6 mmol) of di-tert-butyl dicarbonate. The reaction mixture was 

stirred at room temperature for 17 h. The white precipitate obtained was filtered, washed with 

water and then with acetone. The product was dried under high vacuum overnight. Yield = 25.14 

g (96.5 %). 1H NMR (300 MHz, CDCl3) δ 1.20 (m, 2H), 1.40 (m, 2H), 1.49 (s, 9H), 3.29 (t, J = 

5.0 Hz, 4H), 3.54 (m, 1H), 3.67 (t, J = 5.0 Hz, 4H), 7.37 (d, J = 7.1 Hz, 2H), 7.99 (d, J = 12.9 Hz, 

1H), 8.73 (s, 1H). 

The resulting boc protected ciprofloxacin30 10.35 g (24 mmol), N,N,N',N'-tetramethyl-O-

(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) 22.8 g (0.16 mol) and N,N-

dimethylpyridin-4-amine (DMAP) 292 mg (2.4 mmol) were taken in 500 mL of CH2Cl2 and cooled 

to 0 ⁰C. N,N-diisopropylethylamine 21 mL (0.12 mol) was added, followed by 2-hydroxylethyl 

methacrylate 11.7 g (90 mmol). After 10 min at 0 ⁰C, the solution was stirred at room temperature 

for 16 h. The reaction mixture was washed with brine (2 X 200 mL) and the organic phase was 

dried over anhydrous sodium sulfate. After evaporation of the solvent, the product HEMA-Boc-

Ciprofloxacin (HBC) was precipitated in ether, and then purified by column chromatography using 

5 % methanol in chloroform. Yield = 10.85 g (83.1 %). δ 1.13 (m, 2H), 1.30 (m, 2H), 1.48 (s, 9H), 

1.94 (s, 3H), 3.20 (t, J = 4.8 Hz, 4H), 3.42 (m, 1H), 3.64 (t, J = 4.8 Hz, 4H), 4.50 (m, 4H), 5.58 (s, 

1H), 6.15 (s, 1H), 7.29 (d, J = 7.0 Hz, 1H), 8.0 (d, J = 13.1 Hz, 1H), 8.47 (s, 1H). MS (ESI, m/z): 

calc. for C28H34FN3O7 (M): 543.6, found: 544.5 [M+1]+, 566.4 [M+Na]+and 582.2 [M+K]+ (Fig. 

3.1). 
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3.2.3 Synthesis of Ciprofloxacin-(phenol)methacrylate (CPM) 

 Mono-2-(methacryloyloxy)ethyl succinate 9.2 g (50 mmol) dissolved in 150 mL of CH2Cl2 

was cooled to 0 ⁰C. To this solution, N-hydroxysuccinimide 4.72 g (41 mmol) and N-N'-

dicyclohexylcarbodimide 9.06 g (44 mmol) were added. After 15 min, the ice bath was removed 

and the reaction mixture was stirred at room temperature for 16 h. The byproduct dicyclohexylurea 

FIGURE 3.1. Representative (a) 1H NMR and (b) mass spectroscopy of synthesized HEMA-Boc-Ciprofloxacin 

(HBC) monomer. Proton NMR scans were conducted in CDCl3 at 500 MHz. Successful preparation of the 

indicated chemical structure was confirmed by the appearance of resonances associated with the tert-butyl group, 

residues from 2-hydroxyethyl methacrylate, and the parent drug. Mass spectroscopy was used as supporting data 

to validate the chemical structure of the resulting product (dominant species) by matching the molecular weight 

(544.5 m/z) of what is theoretically expected. 
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was filtered off, and the filtrate was concentrated to 40 mL by evaporating the solvent under 

reduced pressure. This solution containing the activated NHS ester was directly added to 6.15 g 

(50 mmol) of 4-(aminomethyl)phenol pre-dissolved in 30 mL N,N-dimethylformamide, followed 

by 13.94 mL (0.1 mol) of trimethylamine. After stirring for 6 h at RT, the reaction mixture was 

diluted with 200 mL of CH2Cl2, and washed with water (2 X 100 mL). The organic layer was dried 

over anhydrous sodium sulfate and concentrated under reduced pressure. The thick residue 

obtained was treated with 100 mL ether, and vigorously stirred for 15 min. Then 75 mL of hexane 

was added, and again stirred well for 10 min. The solvent was carefully decanted and the process 

was repeated one more time. The product obtained was further purified by flash column 

chromatography using 5 % methanol in chloroform. Overall yield for two steps: 10.16 g (76 %). 

1H NMR (300 MHz, CDCl3) δ 1.93 (s, 3H), 2.50 (t, J = 6.7 Hz, 2H), 2.72 (t, J = 6.7 Hz, 2H), 4.30 

(s, 4H), 4.34 (d, J = 5.6 Hz, 2H), 5.59 (m, 1H), 6.08 (t, J = 5.6 Hz, 1H), 6.12 (s, 1H), 6.30 (s, 1H),  

6.75 (d, J = 8.5 Hz, 2H), 7.09 (d, J = 8.5 Hz, 2H). MS (ESI, m/z): calc. for C17H21NO6 (M): 335.4, 

found: 358.8 [M+Na]+ and 693.8 [2M+Na]+.  

 Boc protected ciprofloxacin (as synthesized from above)30 2.15 g (5 mmol) and N,N-

dimethylpyridin-4-amine (DMAP) 610 mg (5 mmol) were taken in 250 mL of CH2Cl2 and cooled 

to 0 ⁰C. To this solution, N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTU) 4.74 g (12.5 mmol) was added, followed by N,N-

diisopropylethylamine 3.5 mL (20 mmol). After 10 min at 0 ⁰C, the reaction mixture was stirred 

at RT for 30 min, and then cooled back to 0 ⁰C.  The phenolic monomer 1.68 g (5 mmol) was 

introduced and the reaction was continuously stirred at 0 ⁰C for 20 min, and then at RT for 16 h. 

The reaction mixture was filtered and the filtrate was washed with water (100 mL) and brine (100 

mL). The organic phase was dried over anhydrous sodium sulfate and the solvent was evaporated 
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under reduced pressure. The residue was precipitated in ether, and then purified by column 

chromatography using 30 % tetrahydrofuran in chloroform containing 0.1 % triethylamine. Yield 

= 2.45 g (65.4 %). 1H NMR (300 MHz, CDCl3) δ 1.18 (m, 2H), 1.35 (m, 2H), 1.5 (s, 9H), 1.94 (s, 

3H), 2.52 (t, J = 6.7 Hz, 2H), 2.73 (t, J = 6.7 Hz, 2H), 3.33 (t, J = 4.9 Hz, 4H), 3.45 (m, 1H), 3.65 

(t, J = 4.9 Hz, 4H), 4.32 (s, 4H), 4.44 (d, J = 5.7 Hz, 2H), 5.58 (m, 1H), 6.12 (s, 1H), 6.18 (t, J = 

5.5 Hz, 1H), 7.15 (d, J = 8.5, 2H), 7.29 (two doublets merged, 3H), 8.05 (d, J = 13.1 Hz, 1H), 8.63 

(s, 1H). MS (ESI, m/z): calc. for C39H45FN4O10 (M): 748.8, found: 750.1 [M+1]+ and 771.8 

[M+Na]+ (Fig. 3.2). 
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3.2.4 Kinetic evaluation of HBC   

Kinetic evaluation of HBC was conducted with 4-cyano-4-(phenylcarbonothioylthio)pentanoic 

acid (CTP) and 4,4′-Azobis(4-cyanovaleric acid) (ABCVA) as the RAFT chain transfer agent and initiator 

respectively in acetic acid at 70 oC. The initial monomer to CTA to initiator ([M]o:[CTA]o:[I]o) ratio was 

25:1:0.2. In order to understand the influence of the degree of polymerization (DP) on the evolution of 

molecular weight, RAFT polymerizations of HBC were conducted under similar reaction conditions with 

FIGURE 3.2. Representative (a) 1H NMR and (b) mass spectroscopy of synthesized Ciprofloxacin Phenyl 

Methacrylate (CPM) monomer. Proton NMR scans were conducted in CDCl3 at 500 MHz. Successful preparation 

of the indicated chemical structure was confirmed by the appearance of resonances associated with the tert-butyl 

group (1), residues from the (aminomethyl) phenolic group (10-13), and the parent drug (2-6). Mass spectroscopy 

was used as supporting data to validate the chemical structure of the resulting product (dominant species) by 

matching the molecular weight (750.1 m/z) of what is theoretically expected. 
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[CTA]o:[I]o ratio of 5:1 and [M]o:[CTA]o ratios of 12.5, 25, 50, and 100. Individual polymerization solutions 

were transferred to a septa-sealed vial and purged with nitrogen for 20 minutes. After the allotted time, the 

polymerization vials were transferred to a preheated water bath at 70 oC and allowed to polymerize for 2.5 

h.  Following polymerization, the individual vials were quenched by exposure to oxygen by opening the 

septa seal and immersing the vials in ice. The polymerizations were evaluated for monomer conversion via 

1H NMR in C2D6OS by comparing the HBC vinyl resonances at δ = 6.1 and 5.7 ppm to ester resonances at 

δ = 4.4 and 4.1 ppm. 

 

3.2.5 RAFT copolymerization of PEGMA 950 (O950) and HBC 

 The RAFT copolymerization of poly(O950-co-HBC) was conducted in pyridine with CTP 

and ABCVA as the CTA and initiator respectively with [M]o:[CTA]o and [CTA]o:[I]o, equal to 

25:1 and 10:1. To a 100 mL round-bottom flask was added CTP (112.6 mg, 403 μmol), ABCVA 

(11.3 mg, 40.3 μmol), HBC (1.25  g, 2.62 mmol), O950 (7.08 g, 7.46 mmol), and pyridine (40.67g). 

The solution was then septa sealed and purged with nitrogen for 60 minutes. The round-bottom 

flask was then transferred to a preheated water bath at 70 oC and allowed to polymerize for 18 

hours. The polymeization solution was then precipitated in ether and the resultant polymer was 

dried in vacuo for 48 h. The final molecular weight and Ð, as measured by GPC, and molar 

composition of poly(O950-co-HBC) was 13.1 kDa, 1.08, and 72:28 O950:HBC (74:26 feed), 

respectively. This corresponded to a 16 wt. % Ciprofloxacin incorporation. Copolymer 

compositions was determined by both 1H NMR and 19F NMR. Briefly, analysis by 19F NMR used 

sodium trifluoroacetate (C2F3NaO2) as an internal standard where 1.5 uL of a 10 mg/mL solution 

of C2F3NaO2 was added to 1 mL of a 20 mg/mL polymer solution in C2D6OS and molar 

composition was determined by comparing the three fluorine resonances from the internal standard 

at δ = -73.4 ppm against the single fluorine resonances from Ciprofloxacin containing copolymer 
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at δ = -124.5 ppm. Molar compositions were also analyzed by 1H NMR in CDCl3 by comparing 

the HBC (9H) t-boc resonances at δ = 1.52 ppm to the O950 (3H) methoxy at δ = 3.4 ppm. Both 

methods of drug quantification were in good agreement and resulted in similar drug composition. 

For the purpose of this study, values obtained by 19F NMR are being reported for all polymer 

systems.   

 

3.2.6 RAFT copolymerization of O950 and CPM. 

 The RAFT copolymerization of poly(O950-co-CPM) was conducted in THF with CTP and 

ABCVA as the CTA and initiator respectively with [M]o:[CTA]o, [CTA]o:[I]o, equal to 25:1 and 

10:1, similar to the polymerization of poly(O950-co-HBC). To a 25 mL round-bottom flask was 

added CTP (38.8 mg, 139 μmol), ABCVA (3.89 mg, 13.9 μmol), CPM (1.00  g, 1.34 mmol), O950 

(2.03 g, 2.14 mmol), and THF (14.15g). The solution was then septa sealed and purged with 

nitrogen for 30 minutes. The round-bottom flask was then transferred to a preheated water bath at 

65 oC and allowed to polymerize for 18 hours. The polymerization solution was then precipitated 

in ether and dried in vacuo for 48 h. The final molecular weight and Ð, as measured by GPC and 

molar composition of poly(O950-co-CPM) was 11.8 kDa, 1.09, and 64:36 O950:CPM (80:20 

feed), respectively (16.7 wt. % Ciprfloxacin in the final copolymer). Similar to poly(O950-co-

HBC), the copolymer composition of poly(O950-co-CPM) was determined by both 19F NMR and, 

independently, by 1H NMR, as previously described above. 

 

3.2.7 Synthesis of poly(O950) via RAFT 

The synthesis of a poly(O950) macroCTA was conducted in DMSO with CTP and ABCVA 

as the CTA and initiator respectively with [M]o:[CTA]o, [CTA]o:[I]o, equal to 25:1 and 10:1.29 To 

a 50 mL round-bottom flask was added CTP (82.34 mg, 2.95 μmol), ABCVA (8.26 mg, 29.5 
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μmol), O950 (7.00 g, 7.37 mmol), and DMSO (28 g). The solution was then septa sealed and 

purged with nitrogen for 60 minutes. The round-bottom flask was then transferred to a preheated 

water bath at 70 oC and allowed to polymerize for 18 hours. The transparent solution was then 

precipitated in ether six times, solvent decanted, and product collected and dried in vacuo. The 

resulting polymer had a molecular weight and Ð of 17.5 kDa and 1.12, respectively.   

 

3.2.8 Synthesis of poly[(O950)-b-(HBC)] and poly[(O950)-b-(CPM)] via RAFT 

 The RAFT polymerization of poly[(O950)-b-(HBC)] from a poly(O950) macroCTA (17.5 

Da, 1.12 Ð) was conducted in acetic acid with [M]o:[mCTA]o, [mCTA]o:[I]o equal to 25:1 and 5:1. 

To a 25 mL round-bottom flask was added O950 mCTA (644 mg, 36.8 μmol), ABCVA (2.06 mg, 

7.36 μmol), HBC (0.5 g, 0.92 mmol), and acetic acid (2.64 g). The solution was then septa sealed 

and purged with nitrogen for 30 minutes. The round-bottom flask was then transferred to a 

preheated water bath at 70 oC and allowed to polymerize for 2.5 hours. The solution was then 

precipitated in ether for six times, solvent decanted, and product collected, dried in vacuo, and 

lyophilized over 48 h. The final molecular weight, Ð, and composition of poly[(O950)-b-(HBC)] 

was 48 kDa and 1.27, respectively, corresponding to DPs for each blocks of 18 and 56 respectively 

(34 wt. % ciprofloxacin in the final copolymer). Similar to the copolymers, the diblock 

compositions were determined by both 1H NMR and 19F NMR. Briefly for 19F NMR analysis, 3 

uL of a 10 mg/mL solution of C2F3NaO2 was added to 1 mL of 20 mg/mL diblock polymer solution 

in C2D6OS and molar composition was determined again by comparing the three fluorine 

resonances from the internal standard at δ = -73.4 ppm against the single fluorine resonances from 

Ciprofloxacin diblock polymer at δ = -124.5 ppm. In addition, 1H NMR in CDCl3 was used to 

again compare the HBC (9H) t-boc resonances at δ = 1.52 ppm to the O950 (3H) methoxy at δ = 
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3.4 ppm. Analogous to the copolymers, values obtained from 19F NMR are being reported for both 

diblocks. 

 The RAFT polymerization of poly[(O950)-b-(CPM)] utilized the same O950 mCTA 

homopolymer (Mn = 17.5 kDa, Ð = 1.12) as the one used in the synthetic strategy for the 

polymerization of  poly[(O950)-b-(HBC)], as noted above. This reaction was conducted in THF 

with [M]o:[mCTA]o, [mCTA]o:[I]o equal to 25:1 and 10:1. To a 10 mL round-bottom flask was 

added O950 mCTA (455 mg, 26.7 μmol), ABCVA (0.75 mg, 2.67 μmol), CPM (0.5 g, 0.67 mmol), 

and THF (2.55 g). The solution was then septa sealed and purged with nitrogen for 30 minutes. 

The round-bottom flask was then transferred to a preheated water bath at 65 oC and allowed to 

polymerize for 18 hours. The final copolymer was subsequently isolated as detailed above. The 

final molecular weight, Ð, and composition of poly[(O950)-b-(CPM)] was 41.8 kDa and 1.35, 

respectively, corresponding to DPs for each blocks of 18 and 32 respectively (30 wt. % 

ciprofloxacin in the final copolymer). 

 

3.2.9 Deprotection and purification of copolymer and diblock systems  

 Postpolymerization removal of the TBOC protecting groups, present on HBC and CPM residues, 

was conducted in neat trifluoroacetic acid (TFA) and 1:1 CHCl3:TFA, respectively at a polymer 

concentration of 50 mg/mL . The reaction was allowed to proceed at 25oC for 2h after which time the 

solution was precipitated in ether. The product was collected and dried in vacuo for 48 h. In order to remove 

any excess TFA salts that might be present, the polymers were redisolved in molecular grade water and 

dialyzed against first 250 mM and then 10 mM NaH2PO4 at pH 7.4 with repeated buffer changes (2-3x) 

over two days. The polymers were then frozen and lyophilized before further purification via PD-10 

desalting column (GE Life Sciences) followed by lyophilization for an additional 48 h.  
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3.2.10 Gel permeation chromatography (GPC)   

 Absolute molecular weights and polydisperity indices were determined using using Tosoh SEC 

TSK-GEL -3000 and -e4000 columns (Tosoh Bioscience, Montgomeryville, PA) connected in series to 

an Agilent 1200 Series Liquid Chromatography System (Santa Clara, CA) and Wyatt Technology 

miniDAWN TREOS, 3 angle MALS light scattering instrument and Optilab TrEX, refractive index detector 

(Santa Barbara, CA). HPLC-grade DMF containing 0.1 wt.% LiBr at 60 oC was used as the mobile phase 

at a flow rate of 1 ml/min. 

 

3.2.11 Characterization of copolymer and diblock micelles  

 Dynamic light scattering (DLS) studies of the block copolymers were conducted using a Malvern 

Instruments Zetasizer Nano series instrument equipped with a 22 mW He-Ne laser operating at 632.8 nm.  

Solutions of the copolymer and diblock were prepared in the pH range capturing the endosomal trafficking 

pathway (7.4, 7.0, 6.6, 6.2, 5.8, 5.2, and 4.6) with either 100 mM sodium phosphate or acetate buffer with 

150 mM NaCl at a polymer concentration of 0.5 mg/mL. The resulting solutions were filtered with 0.22 µm 

filters prior to measurement, and mean diameter was defined as the ± half peak width. All measurements 

were performed in triplicate comparing the copolymer to the diblock. The polymer micelles were analysed 

for zeta potential, using a ZetaPALS detector, at 1 mg/mL polymer concentration as a function of pH (7.4, 

7.0, 6.6, 6.2, 5.8, and 5.2) with either 10 mM sodium phosphate or acetate buffer. 

 

3.2.12 Analysis of Ciprofloxacin by high-performance liquid chromatography 

 The HPLC analysis of Ciprofloxacin was carried out with an Agilent 1260 Quaternary 

HPLC Pump, Agilent 1260 Infinity Standard Automatic Sampler, Agilent 1260 Infinity 

Programmable Absorbance Detector, and Agilent ChemStation software for LC system (Palo Alto, 

CA). Both ciprofloxacin hydrochloride (Sigma Aldrich) and liquid Sera Human from AB blood 

donor (Sigma Aldrich) were purchased and used as received. The analyte was separated at ambient 
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temperature using a Zorbax RX-C18 (4.6 x 150 mm; 5 µm) analytical column (Agilent 

Technologies, CA).  

 The UV detector was operated at 277 nm, and the mobile phase consisted of 2% aqueous 

acetic acid and acetonitrile (84:16) v/v, as described elsewhere.31 The flow rate was set at 1.0 

mL/min and sample injection volume at 20 µL. A stock solution of Ciprofloxacin was prepared in 

deionized water at 10 mg/mL. Working solutions of Ciprofloxacin for standard curves were diluted 

from stock solution using the mobile phase to the listed concentrations of 200 µg/mL, 100 µg/mL, 

50 µg/mL, 25 µg/mL, 12.5 µg/mL, 6.25 µg/mL, 3.12 µg/mL, and 1.56 µg/mL. 

 Each listed solution above was diluted with a 1:1 v/v ratio of either mobile phase:deionized 

water or mobile phase:human serum to create a final Ciprofloxacin standards of 100 µg/mL, 50 

µg/mL, 25 µg/mL, 12.5 µg/mL, 6.25 µg/mL, 3.12 µg/mL, 1.56 µg/mL, and 0.78 µg/mL for 

pharmaceutical and biological analysis, respectively. Both non-serum (mobile phase:deionized 

water) and serum standards were subsequently treated with 50% acetonitrile (v/v) to promote 

protein precipitation. Serum standards were centrifuged at 12,000g for 15 minutes and 

supernatants were collected and filtered using a 0.45µm low protein binding filter before HPLC 

analysis. Non-serum standards were analyzed without the need for centrifugation. All standards 

were processed using a gradient HPLC elution profile, where the mobile phase transitioned to 

100% acetonitrile over 15 minutes, followed by 10 minutes of column washing with acetonitrile 

and water and 5 minutes of equilibration with mobile phase.   

 

3.2.13 Drug release from polymeric prodrugs  

 The drug release from polymer conjugates was carried out in serum at 37 ˚C at a polymer 

concentration of 6 mg/mL. Sample time points were collected on a regular basis. Quantification of total 

Ciprofloxacin in the polymer conjugates was measured by taking 6 mg/mL of polymer and dissolving it in 
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10% aq. H2SO4 for 48 h at 25 ˚C, denoted by Peak(H2SO4). The HPLC with a gradient elution profile was 

used to quantify amount of drug released using the same instrument parameters set forth for drug standards. 

A 1:1 dilution of serum sample to 2% aqueous acetic acid and acetonitrile (84:16) v/v was conducted, 

followed by another 1:1 dilution with acetonitrile. The resulting samples were vortexed and centrifuged at 

12,000g for 15 minutes. Supernatants were collected and filtered using a 0.45µm low protein binding filter 

before running on the HPLC. Percent (%) drug released was subsequently quantified using the formula: % 

Drug Released = [Peak(tx) – Peak(t0)]/[Peak(H2SO4)], where tx and t0 are the peaks resolved by the HPLC 

at time x and zero, respectively. 

 

3.2.14 In vitro cytotoxicity measurements  

 The cytotoxicity of the prodrug copolymers and diblocks were evaluated in RAW 264.7 cells using 

the CellTiter 96AQueous One Solution Cell Proliferation Assay (MTS) (Promega Corp., Madison, WI). 

RAW cells were seeded in DMEM (Gibco, Life Technologies, Grand Island, NY) containing 1% pen/strep 

and 10% fetal bovine serum (FBS) at a density of 50,000 cells/well in 96-well plates and allowed to adhere 

for 18 h at 37 °C with 5% CO2. After incubation, polymers diluted in supplemented DMEM at a 

concentration of 40 mg/mL total polymer were added to cells in triplicate wells in a 1:1 dilution, then 

serially diluted down the plate (20 mg/mL-9.77 µg/mL), and cells were incubated for 24 hours. After the 

allotted time, cells were evaluated using the CellTiter MTS assay according to the manufactures 

instructions. The absorbance at 490 nm was evaluated using a Tecan Safire 2 microplate reader. MTS 

reagent alone was used as a negative control and all treatments were compared to untreated cells as a 

positive control to acquire percentage viability. All experiments were carried out in triplicate wells on 

duplicate days. 

 

3.2.15 In vitro co-culture activity using a B. thailandensis infection model 
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 To evaluate the in vitro efficacy of the polymer systems, RAW 264.7 murine macrophage 

cells were seeded into 48 well plates at a density of 500,000 cells/mL in 250 µL of antibiotic free 

DMEM (Gibco) + 10% FBS and allowed to adhere for 18 h at 37 °C with 5% CO2. After 18 hours, 

RAW cells were infected with Burkholderia thailandensis (E264) at early log phase (OD600=0.2) 

at a MOI of 5, and incubated for 1 hour. Growth media was then replaced with fresh DMEM 

containing 10% FBS and 250 µg/mL Kanamycin to remove extracellular bacteria and cells were 

incubated for another hour. Media was then replaced with unsupplemented DMEM containing 

varying concentrations of HBC copolymer (20-3000 µg/mL), CPM copolymer (1-2000 µg/mL), 

or free drug (0.01-100 µg/mL) into triplicate wells per treatment. Cells were incubated an 

additional 22 hours. After incubation, cell media was aspirated, cells were washed three times with 

1x PBS, and lysed with 100 µL of PBS + 0.1% Triton X-100 (Sigma Aldrich, St. Louis, MO). 

Lysates were pooled by treatment, serially diluted, and plated onto triplicate LB agar plates at 

multiple10x dilutions, and incubated for 24 hours. After 24 hours colony forming units (CFU) 

were counted. Data represented as CFU/well vs. Ciprofloxacin dose. All experiments were 

repeated on duplicate days. 

 

3.3 Results and discussion  

3.3.1 Synthesis of monomer prodrugs HBC and CPM 

Synthetic illustration of methacrylate Ciprofloxacin prodrug monomers HBC and CPM 

carrying aliphatic and phenyl ester linkages respectively (Scheme 3.2). Using HBC and CPM, the 

Ciprofloxacin loading of the polymer prodrug can be controlled precisely by manipulating the 

molar ratio of the drug monomers during polymerization. Boc Ciprofloxacin30 was effectively 
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conjugated to monomers via aliphatic or phenolic hydroxyl group using benzotriazole based 

uronium coupling reagent HBTU. 

 

 
3.3.2 Kinetic evaluation of HBC 

 In order to understand the polymerization behavior of the bulky methacrylate-based 

prodrug monomers kinetics studies were conducted with HBC. In these studies, HBC was 

polymerized at 70 oC in acetic acid using the dithiobenzoate-based RAFT agent CTP and ABCVA 

as initiator respectively. Following a short induction period (~20 min) polymerization proceeds 

with linear pseudo-first order  

SCHEME 3.2. Synthesis of (1) butanoic acid, 4-[(4-hydroxyphenyl)methylamino]-4-oxo, 1-(2-

methacryloyloxy)ethyl ester, (2) Boc Ciprofloxacin, and resulting prodrug monomers, HBC and CPM. 
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kinetics (Fig. 3.3A) suggesting that radical termination reactions remain low throughout the course 

of the polymerization.  Evaluation of the Mw/Mn and Mn vs. conversion plots illustrates the 

controlled nature of HBC under polymerizations these conditions.  As shown in Fig. 3.3B, Mn 

versus conversion plot remains linear up to relatively high monomer conversion (~80%) with low 

Figure 3.3.  Kinetic analysis of the RAFT polymerization of HBC. (a) Pseudo first order rate plot, (b) Mn and Đ 

vs. conversion, and (c) RI traces showing the evolution of molar mass with time for [M]o:[CTA]o:[I]o equal to 

25:1:0.2 at 70 oC with CTP and ABCVA as the chain transfer agent and initiator respectively. (d) Molecular 

weight distributions for the RAFT polymerization of HBC conducted at initial [M]o/[CTA]o ratios of 12.5, 25, 50, 

and 100 at a fixed initial [M]o and [CTA]o/[I]o ratio 20 wt% and 10 respectively. Mn (Da) and Ð values for the 

series were determined to be: DP 12.5 (7650/1.09), DP 25 (12000/1.07), DP 50 (26300/1.08), and DP 100 

(52400/1.15). Absolute molecular weight values were determined by SEC equipped with inline laser light 

scattering detectors. Monomer conversion was determined by 1H NMR by comparison of the vinyl resonances 

normalized to the total ester region relative prepolymerization values. 
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molar mass dispersities and good agreement with the theoretical molecular weights. For example, 

polymerization of HBC for 40 min results in 23 % monomer conversion with experimental and 

theoretical molecular weights of 4.5 and 3.2 kDa, respectively, and a Ð of 1.12, while at 3 hours 

85% conversion is reached with an Mn of 13.3 kDa (Mn theory of 12.2 kDa) with a Ð of 1.06. Given 

the close agreement between the theoretical and experimental molecular weights under these 

conditions, it is likely that degradative chain transfer reactions are not occurring to a significant 

extent. Analysis of the MWDs shows that the peaks are unimodal and symmetric with a clear shift 

to lower elution volumes as a function of reaction time (Fig. 3.3C). Narrow and symmetric MWDs 

were also observed for the polymerization of HBC targeting a range of DPs between 12.5 and 100 

with a slight increase in the molar mass dispersity (Đ ~1.15 at 64% conversion) for polymerizations 

targeting a DP of 100 (Fig. 3.3D). The lack of significant low molecular weight tailing in the 

MWDs coupled with low Ðs and subsequent blocking experiments provide strong evidence 

supporting the controlled nature of these polymerizations despite the steric bulkiness of the 

ciprofloxacin monomer.  

 

FIGURE 3.4. RI traces as measured by GPC showing molecular weight distributions of the copolymers (a) 

poly(O950-co-HBC) and (b) poly(O950-co-CPM). The RAFT polymerization of the copolymers were conducted 

in pyridine (blue) and THF (green), respectively, with [M]o:[CTA]o:[I]o equal to 25:1:0.1, and had a Mn of 13.1  

and 11. 8 kDa with a Đ of 1.08 and 1.09, respectively. 
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3.3.3 RAFT copolymerization of HBC and CPM 

 Shown in Scheme 1., is the synthetic strategy for the preparation of hydrophilic PEGMA-

based copolymers with Ciprofloxacin linked to the polymer backbone via aliphatic (HBC) and 

phenyl ester (CPM) groups.  Based on the favorable kinetic profile for HBC the RAFT 

copolymerization of this monomer with O950 was conducted at the same target [M]o/[CTA]o and 

[CTA]o/[I]o  ratios (i.e. 25:1 and 5:1) (Scheme 1).  

 

 

FIGURE 3.5.  Representative (a) 1H NMR and (b) 19F NMR spectrum of poly(O950-co-HBC) in CDCl3 and 

C2D6SO respectively with assignment of key resonances associated with the comonomers. Copolymer 

composition was determined by comparing the HBC (9H) TBOC resonances at δ = 1.52 ppm to the O950 (3H) 

methoxy resonance at δ = 3.4 ppm. 19F NMR was conducted in C2D6SO using sodium trifluoroacetate (C2F3NaO2) 

(0.11 µM) as an internal standard. Integration of the ciprofloxacin resonance at δ = -124.5 ppm (1F) relative to 

the internal standard at δ = -73.4 ppm (3F) was used to calculate the final polymer copolymer composition. 



www.manaraa.com

 

 

67 

 

A molar feed ratio of O950 to HBC of 74:26 (mol:mol) was selected to prevent the hydrophobic 

HBC residues from inducing self-assembly of the copolymers into nanoparticles at physiological 

pH values. After isolation of the polymer via precipitation in ether, the Mn and Ð as measured by 

GPC (Fig. 3.4A) were determined to be 13.1 kDa and 1.08, respectively (Table 3.1).  Copolymer 

composition was determined by both 1H NMR (Fig. 3.5A) and 19F NMR (Fig. 3.5B) with the latter 

technique yielding a molar composition of 72% O950 and 28% HBC (16 wt.% Ciprofloxacin). 

Key copolymer resonances (Fig. 3.5A) include the characteristic (9H) TBOC protective groups at 

δ = 1.52 ppm 
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 (sharp), the (3H) O950 methoxy residues at δ = 3.4 ppm (sharp), and the polymer backbone alkyl 

esters at δ = 4.1 ppm (sharp to broad). To produce the therapeutically active form of the polymeric 

prodrug, the tBOC protecting groups were removed using neat TFA at 25 oC for 2 h. Quantitative 

tBOC removal of was confirmed by 1H NMR by following the disappearance of the sharp (9H) 

resonance at δ = 1.52 ppm. The synthesis of poly(O950-co-CPM) was conducted under conditions 

FIGURE 3.6. Representative 1H NMR and 19F NMR (insert) spectrum of poly(O950-co-CPM) in CDCl3 and 

C2D6OS respectively with assignment of the characteristic resonances associated with the comonomers. 

Copolymer composition was determined by comparing the HBC (9H) TBOC resonances at δ = 1.52 ppm to the 

O950 (3H) methoxy resonance at δ = 3.4 ppm. Successful deprotection of copolymer systems was quantitatively 

indicated by the later disappearance of the characteristic TBOC resonance. 19F NMR was conducted in C2D6SO 

using sodium trifluoroacetate (C2F3NaO2) (0.11 µM) as an internal standard. Integration of the ciprofloxacin 

resonance at δ = -124.5 ppm (1F) relative to the internal standard at δ = -73.4 ppm (3F) was used to calculate the 

final polymer copolymer composition. 
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similar to those employed for HBC except that the temperature was reduced to 65 oC to minimize 

the potential for cleavage of the more labile phenyl ester linkages.  Because of the greater solubility 

of the CPM monomer in organic solvents it was possible to conduct polymerizations in THF. 

Similar to the polymerization of poly(O950-co-HBC), a feed ratio of 80:20 (mol:mol)  O950:CPM 

was selected to prevent association of the hydrophobic CPM residues and subsequent formation 

of self-assembled nanoparticles. Copolymer composition (via 19F NMR) was determined to be 64 

mol % O950 and 36 mol % (80 mol % O950 and 20 mol % CPM feed) (Fig. 3.6) with Mn and Ð 

values, as measured by GPC (Fig. 3.4B), of 11.8 kDa and 1.09, respectively (Table 3.1).   

 

TABLE 3.1. Summary of composition, molecular weights, and molar mass dispersity for 

statistical copolymers of HBC and CPM with O950.   

Poly. 

# 

O950 

(feed) 

O950 

(exp.) 

HBC 

(feed) 

HBC 

(exp.) 

CPM 

(feed) 

CPM 

(exp.) 

M
n
  

(kDa) 
dndc Ð 

Drug 

(wt.%) 

1 74 65 26 35 - - 13.1 0.061 1.08 16 

2 80 64 - - 20 36 11.8 0.093 1.09 16.7 



www.manaraa.com

 

 

70 

 

 

 

3.3.4 RAFT diblock polymerizations of HBC and CPM 

 Diblock copolymers where the hydrophobic prodrug monomer residues are localized in a 

discrete block stabilized in aqueous solution by a hydrophilic poly(O950) segment were also 

prepared in order to establish the effect of this morphology on the resultant drug release profiles.  

This architecture could be advantageous in drug delivery applications because it allows polymers 

with prodrug contents greater than 50 wt % to be synthesized. The diblock copolymers were 

synthesized by first preparing a poly(O950) macroCTA (Mn = 17.5 kDa, Ð = 1.12) (Table 3.2) 

from which HBC and CPM were polymerized targeting a DP of 25. The formation of the desired 

poly[(O950)-b-(HBC)] and poly[(O950)-b-(CPM)] diblock copolymers was confirmed by the 

clear shift in the MWD to shorter elution volumes and lack of significant homopolymer impurity 

FIGURE 3.7.  SEC chromatograms supporting the formation of (a) poly[(O950)-b-(HBC)] and (b) Poly[(O950)-

b-(CPM)] from a poly(O950) mCTA (Mn of 17.5 kDa with a Mw/Mn of 1.12).  The poly(O950) macroCTA was 

prepared by polymerizing O950 at 70 oC for 18 h in DMSO with CTP and ABCVA as the CTA and initiator with  

[M]o and [M]o:[CTA]o:[I]o  = 20 wt. % and 25:1:0.1 respectively.  Block copolymers of (a) HBC and (b) CPM 

were conducted in acetic acid and THF, respectively, with a [M]o:[CTA]o:[I]o equal to 25:1:0.2 for Poly[(O950)-

b-(HBC)] (Mn of 48 kDa with a Mw/Mn of 1.27) and a [M]o:[CTA]o:[I]o equal to 25:1:0.1 for Poly[(O950)-b-

(CPM)] (Mn of 41.8 kDa with a Mw/Mn of 1.35). 
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(Fig. 3.7). Based on 19F NMR the block ratios for poly[(O950)-b-(HBC)] and poly[(O950)-b-

(CPM)] were determined to be 18:56 (34 wt.% Ciprofloxacin) and 18:32 (30 wt.% drug) (Fig. 3.8).  

Molecular weight, composition, and molar mass dispersity values for these materials are 

summarized in Table 3.2.  

TABLE 3.2.  Summary of composition, molecular weights, and molar mass dispersity 

values for diblock copolymers of HBC and CPM prepared from a poly(O950) macroCTA. 

 1
st

 block  

(O950 mCTA) 

2
nd

 block  

(HBC Core) 

2
nd

 block  

(CPM 

Core) 

Complete Polymer 

Poly. 

# 

M
n
 

(kDa) 
Ð DP 

M
n
 

(kDa) 
DP 

M
n
 

(kDa) 
DP 

M
n
 

(kDa) 
dndc 

Block 

ratio 
Ð 

Drug 

(wt.%) 

3 17.5 1.12 18 - - - - 17.5 0.060 - 1.12 - 

4 17.5 1.12 18 30.5 56 - - 48 0.080 1.74 1.27 34 

5 17.5 1.12 18 - - 24.3 32 41.8 0.087 1.39 1.35 30 
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3.3.5 Aqueous solution studies for Ciprofloxacin containing copolymers and diblock copolymers 

 The aqueous morphologies of both the copolymer and diblock copolymer architectures 

were evaluated under physiologically relevant conditions. At a pH of 7.4 and 7.0, where the 

deprotected Ciprofloxacin residues should be predominately deprotonated and therefore 

hydrophobic in nature, hydrodynamic diameters of 37.4 ± 1.85 and 40.7 ± 2.01 nm are observed 

for poly[(O950)-b-(HBC)].  Similar particle sizes were observed for poly[(O950)-b-(CPM)] (30.8 

± 2.14 and 29.5 ± 3.83) at these pH values. The observed particle sizes are consistent with the 

formation of spherical core-shell nanoparticles where poly(O950) segments forming a hydrophilic 

corona around a dehydrated polymeric prodrug core.29,32,33 The observed differences in size 

between the two diblocks at higher pH values may be attributed  

FIGURE 3.8. Representative NMR spectrums of (a) poly[(O950)-b-(HBC)] and (b) poly[(O950)-b-(CPM)] 

diblocks in CDCl3 with assignment of the characteristic resonances associated with the monomers. Diblock 

compositions were determined by comparing the HBC (9H) TBOC resonances at δ = 1.52 ppm to the O950 (3H) 

methoxy resonance at δ = 3.4 ppm. Additionally, 19F NMR was conducted in C2D6SO using sodium 

trifluoroacetate (C2F3NaO2) (0.22 µM) as an internal standard. Integration of the ciprofloxacin resonance at δ = -

124.5 ppm (1F) relative to the internal standard at δ = -73.4 ppm (3F) was used to calculate the final polymer 

diblock composition.  
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to slightly longer HBC block relative to CTPM (i.e. DP of HBC block of 56 vs. 32 for CPM) 

(Table 3.2).34 Reduction of the solution pH to 5.2 results in a significant decrease in hydrodynamic 

diameter to around 5-8 nm for both diblock copolymers (Fig. 3.9A).  This behavior is likely caused 

by an increase in the protonation state of the secondary amines present on Ciprofloxacin residues 

in the polymer core. The resultant increase in positive charge along the polymer backbone 

destabilizes the micellar core via charge-charge repulsion while increasing the hydrophilicity of 

the core-forming segment. These sizes are consistent with molecularly dissolved unimers and do 

not change significantly upon further reduction of the solution pH (Fig. 3.9A). Zeta potential 

FIGURE 3.9.  Aqueous size and charge measurements for statistical copolymers and diblock copolymers 

containing ciprofloxacin prodrug residues. (a) Hydrodynamic diameter (Dh) and (b) zeta potentials measurements 

as a function of pH. Buffers were prepared using 100 mM sodium phosphate or acetate with 150 mM NaCl for 

particle size measurements and 10 mM sodium phosphate for zeta potential measurements; all buffers were titrated 

to the appropriate pH. Polymer concentrations were made at 0.5 mg/mL and 1 mg/mL for DLS and zeta potential, 

respectively, and filtered using 0.22 µm filter before running experiments. 
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measurements for these materials at pH 7.4 were determined to be slightly positive with values of 

5.24 ± 2.1 mV and 4.85 ± 2.5 mV observed for poly[(O950)-b-(HC)] and poly[(O950)-b-(CPM)] 

respectively (Fig. 3.9B). Decreasing the pH to 5.2 increases the zeta potential to 26.56 ± 3.14 mV 

for poly[(O950)-b-(HC)] and 22.96 ± 3.21 for poly[(O950)-b-(CPM)] (Fig. 3.9B) supporting an 

increase in the protonation state of the copolymer at lower pH values. 

 

3.3.6 Release kinetics of Ciprofloxacin from copolymers and diblock copolymers quantified by HPLC 

 HPLC was used to quantify drug release by detecting free drug as a function of time 

normalized to amount of drug present during initial incubation. This in turn was standardized to 

the total available drug in the system as quantified by dissolving a known amount of polymer in 

10% aq. H2SO4 for 48 h at 25 ˚C. Using a Ciprofloxacin standard curve, the total amount of drug 

in the polymers was validated against compositional values obtained from 19F NMR. In these 

studies, it was observed that free Ciprofloxacin elutes at approximately 1.59 ± 0.04 min, as 

supported by representative tandem mass spectrometry (Fig. 3.10) with a limit of detection of 0.39 

µg/mL. Hydrolysis rates in human serum were determined for both of the deprotected monomers 

(ie. HBC and CPM) prior to their incorporation into copolymers as shown in Fig. 3.11A,B. These 

studies suggest that the respective rates of hydrolysis for the aliphatic (HBC) and phenyl (CPM) 

ester linked drugs are not significantly affected by the presence of serum proteins. A significant 

difference in the relative hydrolysis rates for these monomers was observed with CPM showing 

nearly 50 % drug release at 24 hours while HBC required 120 h to reach this value (Fig. 3.11A). 

This apparent difference likely arises from the improved hydrolytic susceptibility of CPM’s phenyl 

ester functionality, which is known to form a resonance-stabilized phenoxide as a leaving group.35  
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 Butyrylcholinesterase (BChE) is a human enzyme generated by the liver that freely 

circulates in the blood to facilitate the breakdown of many drugs.36,37 The addition of increasing 

concentrations of BChE  

 

 

to solutions of the prodrug monomer in buffer enhances hydrolysis of both types of ester bonds as 

noted by the enhanced pseudo-first order release profiles for HC and CPM monomers (Fig. 

3.11A,B). Interestingly, without the enzyme present, the release transitions from an apparent first 

order kinetics to near zero-order for the deprotected HBC monomer suggesting not only slower 

FIGURE 3.10. The peaks associated to (a) free drug elution and representative drug release in serum from 

example polymer systems, (b) poly(O950-co-HC) (24 d) and (c) poly[(O950)-b-(HC)] (20 d), was isolated using 

HPLC and confirmed through mass spectroscopy. The appearance of the dominant peak (332.1 m/z) from the 

polymer samples suggests an appropriate peak selection for monitoring drug release.  
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drug release, but also that this particular monomer is more responsive to a natural esterase than the 

more labile phenolic ester monomer (CPM) (Fig. 3.11A). It is important to note that in the presence 

of serum, where the concentration of the enzyme is much higher than those tested in buffer, the 

drug release profile from the monomers are similar to that observed in buffer alone (no BChE), 

suggesting that enzyme mediated hydrolysis may not be the predominant  

 

FIGURE 3.11.  Drug release kinetics measured by high purification liquid chromatography as a function of time 

of (a) HC monomer in the presence of varying amounts of Butyrylcholinesterase (BChE) and 100% human serum, 

(b) CPM monomer in the presence of BChE and serum, (c) poly(O950-co-HC) in serum, pH 7.4 buffer, and human 

serum albumin, (d) poly(O950-co-CPM) in serum and in the presence of BChE, (e) and cipro containing statistical 

copolymers and block copolymers in 100% serum. All drug release studies were conducted at 37 ˚C and free drug 

detection was quantified using an elution gradient profile at 277 nm.  All studies were conducted with deprotected 

monomers and polymers.  Free ciprofloxacin was extracted from the aqueous samples using acetonitrile as an 

organic phase precipitation technique, and HPLC analysis was conducted using a mobile phase consisting of 2% 

aq. acetic acid:acetonitrile (84:16 v/v/). 
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mechanism of drug release from the monomer in a physiological setting.  Although the release 

profiles of poly(O950-co-HBC) in serum and buffer are near zero-order, the kinetics of hydrolysis 

and subsequent release of free drug were observed to be faster in serum than buffer (Fig. 3.11C). 

In efforts to probe this observation, the copolymers were incubated in buffer with the addition of 

50 mg/mL human serum albumin (HSA) and assayed for free drug as a function of time. In these 

studies, the inclusion of the protein was shown to improve release kinetics to rates similar to those 

observed in serum (Fig. 3.11C). This observation is hypothesized to arise from the association of 

the unimeric copolymer with proteins found in serum (e.g. human serum albumin) to produce 

polymer conformations with improve solvation of the pendent ester bonds. Similar release kinetics 

for ester linked Ciprofloxacin-polymer conjugates have been observed by a number of groups.38,39 

For example, Sobczak and coworkers observed approximately 20-25% Ciprofloxacin release over 

35 days from multi-armed and star shaped homopolymers of poly(ϵ-caprolactone) and polylactide 

that were end-functionalized with between 3-8 mol % of drug.39 

 The addition of BChE to poly(O950-co-CPM), in buffer resulted in a slight increase in the 

hydrolysis rate relative to buffer alone (Fig. 3.11D). This increase was, however, not as large as 

samples incubated in serum suggesting the importance of serum proteins in facilitating ester 

hydrolysis for polymer backbone-linked drugs. These findings suggest that the presence of enzyme 

alone may not be sufficient to significantly improve hydrolysis rates for esters found within low 

dielectric environments, such as the case with many polymer backbones.40 In contrast, the large 

increase in drug release observed for monomers incubated with the enzyme (Fig. 3.11A,B) can be 

attributed to the lack of a polymerized chemical backbone, which may allow for BChE to access 

to the esters groups promoting faster cleavage rates than the observed in serum. Comparison of 
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copolymers containing phenyl- (CPM) and aliphatic- (HBC) esters showed that poly(O950-co-

CPM) hydrolyzed more rapidly than poly(O950-co-HBC) with approximately 50 % drug release 

observed at 120 h and 21 days respectively.  In both cases however incorporation of the ester-

linked drug into copolymers resulted in a substantial decrease in hydrolysis rates relative to the 

parent monomers (Fig. 3.11C,D).  

 The effect of polymer architecture on drug release behavior was also evaluated by 

synthesizing diblock copolymers consisting of a hydrophilic poly(O950) corona forming segment 

and a hydrophobic poly(HBC) or poly(CPM) core forming segment. As shown in Fig. 3.11E, 

sequestration of the prodrug residues to a hydrophobic micellar core results in a significant 

decrease in ester hydrolysis rates relative to the molecularly soluble constructs.  Interestingly, the 

apparent difference in hydrolysis kinetics between the HBC and CPM copolymers is much greater 

than those observed for the analogous diblock copolymers. It is important to note that although the 

rate of drug release from the diblocks are much slower than the copolymers, the total drug content 

for diblocks are greater (30 wt.% drug for poly[(O950)-b-(HBC)] and 34 wt. % drug for 

poly[(O950)-b-(CPM)] vs. 16 wt. %  drug for poly(O950-co-HC) and 16.7 wt.% drug for 

poly(O950-co-CPM)) (Table 3.2). Consequently, there is a larger quantity of drug released from 

the diblock over a longer period of time as compared to the copolymer.  

 

3.3.7 In vitro polymer toxicity and efficacy 

 The biocompatibility of the polymeric prodrugs was established in RAW 264.7 cells.  In 

these studies, cells were incubated with varying concentrations of the copolymer and diblock 

copolymer prodrugs for 24 hours. No notable (< 80% cell viability) toxicity was observed for both 

the poly(O950-co-HBC) and poly(O950-co-CPM) even at polymer concentrations of 20 mg/mL 
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(Fig. 3.12A). In contrast, the diblock copolymer constructs demonstrated dose dependent toxicity 

with RAW cell viability falling below 80% at polymer concentrations exceeding approximately 1 

mg/mL (Fig. 3.13). This toxicity is likely a result of interactions of the lightly charged 

poly(ciprofloxacin) segments with cell membranes upon internalization and subsequent 

acidification of endosomal compartments. This phenomenon has been previously reported for 

other positively charged systems such as cationic polystyrene nanospheres (~40-50 nm), which 

have been elicited to promote an apoptotic pathway in RAW 264.7 cells.41 

 Based on the copolymers’ lack of toxicity in RAW cells even at elevated concentrations 

(Fig. 3.12A), poly(O950-co-HBC) and poly(O950-co-CPM) were selected for further studies to 

evaluate efficacy using a coculture challenge assay with Burkholderia thailandensis infected RAW 

264.7 cells (Fig. 3.12A). Here B. thailandensis was used as a surrogate model for the evaluation 

of B. pseudomallei infectivity.42 The coculture challenge assay was able to capture the full dose 

response curve of free Ciprofloxacin, consistent with literature indicating a minimum inhibitory 

concentration (MIC) of 10 µg/mL or 0.03 mM.43, 44 Evaluation of poly(O950-co-HBC) in this 

assay yields an MIC of 2000 µg/mL (6 mM) which is consistent with hydrolysis studies where 

approximately 1-2% drug release is observed at 24 h in 100% serum (Fig. 3.11C).  In contrast, 

coculture studies conducted with poly(O950-co-CPM) resulted in a 10-fold reduction in  
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the MIC of 200 µg/mL (0.6 mM) (Fig. 3.12B).  These results are consistent with trends observed 

in the drug release studies and suggest that the phenyl ester linked Ciprofloxacin provides superior 

antibiotic activity in vitro as a result of higher drug cleavage rates (Fig. 3.11D). 

 

FIGURE 3.12.  In vitro toxicity and efficacy using RAW 264.7 cells representing (a) MTS results for varying 

concentrations of Poly(O950-co-HC) and Poly(O950-co-CPM) compared to PEGMA 950 mCTA (negative 

control), and (b) co-culture assay with cells treated with varying concentrations of both copolymers and free 

Ciprofloxacin (positive control) following infection with B. thailandensis to determine antibacterial efficacy. 

Polymer concentrations ranged from 20 mg/mL to 3.7 µg/mL, and toxicity was evaluated with the CellTiter 

96AQueous One Solution Cell Proliferation Assay according to manufacturer’s protocol. 
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3.4 Conclusion 

 Methacrylate-based prodrug monomers were synthesized from the antibiotic Ciprofloxacin and 

then incorporated into copolymers and diblock copolymers using RAFT polymerization. Linear pseudo first 

order kinetics were observed for the homopolymerization HBC and both monomers showed narrow and 

symmetric molecular weight distributions over a range of target DPs between 12 and 100. Prodrug 

monomers were then either copolymerized with polyethylene glycol methacrylate (O950) to yield 

hydrophilic copolymers or chain extend from poly(O950) macroCTAs to yield diblock copolyemrs. The 

resultant copolymers and diblock copolymers contained 16 and 34 % drug respectively. DLS and zeta 

potential measurements were employed to evaluate the pH-dependent aqueous solution properties of these 

FIGURE 3.13. RAW 264.7 cell viability in the presence of both diblocks was quantified using a MTS assay over 

a wide polymer dose range (mg/mL). After 24 h, both polymer diblocks exhibit a dose dependent toxicity with 

cell viability measured below 80% with polymer concentrations greater than ca. 1 mg/mL. 
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constructs.  At physiological pH values the diblock copolymer constructs yielded hydrodynamic diameters 

that are consistent with micelles, which disassembled upon a reduction in the solution pH to 6.6.  In contrast, 

the copolymers formed molecular dissolved unimers with particle sizes that were largely independent of 

the solution pH. Copolymers containing Ciprofloxacin linked via phenolic esters showed faster hydrolysis 

rates with 40% drug released at 120h, whereas copolymers with the corresponding aliphatic ester linkages 

showed only 10% drug release over the same period. Diblock copolymers with a discrete ciprofloxacin 

block showed greatly reducing hydrolysis rates for both ester-linked drugs. In vitro toxicity measurements 

in RAW 264.7 cells showed the copolymers to be nontoxic up to 20 mg/mL following a 24h incubation 

period. Co-culture efficacy was determined using Burkholderia thailandensis where an MIC of 0.6 and 6 

mM were determined for the phenyl ester and aliphatic ester linked polymeric prodrugs respectively. 
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CHAPTER 4. Synthesis of zwitterionic, hydrophobic, and amphiphilic 

polymers via RAFT polymerization induced self-assembly (PISA) in acetic 

acid* 

 

*Provided as published: Das D., Gerboth G., Postma A, Srinivasan S., Kern H., Chen J., Ratner 

D.M., Stayton P.S., Convertine A.J. Polymer Chemistry. 7(39);6133-43 (2016).   

 

ABSTRACT 

Polymerization induced self-assembly (PISA) in acetic acid was employed to polymerize the hydrophilic 

sulfobetaine monomer 2-(N-3-sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate (DMAPS) and the 

hydrophobic monomer lauryl methacrylate (LMA). Polymerizations were conducted from a macro chain transfer 

agent (macro-CTA) consisting of 66% 2-hydroxyethyl methacrylate (HEMA) and 33% poly(ethylene glycol) 

methyl ether methacrylate FW ∼ 300 Da (O300). A degree of polymerization (DP) of 50 was targeted for the 

macro-CTA in order to yield diblock copolymers with significantly larger 2nd blocks. From the poly(HEMA-co-

O300) macro-CTA, diblock copolymers of poly[(HEMA-co-O300)-b-(DMAPS)] and poly[(HEMA-co-O300)-

b-(LMA)] were grown via PISA in acetic acid. In order to maintain colloidal stability, it was necessary to conduct 

PISA of DMAPS at 10 wt% monomer, while LMA polymerizations maintained stability at 20 wt% 

monomer. Mnvs. conversion plots for both DMAPS and LMA show linear increases in molecular weight over the 

course of the polymerizations. Analysis of the molecular weight distributions revealed a progressive narrowing 

throughout the polymerization from an initial bimodal state. Copolymers of DMAPS and LMA were also 

synthesized over a large range of comonomer feed ratios. These materials show composition-dependent sizes in 

buffered solutions between 11 nm for the copolymer containing 80% by mol DMAPS to 75 nm for the copolymer 

containing 40 mol% DMAPS. PISA in acetic acid was then used to prepare copolymers of DMAPS with a range 
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of hydrophobic polymerizable prodrug monomers as well as a polymerizable peptide macromonomer. The 

resultant copolymers had narrow molecular weight distributions and were readily soluble in saline solutions. 

 

4.1 Introduction 

Despite their widespread clinical use, liposomal drug delivery systems suffer from a number of 

limitations including low drug loading efficiencies, rapid drug release, storage instability, and the need for 

complex formulation procedures.1 For these reasons, there has been considerable interest in the development of 

polymeric prodrugs in which the therapeutic agents are covalently conjugated to hydrophilic macromolecular 

scaffolds via degradable linkages.2–6 This strategy has been shown to substantially increase the solubility and 

stability of the parent drug while also enhancing drug circulation half-lives and reducing immunogenicity.7–9 A 

variety of polymeric prodrugs have been developed based on post polymerization conjugation of therapeutic 

agents to polymers derived from natural sources (e.g. albumin, chitosan, and heparin).10–12 Nanomedicines based 

on synthetic polymers such as poly(ethylene glycol) (PEG) and poly(2-hydroxypropyl methacrylamide) (HPMA) 

have also been developed.13 

Polymeric prodrugs can also be prepared directly via the reversible deactivation radical polymerization 

(RDRP) of therapeutic agents that have been reversibly conjugated to suitable vinyl functionality.14–17 This 

versatile approach allows for one or more therapeutic agents to be incorporated into the final polymer at 

predetermined ratios without the need for additional conjugation and purification steps.16,18 

The synthetic versatility provided by the combination of RAFT polymerization with polymerization induced 

self-assembly (PISA) has greatly expanded the scope of functional nanostructures that can be synthesized under 

economically relevant conditions.19–21 This pairing also has the potential to revolutionize the development of 

sophisticated multifunctional drug delivery based on the use of polymerizable prodrug monomers.22 PISA is most 

commonly conducted using the RAFT process because of the large number of functional monomers that are 

amenable to the RAFT technique, as well as the wide range of compatible reaction conditions including the use 

of both aqueous and organic solvents.23–25 
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In the RAFT-PISA process a soluble macro chain transfer agent (macro-CTA) is chain-extended with a 

second monomer in a suitable solvent. Growth of the 2nd block then proceeds in solution from the macro-CTA 

until it exceeds a critical micelle degree of polymerization (CMDP). Beyond this point the amphiphilic block 

copolymer chains begin to aggregate inducing phase separation. Stabilization of the resultant nanostructures by 

the macro-CTA allows polymerization to continue via either dispersion or aqueous emulsion polymerization. 

Often, the onset of micellar nucleation during nanoparticle formation is also associated with an increase in the rate 

of polymerization.26 This phenomenon is thought to result from diffusion of unreacted monomer into the 

nanoparticle cores leading to a higher local monomer concentration. Additionally, PISA allows for the final 

copolymer morphology to be controlled through simple manipulation of the two block copolymer segments, and 

can be conducted at high solids. The use of the RAFT-PISA approach has been shown to be a facile route for 

synthesizing a diverse array of block copolymer nanoparticle morphologies including 

spheres,27 worms,28,29 vesicles,30 lamellae,28 framboidal vesicles,31spaced concentric vesicles,32 and yolk/shell 

particles.33 

To date PISA has primarily been employed as a means of making well-defined nanostructures; however, 

this technique could also be used to facilitate the synthesis of zwitterionic copolymers from monomers that lack 

a common aqueous solvent or that precipitate upon polymerization. While the RDRP of zwitterionic monomers 

has been reported under homogenous aqueous conditions,34–36 their copolymerization with hydrophobic 

monomers remains a significant challenge. This difficulty arises because of the low solubility of hydrophobic 

monomers in aqueous media combined with the poor solubility of zwitterionic polymers in organic solutions. 

These solubility constraints are particularly problematic in drug delivery applications, where the objective is to 

integrate prodrug monomers that may contain hydrolytically unstable linkages into a zwitterionic polymer 

scaffold. 

Recently, we described the use of acetic acid as a solvent for the RAFT polymerization of ciprofloxacin 

prodrug monomers containing hydrolytically unstable phenyl ester linkages.16 Kinetic studies demonstrated that 

these polymerizations are well controlled and show negligible degradation of the labile prodrug linkages. Because 

http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#cit32
http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#cit33
http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#cit34
http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#cit16
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of the ability of acetic acid to dissolve highly polar monomers and nonpolar monomers it was selected as a 

polymerization medium to investigate the copolymerization of zwitterionic and hydrophobic 

monomers via PISA. 

Herein, we describe a simple method for preparing zwitterionic copolymers containing hydrophobic 

comonomers via RAFT PISA in acetic acid. The scope of this technology is demonstrated by evaluating the 

kinetics for zwitterionic monomer 2-(N-3-sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate (DMAPS), 

the hydrophobic monomer lauryl methacrylate (LMA), and copolymers of these monomers over a large range of 

comonomer feed ratios. PISA in acetic acid is then used to synthesize copolymers of DMAPS with a range of 

hydrophobic polymerizable prodrug monomers as well as a polymerizable peptide macromonomer directly 

without the need for amine protecting groups. 

 

4.2 Experimental details 

4.2.1 Materials 

Chemicals and all materials were supplied by Sigma-Aldrich unless otherwise specified. 4-((((2-

Carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (CCC) was kindly donated by Boron Molecular. 

Dt-SMA, BioHEMA, and CPM were synthesized as described previously.16,42 The peptide macromonomer 

containing 12 amino acids connected to a methacrylamide group via an aminohexanoic acid linker (Mam-

AhxWSGPGVWGASVK) was synthesized using standard solid phase peptide synthesis based on previous 

studies. MEM was synthesized as described previously.43 

 

4.2.2 Size exclusion chromatography 

Absolute molecular weights and molar mass dispersity indices for polymerizations of DMAPS were 

determined using PolySep-SEC GFC-P 3000, LC Column 300 × 7.8 mm (Phenomenex Inc.) connected to an 

Agilent 1200 Series Liquid Chromatography System (Santa Clara, CA) and Wyatt Technology miniDAWN 

TREOS, 3 angle MALS light scattering instrument and Optilab TrEX, refractive index detector (Santa Barbara, 
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CA). HPLC-grade water containing 0.150 M NaCl and acetate buffer 100 mM acetate buffer pH 4.4 was used as 

the mobile phase at a flow rate of 0.5 mL min−1. 

 

4.2.3 Molecular weights and molar mass dispersity indices for polymerizations of LMA  

SEC was performed on a Waters Alliance system equipped with an Alliance 2695 Separations Module 

(integrated quaternary solvent delivery, solvent degasser and autosampler system), a Waters column heater 

module, a Waters 2414 RDI refractive index detector, a Waters PDA 2996 photodiode array detector (210 to 400 

nm at 1.2 nm) and 4× Agilent PL-Gel columns (3× PL-Gel Mixed C (5μm) and 1× PL-Gel Mixed E (3 μm) 

columns), each 300 mm × 7.8 mm2, providing an effective molar mass range of 200 to 2 × 106). Tetrahydrofuran 

(THF) high purity solvent (HPLC grade) was pre-filtered through aluminium oxide (90 active neutral, 70–230 

mesh) with 0.45 μm filter, and 0.1 g L−1 2,6-di-tert-butyl-4-methylphenol (BHT) was added as inhibitor. The 

filtered THF containing BHT was purged slowly with nitrogen gas and used as an eluent with a flow rate of 1 mL 

min−1 at 30 °C. Number (Mn) and weight average (Mw) molar masses were evaluated using Waters Empower-3 

software. The SEC columns were calibrated with low dispersity polystyrene (PSt) standards (Polymer 

Laboratories) ranging from 580 to 7 500 000 g mol−1, and molar masses are reported as PSt equivalents. A 3rd-

order polynomial was used to fit the log Mpvs. time calibration curve, which was near linear across the molar mass 

ranges. 

 

4.2.4 Synthesis of the poly(HEMA-co-O300) macro-CTA 

To a 250 mL tube was added CCC (0.60 g, 1.95 mmol), ABCVA (13.7 mg, 48.8 μmol), HEMA (8.47 g, 

65 mmol), O300 (9.76 g, 32.5 mmol), and Dioxane 72.9 mL. The solution was septa sealed then vortexed until 

homogenous. The polymerizations solutions was then purged with nitrogen for 60 minutes and then allowed to 

react in a water bath preheated to 70 °C for 8 hours. The resultant polymer was then isolated by repeated 

precipitation from acetone into 20 times excess of diethyl ether. The polymer was then dried overnight under high 

vacuum. Copolymer composition was determined via1H NMR in CDCl3 by comparison of the O300 
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OCH3 resonance at 3.0–3.2 ppm (3H O300) to the combined backbone methylene resonances (2H HEMA + 2H 

O300) at 1.45–2.00 ppm. The final Mn and Đ values were determined to be 7300 and 1.15 respectively via SEC 

analysis in DMF as detailed above. 

 

4.2.5 Kinetic evaluation of the RAFT dispersion polymerization of DMAPS 

Kinetic evaluation of DMAPS was conducted with poly(HEMA-co-O300) and ABCVA as the RAFT macro-

CTA and initiator, respectively, in acetic acid at 70 °C. The initial monomer to CTA to initiator ([M]0 : [CTA]0 :

[I]0) ratio was 200 : 1 : 0.05. To understand the influence of the degree of polymerization (DP) on the evolution 

of molecular weight, RAFT polymerizations of DMAPS were conducted under similar reaction conditions with 

ratios of 50, 100, 200, and 400 for 18 h. Individual polymerization solutions were transferred to a septa-sealed 

vial and purged with nitrogen for 20 minutes. After the allotted time, the polymerization vials were transferred to 

a preheated water bath at 70 °C and allowed to polymerize for the indicated time. Following polymerization, the 

individual vials were quenched by exposure to oxygen by opening the septa seal and immersing the vials in ice. 

The polymerizations were evaluated for monomer conversion via1H NMR by preparing 5% (by mass) solutions 

of the aliquots in D2O/0.5 M NaCl containing 1% pyridine and 1% trifuloracetic acid (by volume) as an internal 

standard. Monomer conversion as a function of time was determined by comparison of the combined vinyl 

resonances (5.6 and 6.0 ppm) normalized to the pyridine + TFA internal standard resonances (8.3–8.9 ppm) to 

those for the time zero sample. 

Polymers were purified via dialysis against 0.5 M NaCl at 5 °C followed by deionized water and then 

isolated by lyophilization. A representative procedure is as follows: to a 50 mL tube was added poly(HEMA-co-

O300) (Mn = 7300, Đ = 1.15) (0.561 g, 76.9 μmol), ABCVA (1.08 mg, 3.85 μmol), DMAPS ((4.30 mg, 15.38 

mmol)), and acetic acid 38.7 mL. The solution was then vortexed until homogenous and then transferred to 

individual septa sealed vials. The polymerizations solutions were then purged with nitrogen for 20 minutes and 

then allowed to react in a water bath preheated to 70 °C for the desired time. The individual aliquots were then 

quench by rapid cooling and exposure to oxygen. 
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4.2.6 Kinetic evaluation of the RAFT dispersion polymerization of LMA 

Kinetic evaluation of LMA was conducted with poly(HEMA-co-O300) and ABCVA as the RAFT macro-

CTA and initiator, respectively, in acetic acid at 70 °C. The initial monomer to CTA to initiator ([M]0 : [CTA]0 :

[I]0) ratio was 200 : 1 : 0.1. In order to understand the influence of the degree of polymerization (DP) on the 

evolution of molecular weight, RAFT polymerizations of DMAPS were conducted under similar reaction 

conditions with ratios of 50, 100, 200, and 400 for 24 h. Individual polymerization solutions were transferred to a 

septa-sealed vial and purged with nitrogen for 20 minutes. After the allotted time, the polymerization vials were 

transferred to a preheated water bath at 70 °C and allowed to polymerize for the indicated time. Following 

polymerization, the individual vials were quenched by exposure to oxygen by opening the septa seal and 

immersing the vials in ice. The polymerizations were evaluated for monomer conversionvia1H NMR by preparing 

5% (by mass) solutions of the aliquots in CDCl3 containing 1% CHCl3 (by volume) as an internal standard. 

Monomer conversion as a function of time were determined by comparison of the combined vinyl resonances 

(normalized to the CHCl3 internal standard resonance at δ = 7.2 ppm) at δ = to those for the time zero sample. 

Polymers were purified viarepeated precipitation from CH2Cl2 into a 10× excess of methanol and then dried under 

high vacuum overnight. 

A representative procedure is as follows: to a 50 mL tube was added poly(HEMA-co-O300) (Mn = 

7300, Đ = 1.15) (0.561 g, 76.9 μmol), ABCVA (2.16 mg, 7.69 μmol), LMA (3.91 g, 15.38 mmol), and acetic acid 

35.2 mL. The solution was then vortexed until homogenous and then transferred to individual septa sealed vials. 

The polymerizations solutions were then purged with nitrogen for 20 minutes and then allowed to react in a water 

bath preheated to 70 °C for the desired time. The individual aliquots were then quench by rapid cooling and 

exposure to oxygen. 

 

4.2.7 Copolymerization of DMAPS with Dt-SMA, CPM, BioHEMA, LMA, and Mam-

AhxWSGPGVWGASVK 
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Copolymerizations of the hydrophobic comonomers illustrated in Scheme 2 with DMAPS from a 

poly(HEMA-co-O300) macro-CTA in acetic acid were conducted at 15 wt% monomer targeting a DP of 200 

with a [CTA]0 : [I]0 of 10. Polymerizations were purged with nitrogen and then heated at 70 °C for 24 h. A 

representative procedure for the copolymerization of equimolar quantities of LMA and DMAPS from a 

poly(HEMA-co-O300) (Mn = 7300, Đ = 1.15) macro-CTA is a follows: to a 10 mL round bottom flask was added 

poly(HEMA-co-O300) (0.112 g, 15.38 μmol), ABCVA (0.43 mg, 1.54 μmol), DMAPS (0.430 g, 1.54 mmol), 

LMA (0.391 g, 1.54 mmol) and acetic acid 7.39 mL. The solution was then septa sealed and then vortexed until 

homogenous and. The polymerization solution was then purged with nitrogen for 25 minutes and then allowed to 

react in a water bath preheated to 70 °C for 24 h. The individual aliquots were then quench by rapid cooling and 

exposure to oxygen. Polymers were purified via dialysis against acetone at 5 °C followed by deionized water and 

then isolated by lyophilization. The copolymer composition was determinedvia1H NMR by preparing 5% (by 

mass) solutions TFA containing 5% (by volume) d6 DMSO. 

 

4.2.8 Synthesis of the poly(MEM-co-O300) macro-CTA 

To a 10 mL round bottom flask was added CCC (20.5 mg, 66.7 μmol), ABCVA (0.75 mg, 2.67 μmol), 

MEM (0.487 g, 1.67 mmol), O300 (0.5 g, 1.67 mmol), and acetic acid 3.95 mL. The solution was septa sealed 

then vortexed until homogenous. The polymerizations solutions was then purged with nitrogen for 30 minutes 

and then allowed to react in a water bath preheated to 70 °C for 8 hours. The resultant polymer was then isolated 

by dialysis against deionized water at 5 °C followed by lyophilization. Copolymer composition was 

determined via1H NMR in CDCl3 by comparison of the O300 OCH3 resonance at 3.0–3.2 ppm (3H O300) to the 

MEM anomeric resonance (1H) at 4.6 ppm yielding. Based on this analysis the molar copolymer composition 

was determined to be 40% MEM and 60% O300. The final Mn and Đ values were determined to be 13 500 g 

mol−1 and 1.13. 

 

http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#imgsch2
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4.2.9 Synthesis of the poly[(MEM-co-O300)-b-(DMAPS-co-CTM)] from a poly[(MEM-co-O300)] macro-

CTA 

To a 10 mL round bottom flask was added poly[(MEM-co-O300) (56 mg, 4.00 μmol), ABCVA (0.06 

mg, 0.02 μmol), DMAPS (100 mg, 0.36 mmol), CTM (30 mg, 0.04 mmol), and acetic acid 1.18 mL. The solution 

was septa sealed then vortexed until homogenous. The polymerizations solutions was then purged with nitrogen 

for 30 minutes and then allowed to react in a water bath preheated to 70 °C for 14 hours. The resultant polymer 

was then isolated by dialysis against deionized water at 5 °C followed by lyophilization. The final Mnand Đ values 

were determined to be 42 000 g mol−1 and 1.15. 

 

4.3 Results and discussion 

4.3.1 Synthesis and characterization of a poly(HEMA-co-O300) macro-CTA 

While acetic acid is a good solvent for both LMA and DMAPS the resultant polymers are poorly soluble 

in this medium and precipitate even at low monomer conversions. In contrast, polymerization of these materials 

from a stabilizing macro-CTA could undergo PISA rather than precipitation. In order to investigate this hypothesis 

a macro-CTA stabilizer was first synthesized as shown in Scheme 1a. A relatively small degree of polymerization 

(DP) of 50 was targeted for the macro-CTA so that diblock copolymers with large block asymmetries could be 

synthesized. This design maximizes the molecular weight contribution of the 2nd block copolymer segment, which 

in these studies is designed to incorporate the hydrolytically unstable prodrug residues or cell-targeting 

component. The poly(HEMA-co-O300) macro-CTA was prepared using an initial molar feed ratio of 2 : 1 for 

the 2-hydroxyethyl methacrylate (HEMA) to poly(ethylene glycol) methyl ether methacrylate (O300) 

comonomers respectively. This composition was selected in order to yield a neutral hydrophilic copolymer with 

biocompatible hydroxyl residues and good solubility in a wide range of solvents from commercially available and 

inexpensive starting materials. The O300 comonomer was added as a minor component to the feed to enhance 

the aqueous solubility of the macro-CTA, while minimizing molecular weight and steric bulkiness of the self-

assembled corona segments.  

http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#imgsch1
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Copolymerization of the two monomers was conducted in dioxane at 70 °C for 8 hours in the presence of a 

trithiocarbonate-based RAFT agent and 4,4′-azobis(4-cyanovaleric acid) (ABCVA). The high degree of control 

observed for the copolymerization of HEMA and O300 under these conditions is evidenced by the narrow and 

symmetric molecular weight distribution (Fig. 4.1A). Analysis of the macro-CTA via a combination of 1H NMR 

and SEC yielded a molecular weight, Đ, and copolymer composition of 7300 g mol−1, 1.15, and 70 : 30 HEMA

: O300, respectively (Fig. 4.1B). Based on these values the copolymers are expected to contain an average of 26 

HEMA and 12 O300 residues per chain. 

SCHEME 4.1. Synthetic strategy for the synthesis of poly(HEMA-co-O300) macro-CTA, and subsequent block 

copolymerization with DMAPS or LMA via RAFT PISA in acetic acid. 

http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#imgfig1
http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2016/PY/c6py01172a/c6py01172a-s1_hi-res.gif
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4.3.2 Kinetic analysis of hydrophilic DMAPS and hydrophobic LMA from poly(HEMA-co-O300) in acetic acid 

In order to establish the ability of RAFT-PISA to facilitate the synthesis of hydrophobic, hydrophilic, and 

amphiphilic copolymers, we first investigated the homopolymerizations of DMAPS and LMA (Scheme 4.1B). 

Due to the low solubility of DMAPS in organic solvents and our desire to copolymerize the monomer with 

hydrophobic comonomers containing hydrolytically sensitive functionality, we decided to evaluate acetic acid as 

a polymerization medium. Acetic acid is a versatile high boiling solvent that is capable of dissolving a wide range 

of polar and nonpolar compounds. Recently, we demonstrated that acetic acid readily dissolves polymerizable 

ciprofloxacin derivatives that are practically insoluble across a range of common laboratory solvents. Subsequent 

kinetic analysis of the RAFT polymerizations of these monomers confirmed the stability of the trithiocarbonate 

moieties in acetic acid at 70 °C for at least 24 h.16 

FIGURE 4.1. Characterization of the poly(HEMA-co-O300) macro-CTA synthesized with CCC and ABCVA as the 

RAFT agent and radical initiator, respectively. (a) SEC chromatogram showing the narrow and symmetric molecular 

weight distribution. (b) 1H NMR of poly(HEMA-co-O300) in CDCl3 with assignment of the characteristic resonances 

associated with the comonomer residues. The molecular weight, Đ, and copolymer composition was determined to be 

7300 g mol−1, 1.15, and 70 : 30 (HEMA : O300), respectively. 

http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#imgsch1
http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#cit16
http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2016/PY/c6py01172a/c6py01172a-f1_hi-res.gif
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In order to maintain colloidal stability throughout the polymerization, it was necessary to conduct 

polymerizations of DMAPS at 10 wt% monomer while LMA polymerizations maintained colloidal stability at 

20 wt% monomer. Shown in Fig. 4.2A-B, are the pseudo-first order rate plots for the polymerizations of DMAPS 

and LMA targeting a DP of 200. DMAPS polymerizations reached near quantitative conversion within 6 hours 

with greater than 70% conversion reached by 3 hours at an initial [macro-CTA]0/[I]0 ratio of 20. Under these 

conditions, the pseudo-first order rate plot was observed to be linear throughout the entire course of the 

polymerization. This result suggests that termination reactions remain low even at high monomer conversion. In 

comparison, polymerization of LMA in acetic acid proceeded to less than 30% conversion over the course of 24 

hours at a [macro-CTA]0/[I]0 molar ratio of 20 (data not shown). For this reason, subsequent kinetic studies were 

conducted at a [macro-CTA]0/[I]0 ratio of 10. Here 84% conversion was reached at 24 hours, while still 

maintaining good polymerization control (vide infra). Some deviation from linearity is observed in the pseudo-

first order rate plot of LMA at extended polymerization times (beyond 12 hours) possibly as a result of increased 

primary radical termination of the bulky poly(LMA) segments. 

http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#imgfig2
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Analysis of the evolution of Mn and Đ vs. conversion plots for the polymerizations of DMAPS and LMA show 

linear increases in molecular weight over the course of the polymerizations (Fig. 4.3A-D). Good agreement 

between the theoretically determined molecular weights and the experimental values is observed for the DMAPS 

polymerizations (Fig. 4.3B). For example, DMAPS polymerizations yielded experimental/theoretical molecular 

weights of 27 600/27 400 and 53 400/52 400 at 37% and 81% monomer conversion, respectively. A moderate 

deviation from theoretical molecular weight values was observed for LMA polymerizations with experimental 

values that are consistently low (Fig. 4.3D). This deviation could be a result of the use of polystyrene standards 

to determine LMA molecular weights, whereas absolute molecular weights were determined for 

DMAPS via inline laser light scattering. In both cases, however, the Đ values remain quite low even at moderate 

to high monomer conversions (Fig. 4.3A and 4.3C). 

FIGURE 4.2. Pseudo-first-order kinetic plot for the poly(HEMA-co-O300) macroCTA mediated hompolymerizations 

of (a) DMAPS and (b) LMA via PISA in acetic acid at 70 °C. 

http://pubs.rsc.org/-/content/articlehtml/2016/py/c6py01172a#imgfig3
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An interesting aspect of the polymerizations conducted in these studies is the presence of bimodal molecular 

weight distributions at low monomer conversions that become progressively unimodal as the polymerizations 

proceed to higher conversion. This phenomenon can be observed in an overlay of the molecular weight 

distributions (MWD) for polymerizations of both DMAPS and LMA (Fig. 4.4A-B). As can be seen in Fig. 4.4A, 

polymerization of DMAPS yields a bimodal MWD at approximately 20% monomer conversion that narrows 

substantially throughout the course of the polymerization. This narrowing also manifests in the Đ values, which 

FIGURE 4.3. M n and Đ vs. conversion plots for the PISA of DMAPS (a, b) and LMA (c, d) from poly(HEMA-co-

O300) at 70 °C. Theoretical values were determined based on the equation Mn = [M]0/[mCTA]0 × p × 

FWmon + Mn mCTA, where p is the monomer conversion determined by 1H NMR. Absolute molecular weight values for 

DMAPS were determined via SEC analysis with inline laser light scattering in 0.150 mM NaCl SEC analysis of LMA 

samples was conducted in THF with molecular weight values based on polystyrene standards. Conversion values were 

determined by 1H NMR analysis of aliquots that were diluted in D2O + 0.5 M NaCl for DMAPS and CDCl3 for LMA. 
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narrow from 1.44 at 23% conversion to 1.11 at 98% conversion. A similar but less pronounced asymmetry in the 

MWDs is observed for LMA polymerizations (Fig. 4.4B). Here an initial asymmetry in the MWD is observed 

following a 2 h polymerization time, which corresponds to 21% monomer conversion. After 4 hours, a substantial 

narrowing of the MWD is observed, which continues to narrow as the polymerization proceeds to higher 

monomer conversion. Nevertheless, narrow MWDs are maintained for both polymer species as the 

polymerizations near complete monomer conversion. 

 

 

4.3.3 Evaluation of target DP for homopolymerization of DMAPS and LMA from poly(HEMA-co-O300) in acetic 

acid  

FIGURE 4.4. Overlay of SEC chromatograms traces (RI channel) showing the evolution of molar mass with time for 

(a) DMAPS and (b) LMA with [M]0 : [mCTA]0 : [I]0 equal to 200 : 1 : 0.05 and 200 : 1 : 0.1, respectively. Molecular 

weight distributions for the PISA of (c) DMAPS and (d) LMA conducted at initial [M]0/[mCTA]0 ratios of 50, 100, 200, 

and 400. (e) Photographs of polymer solutions following the PISA of DMAPS or LMA from a poly(HEMA-co-O300) 

macro-CTA in acetic acid. Target DPs for both monomers were 50, 100, 200 and 400. * DMAPS samples targeting a 

DP of 400 were observed to phase separate, forming a white colloid oily phase and a clear acetic acid phase upon 

polymerization. 
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The ability of RAFT PISA in acetic acid to control the polymerization of DMAPS and LMA over a range 

of molecular weights was established by investigating the polymerization behavior as a function of target DP. In 

these studies, the poly(HEMA-co-O300) macro-CTA was employed for polymerizations targeting an initial 

monomer to initial macro-CTA ratio ([M]0/[macro-CTA]0) of 50, 100, 200, 400. Similar to the kinetic studies, 

DMAPS polymerizations were observed to proceed rapidly with a high degree of control under these conditions. 

In all cases quantitative conversion was reached over the course of the 18 h polymerization period with molecular 

weights that are in good agreement with theoretical values (Fig. 4.4C). The polymerizations of DMAPS in acetic 

acid for [M]0 : [macro-CTA]0 = 50, 100, 200 yielded symmetric and narrow molecular weight distributions (Fig. 

4.4C) with Đvalues around 1.10. Polymerizations of DMAPS targeting a DP of 400 were observed to phase 

separate forming a white colloid phase and a clear acetic acid phase upon polymerization. Good control was also 

observed for the polymerization of LMA in acetic acid (Fig. 4.4D). In contrast to the DMAPS polymerizations, 

LMA polymers targeting a DP of 400 were not observed to phase separate even at double the initial monomer 

concentration. The formation of assembled structures with DMAPS or LMA cores stabilized in acetic acid by the 

poly(HEMA-co-O300) can clearly be seen in photographs of the polymerization (Fig. 4.4E). Solutions were 

observed to become progressively more turbid as the length of the 2nd core-forming block was increased at a fixed 

macro-CTA length. 

 

4.3.4 Copolymerization of prodrug monomers with DMAPS from poly(HEMAco O300) in acetic acid 

The ability to control the copolymerization of zwitterionic sulfobetaine monomers with a range of poorly 

soluble, but biologically relevant, comonomers was demonstrated as depicted in Scheme 4.2. In these studies, 

DMAPS was employed as the hydrophilic and biocompatible scaffold with which hydrophobic monomers were 

copolymerized. In order to produce copolymers that are readily soluble in aqueous saline solutions, 

polymerizations were fixed at 15% (by mass) of the hydrophobic comonomer relative to DMAPS. This 

corresponds to between 2.2 and 8.0 mol% for the comonomers shown in Scheme 2. It should be noted that much 

higher ratios are possible, however, we have observed that the serum hydrolysis rates of prodrug residues are 
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dramatically suppressed as the polymer scaffold becomes more hydrophobic.16,18 The accessibility of targeting 

residues such as biotin or macromolecular peptide monomers to cell surface receptors are also significantly 

reduced when these residues are sequestered within hydrophobic environments. The biologically relevant 

monomers outlined in Scheme 4.2 include prodrug monomers of ciprofloxacin (CTM), a clinically relevant 

antibiotic, and dasatinib (DtSMA), a widely employed chemotherapeutic, as well as a cell receptor 

targeting/protein binding monomer (BioHEMA), and a peptide macromonomer.  

 

As can be seen in Fig. 4.5A, the molecular weight distributions for the copolymerization of DMAPS and 

the hydrophobic comonomers depicted in Scheme 4.2 are narrow and symmetric. In all cases the Đ values 

remained below 1.20, however, some low molecular weight tailing, possibly resulting from primary radical 

termination of growing chains, along with a low molecular weight species is observed for poly(DMAPS-co-

CTM). Given the high degree of control observed for comonomers with similar structures it is possible that these 

species are an analytical artifact produced by the amine residues present on CTM interacting with the size-

SCHEME 4.2 Synthetic scheme for the preparation copolymers block segments consisting of DMAPS and a 

hydrophobic comonomer via RAFT PISA in acetic acid. 
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exclusion column. RAFT copolymerizations in acetic acid are also beneficial in that they allow amine-functional 

prodrug monomers (e.g. CTM) as well as peptide-macromonomers, such as the 12 amino acid methacrylamide 

macromonomer employed in these studies, to be polymerized directly without the need for amine protecting 

groups or acidic buffers. The latter conditions are particularly deleterious for copolymers that employ 

hydrolytically degradable linkages as part of their structure. Here the acetic acid is thought to protonate primary 

and secondary amines reducing their reactivity towards the thiocarbonyl thio groups.37,38 

 

 

4.3.5 Copolymerization of LMA with DMAPS from poly(HEMA-co-O300) in acetic acid targeting a wide range 

of compositions  

In order to establish the ability to synthesize copolymers containing both hydrophilic and hydrophobic 

comonomers over a wider range of comonomer feed ratios, LMA and DMAPS were copolymerized at molar feed 

FIGURE 4.5. (a) Overlay of the aqueous SEC chromatograms for poly(DMAPS-co-BioHEMA), poly(DMAPS-co-

CPM), poly(DMAPS-co-DtSMA), and poly(DMAPS-co-Mam-AhxWSGPGVWGASVK). The [M]0 : [macro-CTA]0

: [I]0 ratio was 200 : 1 : 0.05 with DMAPS and hydrophobic comonomer feeds of and 15 wt% and 85 wt% respectively. 

(b) 1H NMR spectrums for poly(LMA-co-DMAPS) in D2O + NaCl and TFA/d6 DMSO. (c) Hydrodynamic diameters 

for the poly(DMAPS-co-LMA) series in 150 mM phosphate buffered saline at pH 7.4. 
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ratios 20 : 80, 40 : 60, 50 : 50, 60 : 40, and 80 : 20 (LD1-LD5 respectively) (Fig. 4.5B and C). Shown in Fig. 

4.5A, is an overlay of the 1H NMR spectrums for poly(LMA-co-DMAPS) in D2O + 0.5 M NaCl and 

trifluoroacetic acid (TFA)/d6 DMSO. Evaluation of 1H NMR spectrum conducted in TFA/d6DMSO, where both 

comonomer residues are soluble, clearly shows resonances associated with both LMA and DMAP. In contrast, 1H 

NMR analysis of the copolymer in D2O + 0.5 M NaCl, where the DMAPS residues are soluble but the 

hydrophobic LMA residues are desolvated, shows the large methylene peak at 1.5 ppm to be strongly attenuated. 

This result suggests the formation of nanostructures where the hydrophobic LMA residues are stabilized in 

solution by the zwitterionic DMAPS residues. The amphiphilic nature of the resultant copolymers prevented SEC 

analysis determination of the molecular weight and Đ values. It is interesting to note that while polymerizations 

of both DMAPS and LMA from the poly(HEMA-co-O300) macro-CTA in acetic acid show substantial turbidity 

with the formation of the core-forming segment, statistical copolymers prepared from these monomers were 

observed to have low turbidity (not shown). 

The resultant copolymers have amphiphilic structures in water that incorporate both zwitterionic and 

hydrophobic residues into a single macromolecular scaffold. Phosphatidylcholines, which are typically the most 

abundant lipid in animal and plant membranes, have a similar amphiphilic structure in which a zwitterionic 

phosphobetaine headgroup is connected to hydrophobic diacyl fatty acid tails. The widespread use of 

phosphatidylcholines to prepare liposomes suggests that synthetic copolymers prepared from a combination of 

zwitterionic and long chain hydrophobic monomers (e.g. lauryl methacrylate, cholesterol methacrylate, stearyl 

methacrylate) could be used to prepare similar nanostructures at a fraction of the cost. Indeed, analysis of the 

average particle diameters via DLS for copolymers (LD1-LD5) showed that increases in LMA content resulted 

in progressively larger diameters (Fig. 4.5C). For example, copolymers of LMA and DMAPS prepared at an 

initial molar feed of 20 : 80, respectively, have aqueous particle sizes of 11 nm, while copolymers prepared at 60

: 40 have particle sizes of 75 nm. Copolymers with the highest LMA feed (80% by mol) were insoluble in PBS. 

While a detailed analysis of the resultant morphologies is beyond the scope of the current study, these results 
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highlight the potential of RAFT-PISA in acetic acid to directly synthesize surface-active materials with 

sulfobetaine polar groups. 

 

4.3.6 Synthesis of mannose-targeted polymeric prodrugs via RAFT PISA in acetic acid 

The ability to incorporate cell-targeting functionality into the stabilizing macro-CTA from which a 

hydrophilic polymeric prodrug segment could be grown was demonstrated by replacing the poly(HEMA-co-

O300) HEMA residues with mannose ethyl methacrylate (MEM). We have shown previously that polymers 

containing MEM residues can be employed to efficiently target polymers and nanoparticles to carbohydrate cell 

surface receptors, which are highly expressed on alveolar macrophages.39,40Invasive intracellular pathogens such 

as F. tularensis can selectively reside within these cells leading to significant morbidity and mortality.41 As shown 

in Scheme 4.3, MEM was first copolymerized with O300 in acetic acid to prepare a poly(MEM-co-O300) macro-

CTA. An initial molar feed ratio of 50% MEM and 50% O300 was employed with [M]0 : [CTA]0 : [I]0 of 50 : 1

: 0.04 This composition was selected in order to yield a macro-CTA stabilizer with high mannose group density 

while also retaining good aqueous and organic solvent solubility. From the mannose-functional macro-CTA the 

RAFT copolymerization of prodrug monomer CTM with DMAPS was conducted in acetic acid using the PISA 

conditions outlined above. This approach allows the hydrophobic prodrug monomer residues to be incorporated 

within the hydrophilic polymer scaffold and prevents hydrolytic cleavage of the phenyl ester-link ciprofloxacin 

residues during polymerization.  
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Shown in Fig. 6a and b are the 1H NMR spectra for the poly(MEM-co-O300) macro-CTA as well as the 

poly[(MEM-co-O300)-block-(DMAPS-co-CTM)] diblock copolymer. 1H NMR analysis was conducted in a 

mixture of TFA containing 5% DMSO because poly(DMAPS) is not soluble in other organic solvents. While the 

final diblock copolymer is readily soluble in aqueous saline solutions, NMR analysis under these conditions 

resulted in significant attenuation of the CTM resonances (not shown). In contrast, NMR analysis of the 

copolymer in the TFA d6–DMSO solvent systems shows sharp resonances for all of the comonomer residues as 

can be clearly visualized in Fig. 4.6A and B. Copolymer composition of the poly(MEM-co-O300) macro-CTA 

was determined by comparison of the MEM anomeric proton at 4.6 ppm to the O300 methoxy protons at 3.0–3.2 

ppm. This analysis yields a copolymer composition of 40% MEM and 60% O300, which is relatively close to the 

initial comonomer feed composition. Shown in Fig. 4.6B is the 1H NMR spectrum for the poly[(MEM-co-O300)-

block-(DMAPS-co-CTM)] diblock copolymer prepared via RAFT-PISA in acetic acid. Because of the 

Scheme 4.3 Synthetic scheme for the preparation of mannose-targeted polymeric prodrugs containing the antibiotic 

ciprofloxacin. RAFT copolymerization of MEM and O300 were conducted in acetic acid with CCC and ABCVA as the 

RAFT agent and initiator respectively. The resultant poly(MEM-co-O300) macro-CTA was then chain extended with 

DMAPS and CTM via PISA in acetic acid. 
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convoluted nature of the 1H NMR spectrum reverse phase HPLC was used to determine the copolymer 

composition (not shown).16 These measurements indicate that the copolymers contain 12.3 wt% CTM, which is 

in good agreement with the feed. Analysis of the copolymers depicted in Scheme 4.3 via dynamic light scattering 

in phosphate buffered saline (150 mM NaCl, 20 mM phosphate pH 7.4) shows hydrodynamic diameters that are 

below 7 nm. This size is consistent with a molecularly soluble unimeric species and supports the formation of 

random copolymers of DMAPS with the hydrophobic comonomers. 

 

 

Shown in Fig. 4.6C are the molecular weight chromatograms for the poly(MEM-co-O300) macro-CTA as 

well as the resultant poly(MEM-co-O300)-b-(DMAPS-co-CTM) diblock copolymer. The high polymerization 

control imparted under these conditions can be seen by the narrow molecular weight distributions which clearly 

move to shorter elution times upon the addition of the second poly-(DMAPS-co-CTM) segment. Absolute 

FIGURE 4.6. 1H NMR spectra of (a) poly(MEM-co-O300) and (b) of poly[(MEM-co-O300)-block-(DMAPS-co-

CTM)] conducted at 500 mHz with 5 wt% polymer in TFA containing 5% by volume d6 DMSO. (c) Overlay of the 

aqueous SEC chromatograms for the poly(MEM-co-O300) macro-CTA (i) and resultant poly[(MEM-co-O300)-block-

(DMAPS-co-CTM)] (ii). The [M]0 : [macro-CTA]0 : [I]0 ratio was 200 : 1 : 0.05 with DMAPS and hydrophobic 

comonomer feeds of and 15 wt% and 85 wt% respectively. 
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molecular weights and Đ values for the macro-CTA and diblock copolymer were determined to be 13 500 g 

mol−1/1.13 and 42 000 g mol−1/1.15 respectively. 

 

4.4 Conclusions 

PISA from a small neutral hydrophilic macro-CTA in acetic acid was employed to 

homopolymerize the hydrophilic sulfobetaine monomer DMAPS and hydrophobic monomer lauryl 

methacrylate LMA. Kinetic analysis of these polymerizations suggests that well-defined block 

copolymers can be synthesized under these conditions. Analyses of the MWDs for both polymerizations 

show a progressive narrowing of the chromatograms throughout the polymerization from an initial 

bimodal state. Copolymerizations of DMAPS with hydrophobic prodrug monomers yield copolymers 

with narrow and symmetric MWDs, and compositions that are controllable by the feed. These materials 

are readily soluble in saline solutions with hydrodynamic diameters that are consistent with molecularly 

dissolved unimers. The preparation of a polymeric prodrug containing macrophage-targeting mannose 

groups was also demonstrated by synthesizing a mannose-functional macro-CTA from which the 

zwitterionic prodrug segment was grown. Copolymerization of DMAPS with LMA over a wider 

composition range yielded polymers with composition-dependent aqueous solution properties such that 

an increase in polymer hydrophobicity led to the formation of large particle sizes. Given the ability of 

PISA in acetic acid to easily copolymerize monomers with disparate solubilities and the tremendous 

clinical significance of polymer-drug conjugates, it is expected that the conditions outlined in this report 

could lead to a new generation therapeutic copolymers and nanoparticles. We believe the use of acetic 

acid in these studies as a polymerization medium, which has largely been absent from the RAFT 

literature, is also significant given the desirable properties of this solvent (e.g. low cost, high boiling 

point, water miscibility, environmentally renewable). 
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CHAPTER 5. A synthetic macromolecular antibiotic platform for inhalable 

therapy against aerosolized intracellular alveolar infections* 

 

*Provided as published: Das D., Chen J., Srinivasan S., Kelly A.M., Lee B., Son H., Radella F., 

West T.E., Ratner D.M, Convertine A.J., Skerrett S.J., Stayton P.S. Molecular Pharmaceutics. 

14(6);1988-97 (2017).   

 

ABSTRACT 

Lung-based intracellular bacterial infections remain one of the most challenging infectious disease 

settings. For example, the current standard for treating Franciscella tularensis pneumonia (tularemia) relies 

on prolonged administration of oral and intravenous antibiotics that poorly achieve and sustain pulmonary 

drug bioavailability. Inhalable antibiotic formulations are approved and in clinical development for upper 

respiratory infections, but sustained drug dosing from inhaled antibiotics against alveolar intracellular 

infections remains a current unmet need. To provide an extended therapy against alveolar intracellular 

infections, we have developed a macromolecular therapeutic platform that provides sustained local delivery 

of ciprofloxacin with controlled dosing profiles. Synthesized using RAFT polymerization, these 

macromolecular prodrugs characteristically have high drug loading (16-17 wt.% drug), tunable hydrolysis 

kinetics mediated by drug linkage chemistry (slow-releasing alkyllic vs. fast-releasing phenolic esters), and 

in general represent new fully synthetic nano-therapeutics with streamlined manufacturing profiles. In 

aerosolized and completely lethal F.t. novacida mouse challenge models, the fast-releasing ciprofloxicin 

macromolecular prodrug provided high cure efficiencies (75% survival rate under therapeutic treatment), 

and the importance of release kinetics was demonstrated by the inactivity of the similar but slow-releasing 

prodrug system. Pharmacokinetics and biodistribution studies further demonstrated that the efficacious fast-

releasing prodrug retained drug dosing in the lung above the MIC over a 48h period with corresponding 

Cmax/MIC and AUC0-24h/MIC ratios being greater than 10 and 125, respectively – the thresholds for optimal 
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bactericidal efficacy. These findings identify the macromolecular prodrug platform as a potential 

therapeutic system to better treat alveolar intracellular infections such as F. tularensis, where positive 

patient outcomes require tailored antibiotic pharmacokinetic and treatment profiles. 

 

5.1 Introduction 

Alveolar intracellular bacterial infections remain a major global health challenge across the 

developed and developing world. The public health costs of diseases such as tuberculosis, anthrax, 

tularemia, and meliodosis are high, and the present and growing threat of drug resistance is well 

established.1-3 For example, Franciscella tularensis is a highly invasive intracellular bacterium 

that causes tularemia, a debilitating and sometimes life-threatening disease.4-6 Inhalation of gram-

negative F. tularensis can result in a severe form of the disease that is associated with a low 

infectious dose (10-40 colony-forming units) and high morbidity and mortality.5 Without 

immediate medical intervention, respiratory tularemia has a fatality rate of up to 30%.4,7 For these 

reasons alone, potential aerosolization of this pathogen can have devastating impact on public 

health and has led to the classification of F. tularensis by the U.S. Centers for Disease Control and 

Prevention as a Tier 1 biothreat agent of concern.6,8 Current treatment for wild-type F. tularensis 

strain infections include rigorous oral and IV antibiotic therapies with aminoglycoside, 

tetracycline, and/or fluoroquinolone drugs.9-11 For example, recent microbiological and clinical 

data have shown the utility of ciprofloxacin, a commonly prescribed fluoroquinolone, for the 

treatment of respiratory tularemia.12-15 However, many antibiotics administered orally or through 

IV injection are associated with systemic toxicity, poor pharmacokinetics, and low drug 

biodistribution to the lungs.9,12,16 Direct pulmonary drug delivery offers an alternative, convenient, 

and non-invasive strategy for drug administration that can enhance therapeutic efficacy against 
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respiratory infections by localizing antibiotics to the site of bacterial persistence.16-18 The U.S. 

Food and Drug Administration has recently approved the use of inhalable forms of antibiotics such 

aztreonam and tobramycin for treating severe upper respiratory Pseudomonas aeruginosa 

infections in cystic fibrosis patients.18  

Several pharmaceutical carrier technologies are currently being developed that utilize 

various excipients to address shortcomings of free drug formulations, such as poor drug solubility 

and rapid drug clearance from the pulmonary space.16,19,20 Liposomal carriers have been utilized 

to improve the therapeutic potential of a drug by increasing drug residence times, and reducing 

drug dosing and systemic toxicity.21,22 For example, Wong et al. delivered liposome-encapsulated 

ciprofloxacin via pulmonary aerosolization and prolonged survival rates in mice against a live 

vaccine strain of F. tularensis compared to treatment with IV and aerosolized, un-encapsulated 

drug.23 Liposomal delivery systems can be limited to still rapid drug release profiles, low drug 

encapsulation, and complex formulation procedures that can affect scalability and 

reproducibility.22,24 Alternatively, polymeric carriers have been developed as dispersal-based 

formulations or as polymer-drug conjugates.25-29  They have also faced challenges with burst 

and/or rapid drug release profiles, low drug incorporation ratios, and scale-up and manufacturing 

difficulties. 

Here, we demonstrate the clinical and translational significance of a fully synthetic nano-

therapeutic platform termed “drugamers” that addresses previous limitations of dispersal 

formulations and polymer-drug conjugates. Prodrug monomers are first synthetically constructed 

with linker and drug couplings that can be conducted in solvents and with acids/bases/catalysts 

that could not previously be exploited in post-synthetic polymer-drug conjugations.30-34 The ability 

to then control the polymerization with other functional monomers via Reversible addition-
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fragmentation chain-transfer polymerization (RAFT) synthesis provides additional opportunities 

to incorporate targeting moieties, sterically stabilizing compositions, and the ability to engineer 

block or branched architectures.35 Recently, we utilized RAFT to copolymerize a hydrophilic 

stabilizer, polyethylene glycol methacrylate (PEGMA O950), and two polymerizable prodrug 

monomers of ciprofloxacin.32 These drug monomers contain either an alkyllic (HBC) or phenolic 

ester (CPM) linkage capable of hydrolyzing and releasing drug at slow and fast rates, respectively. 

The resulting polymeric prodrugs were unique in their ability to achieve high drug loading, 

promote sustained and controlled drug release, and maintain in vitro antimicrobial efficacy.  

In this paper, we demonstrate for the first time the ability of the drugamers to generate 

effective antibiotic pharmacokinetic (PK) profiles in the lung.  These drug profiles correlate with 

strong bactericidal properties in the aerosolized Franciscella novicida challenge model. The F. 

tularensis subsp. novicida shares 98% nucleotide identity and is highly lethal with similar 

virulence as F. tularensis in animals.36-38 Only a fast-releasing drugamer design could achieve high 

cure efficiencies and relevant drug concentrations in the lung, while a slow-releasing equivalent 

drugamer was ineffective.  The results demonstrate the potential of the drugamer platform for 

alveolar intracellular infection therapy. 

 

5.2 Experimental details 

5.2.1 Mice. 

C57BL/6 age matched (6-8 weeks) female mice were purchased from Jackson Lab and used 

throughout the experiments. The experiments did not use a method of randomization. The investigators 

were not blinded to allocation during experiments and outcome assessment. All animal work was conducted 

in accordance to the University of Washington’s Institutional Animal Care and Use Committee, and 
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Department of Defense’s ACURO office guidelines. Experimental group sizes were approved by the 

regulatory authorities for animal welfare after being defined to balance statistical power, feasibility, and 

ethical aspects. All mice were kept in accordance with federal and state policies on animal research at the 

University of Washington. 

 

5.2.2 In vivo toxicity and biocompatibility of ciprofloxacin copolymers 

Comprehensive in vivo polymer toxicity panels were carried out using female C57Bl/6 

mice (6-8wks old). The mice were anesthetized with 5% isoflurane for 5 min before administration 

of 50 uL per mouse of PBS only (Corning 21-040-CV), or 20 mg/kg ciprofloxacin (45 and 43 

mg/mL HBC and CPM copolymer, respectively; n = 4 for each polymer) and 40 mg/kg 

ciprofloxacin (90 and 86 mg/mL HBC and CPM copolymer, respectively; n = 5 for each polymer) 

as polymer formulations in PBS, pH 7.4. All solutions were filtered (0.2 µm) and administered via 

endotracheal aerosolization using a Microsprayer® aerosolizer designed for use on mice (Penn-

Century MSA-250-M, PA, USA). Mice were dosed as above once every 24 hours for three-day 

consecutive dosing studies. 24 hours after the final administration, mice were weighed, and then 

sacrificed by CO2 asphyxiation and lavaged by cannulating tracheas with a 22G soft catheter (Exel 

International 14-841-10) prior to a 1 mL PBS flush and followed by three 0.8 mL flushes. 

Approximately 3 mL of lavage fluid was recovered per mouse. Lungs were removed, weighed, 

and placed into 1 mL PBS on ice. Lung tissues were mechanically homogenized with a Qiagen 

TissueRuptor (9001271) before addition of 1 mL of lysis buffer [PBS+1% Triton X-100 and 1 

protease tablet/10 mL (Roche 1836153001)]. Bronchoalveolar lavage (BAL) fluid was spun at 

1,000 g for 15 min to pellet lavage cells. BAL cells were re-suspended into 0.5 mL RPMI 

1640+10% FBS, mounted onto microscopy slides with a Cytospin centrifuge at 46 g for 5 min, 
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and then stained with Hemacolor (EMD Millipore 65044) prior to cytology analysis. Stained slides 

were analyzed for macrophage to neutrophil ratios with a minimum of 200 cells counted per slide. 

Cell-free BAL fluid and lung tissue homogenate (LTH) TNF-α concentration was assayed using 

Biolegend’s paired TNF-α ELISA kit (430902). 

 

5.2.3 Preparation of tritium-labeled ciprofloxacin copolymers 

To study pharmacokinetics and biodistribution properties of drug containing copolymers, 

radioactive [3H]N-succinimidyl propionate was used for post-polymerization conjugation to the 

secondary reactive amine (position N-4 of the piperazinyl group) present on polymer-bound 

ciprofloxacin. To a scintillation vial, 125 mg (9.62 µmoles) of either poly(O950-co-HBC) or 

poly(O950-co-CPM) was added at 25 mg/mL in CHCl3 to two equivalents (19.23 µmoles) of TEA. 

Samples were vortexed until solutions were clear before reacting with [3H]N-succinimidyl 

propionate (77 µCi, 1 nmol) for 24 h at 25 ̊ C. Double PD-10 desalting columns were used for PBS 

buffer exchange and removal of unreacted radiolabel. The specific reactivity of resulting [3H]-

poly(O950-co-HBC) (0.74 µCi/mg) and [3H]-poly(O950-co-CPM) (0.73 µCi/mg) was measured 

on a scintillation counter (LS 6500, Beckman Coulter) with ULTIMA GOLD (Perkin Elmer) 

scintillation fluid.  

 

5.2.4 Biodistribution and blood clearance of radiolabeled delivery systems 

In vivo pharmacokinetics and biodistribution of conjugated [3H]-ciprofloxacin polymeric 

prodrugs were evaluated in 6 wk. old C57BL/6 female mice. Mice were anesthetized by isoflurane 

inhalation before administration of endotracheal aerosols using a microsprayer (Penn-Century 

MSA-250-M, PA, USA). Polymer solutions of either [3H]-poly(O950-co-HBC) or [3H]poly(O950-
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co-CPM) dissolved in PBS was administered at 0.95 µCi (20 mg/kg ciprofloxacin with the addition 

of unlabeled polymer) per mice as a single dose (50 µL). Whole blood samples were drawn (n = 

5) over time (0, 2, 8, 18, 24, and 48 hours) using cardiac puncture, and immediately transferred to 

microcontainers with lithium heparin to prevent clotting. Blood solutions of 100 µL were 

sequentially treated with 200 µL of solvable, 20 µL of 0.1 M EDTA di-sodium salt solution, and 

60 µL of 30% hydrogen peroxide in 20 µL aliquots to reduce coloring and quenching. Samples 

were reacted for 30 min at 25 ˚C before ULTIMA GOLD scintillation fluid was added, vortexed, 

and allowed to equilibrate for 1 h. [H3] activity was measured by scintillation counting with the 

help of an automated deconvolution program for radioactive signal to determine percent (%) 

injected dose per mL (% ID/mL) of blood. Similarly, at the various times (0, 2, 8, 18, 24, and 48 

hours) mice lungs, livers, spleens, kidneys, and stomachs (n = 5 for each tissue) were harvested, 

weighed, dissolved in Solvable (5 mL/g) and processed as recommended by manufacturer (Perkin 

Elmer). Solutions were diluted into ULTIMA GOLD, vortexed, reacted overnight at 25 ˚C, and 

run on a scintillation counter to determine the % injected dose per gram (% ID/g) of tissue.  

 

5.2.5 Measuring in vivo polymer released and aerosolized free ciprofloxacin concentrations 

To understand the in vivo pharmacokinetics and biodistribution properties of released drug 

from the polymer prodrugs, unmodified poly(O950-co-HBC), poly(O950-co-CPM) or 

unconjugated free drug were dosed via endotracheal aerosolization at 20 mg/kg ciprofloxacin in 6 

wk. old C57BL/6 female mice. As before, mice were anesthetized by isoflurane inhalation before 

administering single doses of either polymer solutions in PBS or free drug in sodium acetate buffer 

(pH 5.5) using a microsprayer. In vivo drug concentrations in the various tissues and blood were 

analyzed against calibration standards using analytical liquid chromatography coupled with 



www.manaraa.com

 

 

116 

 

tandem triple quadrupole mass spectrometry detection. Whole blood (cardiac puncture) and organ 

samples (n = 5) were collected over time (0, 2, 8, 18, 24, and 48 hours for polymers and 30 min, 

1, 6, 18, 24, and 48 hours for free drug) and homogenized. Resulting homogenates (30 uL) were 

sequentially diluted 10x with de-ionized water and added to 5 ng/mL (10 uL) of deuterated 

ciprofloxacin-d8 internal standard (CDN Isotopes Inc., Quebec, Canada). A single step extraction 

was performed using 2x dilution of acetonitrile, and samples were then vortexed and spun at 

17,000 g for 15 min before supernatants isolated for analysis. Analytes were injected into a XSelect 

UPLC HSS PFP 2.1 by 75 mm (3.5 µm) analytical column (Waters Corporation, Milford, MA, 

USA) and separated using a gradient method of water and acetronitrile with 10 mM formic acid. 

Calibration standards were prepared ranging from 40 ng/mL to 3.5 ug/mL in tissue and blood 

homogenates, and then were combined and diluted with deuterated ciprofloxacin internal standard 

and acetonitrile, respectively. Separate quality control solutions were prepared similarly at 

concentrations of 100 ng/mL, 500 ng/mL, and 2 ug/mL. The liquid chromatography system was 

composed of an I-Class Acquity UPLC (Waters Corporation, Milford, MA, USA) with a direct 

infusion syringe pump and temperature-controlled 96 vial auto-sampler maintained at 4 ˚C. The 

chromatographic system was coupled to a Waters Xevo TQ-S tandem quadrupole mass 

spectrometer (Waters Corporation, Milford, MA, USA) with a Micromass ZsprayTM Atmospheric 

Pressure Ioniation (API) Source. The LC–MS/MS system and data analysis was carried out using 

MassLynx® software (version 4.1) (Waters Corporation, Milford, MA, USA). 

 

5.2.6 In vivo aerosolization of Franciscella novicida  

F. novicida U112 was originally obtained from Francis Nano (University of Victoria, 

Victoria, Canada). A stock was prepared from overnight growth in trypticase soy broth with 0.1% 
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L-cysteine at 37°C with aeration. Bacteria were harvested in stationary phase, diluted in 20% 

glycerol, aliquoted, flash-frozen, and stored at -80°C, yielding a post-thaw titer of 109 CFU/ml. 

For each experiment, an aliquot was thawed, diluted 1:50 in PBS, and 6 ml were transferred to a 

Heart Mini-hi-flow nebulizer (Westmed, Arizona, USA) for aerosolization. Mice from all three 

treatment groups were simultaneously exposed to aerosolized bacteria using a Biaera whole-body 

exposure chamber (Biaera Technologies, Maryland, USA), with total airflow through the chamber 

maintained at 19.5 L/min during a 20 min exposure. To determine bacterial deposition in the lungs, 

4 mice were euthanized immediately after exposure with pentobarbital (300 mg/kg 

intraperitoneally) followed by exsanguination. The left lungs were harvested, homogenized in 

PBS, and quantitatively cultured on trypticase soy agar supplemented with 0.1% L-cysteine.  

 

5.2.7 In vivo prophylactic and therapeutic delivery of ciprofloxacin copolymers 

Prophylactic and therapeutic antibiotic activity in vivo of poly(O950-co-HBC) and 

poly(O950-co-CPM) was conducted using endotracheal aerosolization dosed every 24 hours for 

three consecutive days. Female C57BL/6 mice, 6-8 wks. old, were anesthetized with 5% isoflurane 

with O2 at one L/min exposure after filling the chamber for one min. Using a mouse laryngoscope 

(Penn-Century LS-2, LS-2M, PA, USA), and an endotracheal microsprayer (Penn-Century MSA-

250-M, PA, USA), 50 uL of either PBS (n = 8), poly(O950-co-HBC) (n = 8) or poly(O950-co-

CPM) (n = 8) was administered prophylactically or therapeutically at 20 mg/kg or 40 mg/kg 

ciprofloxacin concentrations. Specifically, three treatment cycles were carried out to vary the 

relative dosing schedule in relation to bacterial infection. Prophylactic regimens were initiated at 

three days (treatment cycle (I) -3, -2, and -1) and one day (treatment cycle (II) -1, 0, and +1) before 

infection, while a complete therapeutic regimen was started on the day of infection (treatment 
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cycle (III) 0, +1, and +2). Day zero was classified as the time point for bacterial infection, and 

mice received corresponding doses one hour before infection. The microsprayer was cleaned in 

between experimental groups using a series of washes with 70% alcohol, dd-H2O, and PBS, while 

the sprayer tip was externally wiped with 70% alcohol and briefly air-dried.  

Measurements of health were catalogued by monitoring the appearance, temperature, 

behavior, and body weight of each mouse daily. The mice were scored using a standard 

appearance-chart where high health values represented normal reactive behaviors, while their body 

temperatures and weights were quantified using an IR surface thermometer and digital scale, 

respectively. Mice that had an appearance score above 6, a body weight loss of over 20%, or 

temperature below 25 ˚C were euthanized. Experimental endpoint was 14 days after bacterial 

infection at which point any surviving mice were also euthanized.  

 

5.2.8 Statistical analysis 

All results are expressed as the mean ± SD or the mean ± SEM as indicated. Biological 

replicates were used in all experiments unless otherwise stated. Data were analyzed using two-way 

analysis of variance (ANOVA) and Tukey post-hoc tests when more than two groups were 

compared. Survival benefits were determined using a Mantel Cox test. All analyses were 

performed using GraphPad Prisim 5.0 (GraphPad Software, USA, 2007). Statistical significance 

was assigned for P < 0.001. No statistical methods were used to pre-determine the sample size of 

the experiments. 

 

5.3 Results  

5.3.1 Engineering ciprofloxacin macromolecular prodrugs 
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Ciprofloxacin was chemically linked to the polymerizable methacrylate moiety through 

either a slow-releasing alkyllic ester (HBC) or a fast releasing phenolic ester (CPM) linkage (Fig. 

5.1). RAFT Polymerization of the prodrug monomers with a solubilizing polyethylene glycol 

methyl ether methacrylate (FW ~950 Da, O950) was achieved with precise control and 

reproducibility over final polymer molecular weight distributions and compositions, as 

characterized by GPC and 19F-NMR, respectively (Table 5.1).32 Both polymers were synthesized 

with predicted molecular weights and drug compositions (13.1 kDa and 16 wt.% ciprofloxacin for 

poly(O950-co-HBC) and 11.8 kDa and 16.7 wt.% ciprofloxacin for poly(O950-co-CPM) based on 

initial feeds of the respective comonomers, and monomer to RAFT chain transfer agent to initiator 

ratios ([M]o:[CTA]o:[I]o). As previously shown, the polymeric hydrolysable ester linkers were 

designed to demonstrate tunable drug release kinetics, with poly(O950-co-HBC) releasing drug 

considerably slower (t1/2 ~ 21 days) than poly(O950-co-CPM) (t1/2 ~ 5 days).32  

 

FIGURE 5.1. Schematic representation of ester-functionalized ciprofloxacin polymeric prodrugs. The synthesis 

of inhalable ciprofloxacin containing polymers utilized RAFT polymerization of a biocompatible polyethylene 

glycol methacrylate (PEGMA O950) hydrophilic comonomer, and two variants of the prodrug monomer: (1) a 

slow-releasing alkyllic ciprofloxacin ester (HBC) and (2) a fast-releasing phenolic ciprofloxacin ester (CPM). 

These esters linked the active drug compound to the polymer backbone via hydrolyzable moieties. 
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5.3.2 Acute lung safety of ciprofloxacin delivery systems 

In order to determine the in vivo biocompatibility of the polymeric prodrugs after 

pulmonary administration, the lung toxicity of endotrachaelly delivered poly(O950-co-HBC) and 

poly(O950-co-CPM) was evaluated using the metrics of animal weight change, tumor necrosis 

factor alpha (TNF-α) concentration in lung tissue homogenate (LTH) and bronchoalveolar lavage 

fluid (BALF), and neutrophil infiltration into the lungs. Using an endotracheal microsprayer, 

copolymers were dosed at either 40 mg/kg (Fig. 5.2) or 20 mg/kg ciprofloxacin (Fig. 5.3) once 

every 24 hours for three-consecutive days. The data demonstrate no statistical differences (P ≤ 

0.1) across all observed toxicity markers at either drug dose for the poly(O950-co-HBC) and 

poly(O950-co-CPM) drugamers compared to PBS controls. For example, administration of either 

HBC or CPM copolymer systems at 40 mg/kg (Fig. 5.2B) in consecutive doses resulted in lavage 

fluids containing 4.9 ± 2.8% and 5.12 ± 2.7% neutrophils, respectively, whereas PBS controls 

exhibited 4.6 ± 2.3% neutrophils. Similarly, TNF-α concentrations in both the LTH and BALF for 

both HBC and CPM copolymers at 40 mg/kg (Fig. 5.2C-D) and 20 mg/kg (Fig. 5.3C-D) remained 

low and comparable to PBS control administrations.  

Table 5.1. Summary of Cipro polymeric prodrug composition, molecular weight, and molar mass 

dispersity. 

Polymer 
O950 

(feed) 

O950 

(exp.) 

HBC 

(feed) 

HBCa 

(exp.) 

CPM 

(feed) 

CPMa 

(exp.) 

Mn
b 

(kDa) 
Ðb 

Drug 

(wt.%) 

Poly(O950-co-

HBC) 
74 65 26 35 - - 13.1 1.08 16 

Poly(O950-co-

CPM) 
80 64 - - 20 36 11.8 1.09 16.7 

 
a. Determined by 19F NMR with a sodium trifluoroacetate internal standard in DMSO 

b. Measured by gel permeation chromatography  
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5.3.3 Pharmacokinetics and biodistribution of endotrachaelly delivered [3H]-Ciprofloxacin 

copolymers 

To follow the polymer biodistribution kinetic profiles, a tritium radiolabel was conjugated 

to the N-4 piperazinyl group on ciprofloxacin, and subsequently purified of unreacted label. The 

resulting [3H]-poly(O950-co-HBC) and [3H]-poly(O950-co-CPM) were mixed with unlabeled 

polymers, and administered via endotracheal aerosolization as a single dose at 20 mg/kg and 0.95 

µCi per mouse. As a function of time, whole blood and organs were harvested, homogenized, and 

all data was normalized to  

 

FIGURE 5.2. Pulmonary toxicity of endotracheally delivered polymeric prodrugs dosed at 40 mg/kg 

ciprofloxacin. Evaluation of in vivo toxicity of poly(O950-co-HBC) and poly(O950-co-CPM) via endotracheal 

aerosolization (50 μL) at 40 mg/kg ciprofloxacin dosed every 24 h over three-consecutive days. Multiple metrics 

of acute lung toxicity were examined in female C57Bl/6 mice (6–8wks old) and compared to PBS negative 

controls (n = 5 per group). (A) Animal weights measured prior to treatment and 24 h after the final treatment were 

ratioed to calculate percent (%) weight change per mice. (B) The % of neutrophils within the alveolar space was 

determined by differential cell counting of mounted and stained cells from bronchoalveolar lavage fluid (BALF). 

Values were calculated as [neutrophil count/(neutrophil + macrophage + lymphocytes)] × 100%. Tissue necrosis 

factor alpha (TNF-α) levels were measured by sandwich ELISA from (C) lung tissue homogenates (LTH) and 

(D) BALF. Concentration values of TNF-α from LTH were adjusted to mass of the harvested lungs, while BALF 

TNF-α levels were not within the linear region of a standard curve, so are presented as absorbance values corrected 

to total volume of harvested fluid. No statistically significant differences were observed using two-way ANOVA 

and a Tukey posthoc test between polymer treated and PBS treated mice within dose groups (P ≤ 0.1). Error bars 

represent mean ± SEM. 
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mass (g) of tissue or volume (mL) of blood retrieved. The % injected-dose (I.D.)/time of the 

radiolabeled ciprofloxacin polymer conjugates is shown in Fig. 5.4A.  The pulmonary distribution 

(α) and elimination (β) rate constants of the drugamers were found to be (kα) 0.05 h-1 (95% 

confidence interval [CI] 0.04 – 0.06) and (kβ) 0.045 h-1 (95% CI 0.04 – 0.05) for the [3H]-

poly(O950-co-HBC), and kα 0.1 h-1 (95% CI 0.07 – 0.12) and kβ 0.08 h-1 (95% CI 0.06 – 0.11) for 

[3H]-poly(O950-co-CPM). In addition, the lung half-life (t1/2) of the 3H-HBC drugamer system 

was 15.3 h (95% CI 13.74 – 18.31), while the t1/2 for 3H-CPM system reduced to 8.2 h (95% CI 

6.21 – 10.83). Similarly, the blood t1/2 of the 3H-HBC and 3H-CPM drugamer system was 17.3 h 

(95% CI 15.83 – 20.14) and 10.4 h (95% CI 8.56 – 13.21), respectively. Radioactivity from 3H-

HBC and 3H-CPM copolymer systems accumulated over a time-span of 24 h in the liver (Fig. 

5.5A), spleen (Fig. 5.5B), and kidneys (Fig. 5.5C) before being eliminated by 48 h after delivery.  
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FIGURE 5.3. Pulmonary toxicity of copolymers administered as an aerosol at 20 mg/kg ciprofloxacin. 

Comprehensive toxicity panel establishing relative biocompatibility of alkyllic ciprofloxacin ester (HBC) and 

phenolic ciprofloxacin ester (CPM) statistical copolymers following endotracheal delivery at 20 mg/kg 

ciprofloxacin single dose (50 uL) every 24 hours for three-consecutive days. Markers for acute lung toxicity were 

evaluated by observing (A) changes in mice body weight (n = 8 PBS; n = 4 HBC; n = 5 CPM), quantifying (B) 

percent (%) neutrophil populations within lung endothelial cell-linings (n = 8 PBS; n = 4 HBC; n = 5 CPM), and 

measuring tissue necrosis factor alpha (TNF-α) levels in (C) lung tissue homogenates (LTH) (n = 6 PBS; n = 4 

HBC; n = 5 CPM) and (D) bronchoalveolar lavage fluid (BALF) (n = 7 PBS; n = 3 HBC; n = 5 CPM). Animal 

weight loss was recorded 24 hours after final treatment and ratioed to weights prior to treatment. Differential cell 

counting of mounted and stained cells from BALF was utilized to calculate % neutrophil present using [neutrophil 

count/(neutrophil + macrophage + lymphocytes)]. Levels of TNF-α were measured using ELISA; reported (C) 

concentrations were adjusted to mass of the harvested lungs and (D) absorbance values were corrected for total 

volume isolated BALF. Analytical two-way ANOVA with Tukey post-hoc test was utilized to establish no 

statistical significance between treatment groups (P ≤ 0.1). Error bars are presented as mean ± SEM. 
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5.3.4 Pharmacokinetics and biodistribution of polymer-released ciprofloxacin 

In vivo PK and biodistribution of polymer-released and free-endotrachaelly delivered 

ciprofloxacin was evaluated using an analytical LC-MS technique after a single endotracheal 

administration of unmodified polymeric prodrugs at 20 mg/kg drug. All data was normalized to 

mass of tissue or volume of blood retrieved. Results demonstrate that the fast-releasing poly(O950-

co-CPM) drugamer released significantly (P<0.001) more drug in the lung (Fig. 5.4A), blood (Fig. 

5.4B), and organs (Fig. 5.5). of mice as a function of time compared to the slow-releasing 

FIGURE 5.4. Investigation of lung and blood pharmacokinetics and biodistribution properties of endotracheally 

delivered poly(O950-co-HBC) and poly(O950-co-CPM) copolymers. Radiolabeled polymers were first 

synthesized using [3H] NHS-propionate for post-polymerization conjugation to the N-4 position of the piperazinyl 

group found on ciprofloxacin. Both copolymers dissolved in PBS were dosed (50 μL) via endotracheal 

aerosolizations at 0.95 μCi and 20 mg/kg ciprofloxacin per mice as a function of time. Whole blood and lung 

tissues (n = 5 per polymer per time) were harvested, processed with Solvable, and analyzed with a scintillation 

counter. Disintegrations per minute were measured with the help of an automated deconvolution program for [3H] 

radioactivity and used to determine percent (%) injected dose (I.D.) in mice (A) lungs and (B) blood (left y-axis). 

In a separate experiment, unmodified polymers were similarly dosed at 20 mg/kg ciprofloxacin per mouse, and 

as a function of time, whole blood and lung tissues (n = 5 per polymer per time) were harvested, homogenized, 

and analyzed for polymer-released drug concentrations using quantitative LC–MS. In addition, free ciprofloxacin 

formulated at 20 mg/kg in sodium acetate buffer (pH 5.5) was endotracheally administered via microsprayer and 

analyzed similarly over time for PK and distribution properties in the lung and blood (n = 5). Deuterated 

ciprofloxacin (-d8) was used as an internal standard with calibration curves to evaluate amounts of available 

release or free drug in mice (A) lungs and (B) blood (right y-axis). Values were normalized against weight of lung 

(% I.D./g) or volume of blood (% I.D./mL) retrieved. Two-way ANOVA analysis with a Tukey posthoc test was 

utilized to establish statistical significance between the tritium-labeled polymers (*) and concentration of released-

drug (†) at various time points; */†P < 0.001. Data represents mean ± SD. 
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poly(O950-co-HBC) drugamer. Lung antibiotic concentrations from the phenolic ester-modified 

ciprofloxacin polymer peaked from (mean ± SD) 1.1 ± 0.2 µg/g at 2 h to 3.4 ± 0.2 µg/g at 18 h 

(Table 5.2). In comparison, drug released from the alkyllic ester HBC prodrug only increased from 

0.17 ± 0.15 µg/g at 2 h to 0.23 ± 0.12 µg/g by 18 h (Table 5.2). This profile of hydrolytic release 

and increasing drug dosing over time is notably distinct from the rapid immediate release and 

subsequent elimination profiles of liposomal or free drug. Levels of ciprofloxacin in the lungs from 

both prodrugs decreased from 18 h to 48 h after endotracheal administration, and was similar to 

the observed clearance profiles of the drugamers (Fig. 5.4A).  

 

The pulmonary t1/2 of released ciprofloxacin was measured to be 9.3 h (95% CI 7.82 – 11.38) and 

15.6 h (95% CI 13.73 – 17.46) for the fast-releasing phenolic ester and slow-releasing alkyllic 

ester drugamer, respectively. In comparison, endotrachaelly administered free ciprofloxacin is 

rapidly cleared, kel of 0.7 h-1 (95% CI 0.54 – 0.83), from the lungs into the blood with a pulmonary 

t1/2 of 0.9 h (95% CI 0.8 – 1.2) (Fig. 5.4A). Additionally, no redistribution of ciprofloxacin from 

Table 5.2. Summary of lung and blood pharmacokinetic/pharmacodynamic parameters from 

endotrachaelly delivered polymeric prodrugs 

Drug Rel. from 

Poly. 

 

AUC0-24  

(95% CI)a 
(µg x h / g –or– / 

mL) 

 

 

Cmax ± SDa 

(µg / g –or– / 

mL) 

 

 

tmax 

(h) 

 

 

Cmax / 

MIC2 

 

 

AUC0-24h / 

MICb 

(h) 

 

 

Organ 

 

CPM copolymer 58.6 (56.4 – 60.8) 3.4 ± 0.2 18 113.7 1953.5 
Lung 

HBC copolymer 3.1 (2.4 – 4.7) 0.23 ± 0.12 18 7.62 103.5 

CPM copolymer 7.0 (6.8 – 7.2) 0.48 ± 0.03 8 15.9 233.4 
Blood 

HBC copolymer 1.1 (0.96 – 1.4) 0.06 ± 0.02 18 2.1 39.3 

 

a. Determined by GraphPad Prisim 7 analytical software; lung and blood normalized to g or mL, respectively 

b. Minimum inhibitory concentration (MIC) determined to be 0.03 µg/mL from literature (36) 
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circulation into the lungs was observed as evidenced by a consistent and rapid decrease in drug 

concentration during pulmonary elimination as well as the lack of detectable drug levels in the 

lung after clearance.  We believe that the body acts as a sink and rapidly absorbs any available 

active drug first from the lungs and then from the blood, and that any recirculating drug has 

minimal influence on the total pulmonary drug concentration. Similar pulmonary 

pharmacokinetics have been observed by Cipolla et al. after intranasal instillation of free 

ciprofloxacin where the drug was observed to have comparable characteristic pulmonary half-life 

and rapid elimination kinetic without increases in drug concentration due to circulatory 

redistribution.39 Moreover, lung PK profiles spanning up to 24 h have been reported for various 

liposomal ciprofloxacin formulations (t1/2 7.4 h) administered as intranasal instillations or 

aerosolizations in murine models. The key difference is that these liposomes release much of the 

drug (>70%) within 2-4 h of administration.23,39,40 Blood concentrations of ciprofloxacin released 

from the fast-releasing phenolic ester prodrug peaked from 0.06 ± 0.02 µg/mL at 2 h to 0.48 ± 0.03 

µg/mL at 8 h before being cleared by 48 h after dosing (Table 5.2). This was statistically (P<0.001) 

different from the drug release and accumulation profile for the slow-releasing alkyllic ester 

variant where maximum drug concentrations only reached 0.06 ± 0.02 µg/mL by 18 h (Fig. 5.4B). 

Accordingly, the area under the blood concentration vs. time curves from 0-24 h (AUC0-24h) for 

the fast-releasing phenolic ester prodrug in the lung and blood was quantified to be 58.6 µg x h/g 

(95% CI 56.4 – 60.8) and 7.0 µg x h/mL (95% CI 6.8 – 7.2), respectively, while that for the slow-

releasing polymer was 3.1 µg x h/g (95% CI 2.4 – 4.7) in the lung and 1.1 µg x h/mL (95% CI 

0.96 – 1.4) in the blood (Table 5.2). Furthermore, peak drug concentrations in the liver (Fig. 5.5A), 

spleen (Fig. 5.5B), and kidneys (Fig. 5.5C) from the fast-releasing poly(O950-co-CPM) 

copolymer were greater than those achieved from administering the slow-releasing HBC variant, 
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and were measured to be 2.26 ± 0.2 µg/g (18 h), 2.0 ± 0.4 µg/g (24 h), and 6.4 ± 0.6 µg/g (24 h), 

respectively. Polymer-released ciprofloxacin from both constructs was cleared from these organs 

within 48 h after endotracheal delivery. 

 

 

5.3.5 Prophylactic and therapeutic bioactivity of ciprofloxacin polymeric prodrugs 

Evaluation of dose response, treatment regimen, and overall bactericidal efficacy of the 

drugamers was conducted in the F. novicida aerosol challenge model. Polymers were administered 

using an endotracheal microspayer either with a prophylactic alone treatment at -3, -2, and -1 day 

(cycle I; 20 mg/kg ciprofloxacin), combination of prophylactic and therapeutic treatment at -1, 0, 

and +1 days (cycle II; 20 mg/kg ciprofloxacin), or therapeutic at 0 (one hour prior to infection), 

+1, and +2 days (cycle III; 40 mg/kg ciprofloxacin). In all experiments, mice were lethally infected 

by the aerosol route with approximately 10 LD50s of F. novicida (71 ± 18 cfu/mouse for cycle I, 

53 ± 11 cfu/mouse for cycle II, and 161 ± 23 cfu/mouse for cycle III; average ± SEM). Animal 

FIGURE 5.5. The pharmacokinetics and biodistribution of endotracheally delivered HBC and CPM copolymers 

in mice liver, spleen, and kidney. Radiolabeled copolymers were dosed at 0.95 µCi and 20 mg/kg ciprofloxacin 

per mice as a function of time. Organ tissues (n = 5 per polymer per time) were harvested, processed, and analyzed 

with a scintillation counter to determine percent (%) injected dose (I.D.) in mice (A) liver, (B) spleen, and (C) 

kidney. In a separate experiment, analytical LC-MS was used to evaluate released drug concentrations after 

endotracheal administration of un-modified polymers at a dose of 20 mg/kg ciprofloxacin. Corresponding mice 

(A) liver, (B) spleen, and (C) kidney tissues (n = 5 per polymer per time) were harvested, homogenized, and 

quantified for polymer-released drug using a deuterated ciprofloxacin (-d8) internal standard. Values were 

normalized against weight of organ (% I.D. / g) retrieved. Two-way ANOVA analysis with Tukey post-hoc test 

was utilized to establish statistical significance between the radiolabeled polymers (*) and concentration of 

released-drug (†) at various time points; (*,†) P < 0.001. Data represents mean ± SD. 
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survival was monitored until mice qualified for euthanasia or reached the experimental end-point 

(14 days post-bacterial exposure). Mice treated with a purely prophylactic regimen (cycle I) at 20 

mg/kg ciprofloxacin for all treatment groups did not survive to the experimental end-point; 

however, the CPM copolymer extended survival by three days compared to the HBC copolymer  

 

and PBS control (Fig. 5.6A). A transition from a prophylactic (cycle I) to a predominantly 

therapeutic (cycle III) treatment schedule, and a shift from 20 mg/kg to 40 mg/kg ciprofloxacin, 

FIGURE 5.6. Determination of in vivo antimicrobial efficacy of ciprofloxacin polymeric prodrugs using 

aerosolized, highly virulent Franciscella novicida (strain U112). In this lethal mice challenge model, copolymer 

systems containing alkyllic (HBC) and phenolic (CPM) ester-functionalized ciprofloxacin were administered 

either prophylactically or therapeutically (50 μL aerosolization) at (A) −3, −2, and −1 day with 20 mg/kg 

ciprofloxacin (Cycle I), (B) −1, 0, and 1 day with 20 mg/kg ciprofloxacin (Cycle II), and (C) 0, 1, and 2 days with 

40 mg/kg (Cycle III) (n = 8 for each treatment group per cycle). To evaluate the therapeutic efficacy of 

unconjugated drug, in a separate animal challenge experiment, ciprofloxacin at 40 mg/kg was administered to 

mice on days 0, 1, and 2 after infection (inset). All bacterial inoculation occurred 1 h after treatment on day 0. 

Measurements of health were recorded by monitoring changes in mice (D–F) body weight and (G–I) surface 

temperature. Mice that had a body weight loss of 20% or surface temperature below 25 °C were classified as 

irrecoverable and consequently euthanized. The challenge end-point was marked at 14 days post-bacterial 

exposure at which point any surviving mice were euthanized. A log-rank (Mantel Cox) test was used to determined 

statistical significance (*P < 0.001) for the Kaplan–Meier survival plots. Each treatment cycle represents separate 

studies. Body weight and surface temperature measurements are presented as mean ± SEM. 
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increased the survival rate of mice treated with poly(O950-co-CPM) from 0% (n = 0/8) (Fig. 5.6A) 

to 37.5% (n = 3/8) (Fig. 5.6B) to 75% (n = 6/8) (Fig. 5.6C). Mice treated with endotrachaelly 

delivered free ciprofloxacin at 20 mg/kg (cycle II) and 40 mg/kg (cycle III) demonstrated limited 

survival extension with all treated animals succumbing to the bacterial infection (n = 0/8) within 

five to 10 days (data no shown41). In general, the slow releasing poly(O950-co-HBC) was unable 

to provide any improvement in survival regardless of the treatment cycle or drug concentration. 

This trend between the two ciprofloxacin variants was also reflected in morbidity metrics of body 

weights (Fig. 5.6D-F) and surface temperatures (Fig. 5.6G-I) as a function of dosing schedule. 

For example, body weights of animals that were treated with PBS or poly(O950-co-HBC) dropped 

approx. 20% over 4 days after infection (Fig. 5.6D-F), while for poly(O950-co-CPM), animals 

dosed with cycle II or III recovered (Fig. 5.6E) or retained (Fig. 5.6F) their body weights, 

respectively. The therapeutic treatment cycle (III) provided enhanced survival of mice treated with 

the CPM copolymer, as suggested by the high survival rate (Fig. 5.6C), associated body weights 

(Fig. 5.6F), surface temperatures (Fig. 5.6I), and overall health scores based on 

appearance/behavior (Fig. 5.7). 
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5.4 Discussion 

Historically, clinical treatment of respiratory bacterial infections has focused on oral and 

IV standards of care; however, these strategies limit drug biodistribution and pharmacokinetics to 

the lungs.12,16 The pulmonary route of administration offers a unique advantage in increasing drug 

concentrations at the site of bacterial persistence.17 Recent advances in pulmonary drug delivery 

have stemmed from developing inhalable free-drug dispersions and liposomal formulations that 

provide improved therapy compared to oral and IV intervention strategies.42,43 Hamblin et al. 

utilized aerosol delivery of liposomal ciprofloxacin in human clinical trials for upper respiratory 

infections and demonstrated increased survival rates in mice against a F. tularensis Schu4 

strain.40,44 Others have also demonstrated that oral ciprofloxacin does not provide prolonged 

treatment and protection against respiratory forms of Francisella infections.45 In addition, 

FIGURE 5.7. Morbidity measurements after therapeutic treatment with polymeric prodrugs of 

ciprofloxacin. Representative changes in health-metrics for mice administered with poly(O950-co-CPM) 

polymeric prodrugs (n = 6) at 40 mg/kg ciprofloxacin for the therapeutic treatment cycle (0, 1, and 2 days). The 

health of the mice after bacterial inoculation was evaluated by monitoring the appearance of each mice using an 

appearance chart a pre-determined scoring rubric. Mice with high health scores display high general activity, 

cleanliness, regular breathing, normal posture, and clear and open eyes. Lethargic, sickly mice have low scores 

associated to poor responsiveness during interaction and stimulation. Data is presented as mean ± SEM. 
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aerosolized un-encapsulated ciprofloxacin is rapidly absorbed within 1-2 h after administration, 

and consequently fails to clear pulmonary Francisella infections.39,40 It is clear that new 

therapeutic systems are needed to better control the required PK profiles of antibiotics to 

effectively combat alveolar intracellular infections.  

Polymeric prodrugs synthesized using polymerizable drug monomers offer an attractive 

alternative to traditional free-drug or liposomal delivery approaches. Higher drug weight 

percentages can be achieved compared to traditional polymer-drug conjugates since the steric 

constraints of post-synthetic conjugations are minimized. The solubility and other physical 

properties of antibiotics becomes only minimally important in this formulation approach because 

they are synthetically solubilized at the monomer and polymer synthesis stage with a wide range 

of compatible solvent choices. In related work with a stable drug linkage, Turos et al. synthesized 

polyacrylate nanoparticles in which a N-thiolated β-lactam antibiotic was covalently conjugated 

onto the polymer network by microemulsion polymerization of backbone (alkyllic) ester-modified 

acrylated antibiotic.29 Our prodrug approach opens an array of hydrolytic, redox, and enzyme-

sensitive linkers with broad release kinetic properties that were not previously as accessible for 

post-synthetic, aqueous conjugations. This provides a unique and new capability to rationally 

design Cmax, AUC to minimum inhibitory concentration (MIC) ratios, time above MIC, and other 

PK properties. The ability to then control the polymerization with other functional monomers 

provides further opportunities to incorporate targeting agents to maximize uptake in alveolar 

macrophages. Lastly, the synthetic nature of this drugamer platform is designed to achieve scale-

up, reproducibility, and chemistry-based analytics that rapidly advance candidates to GMP 

manufacturing status.    
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The unique ability to tune the lung PK profiles and subsequent efficacy against highly 

lethal aerosolized F. novicida infections in mice has been demonstrated here. Synthesis of the 

polymeric prodrugs was achieved via the RAFT copolymerization of ciprofloxacin-functionalized 

methacrylate monomers and a solubilizing comonomer, polyethylene glycol methyl ether 

methacrylate (O950).32 These copolymers consisted of a functionalized slow-releasing alkyllic 

ester ciprofloxacin (HBC) or a fast-releasing phenolic ester ciprofloxacin (CPM) to create drug-

rich, soluble polymer therapeutics (Fig. 5.1). As suggested by toxicity screening factors such as 

neutrophil infiltration46 and TNF-α concentrations in mice LTH and BALF47, the nano-

therapeutics displayed favorable safety profiles at doses relevant for in vivo bioactivity (40 mg/kg 

ciprofloxacin, Fig. 5.2, and 20 mg/kg ciprofloxacin, Fig. 5.3). Animal challenge with poly(O950-

co-HBC) and poly(O950-co-CPM) demonstrated enhanced efficacy of the phenolic ester 

ciprofloxacin prodrug (CPM). Differences in survival rate between mice treated with poly(O950-

co-CPM) and those treated with poly(O950-co-HBC) was magnified as dosing schedules were 

adjusted from purely prophylactic (Cycle I) to include therapeutic administrations (Cycle II) at the 

same drug concentration (20 mg/kg) (Fig. 5.6B). Importantly, doubling the dose (from 20 to 40 

mg/kg ciprofloxacin) and shifting to a complete therapeutic regimen (Cycle III) did not improve 

the survival rate of mice treated with slow-releasing poly(O950-co-HBC) (Fig. 5.6C) nor those 

treated with endotrachaelly administered free ciprofloxacin (data not shown41). The poor 

therapeutic efficacy (n = 0/8 survival rate) of unconjugated ciprofloxacin can be correlated to the 

rapid clearance of the drug from the pulmonary compartment with t1/2 of approximately 1 h (Fig. 

5.4A). In addition, these studies demonstrate the PK/pharmacodynamics (PD) relationships 

underlying the efficacious AUC0-24 and Cmax values achieved by the fast releasing but not slow 

releasing drugamers (Table 5.2). Fluoroquinolones, such as ciprofloxacin, exhibit a concentration-
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dependent killing with a prolonged post-antibiotic effect such that optimal bactericidal efficacy is 

associated with achieving a Cmax/MIC of >10 and an AUC0-24/MIC ratio of >125 against strains of 

Francisella.48,49 Analysis of in vivo released-drug concentrations demonstrated that our slow-

releasing poly(O950-co-HBC) maintains suboptimal pulmonary and blood Cmax/MIC and AUC0-

24/MIC ratios (Table 5.2). In contrast, the fast-releasing, phenolic ester-modified ciprofloxacin 

prodrug appears by survival and morbidity measurements to have cured 75% of mice due to 

optimal PK/PD parameters (Table 5.2). 

A combination strategy exploiting tritium radiolabeling of the copolymers with separate 

quantitative LC-MS analysis of polymer-released ciprofloxacin was utilized to understand 

variations in PK and biodistribution properties associated with the two drug-ester modified 

polymers. These studies suggest that polymer elimination from the lungs is correlated to the 

elimination and distribution of free drug to various organs. Thus, we anticipate that by enhancing 

pulmonary retention of our drugamers we can further improve the dosing and observed efficacy 

profile. Repeated aerosolization every 24 h of the macromolecular prodrug into the lungs would 

increase the concentration of released drug in the pulmonary space. To this extent, the fast-

releasing CPM prodrug may generate more effective levels of drug in the lung compared to the 

slow-releasing HBC prodrug where the levels of released drug at 24 h are consistently low enough 

with repeated dosing that we do not observe antibacterial activity.   

Respiratory infections of F. tularensis and other CDC classified Tier 1 pathogens, such as 

Burkholderia thailandensis, require immediate medical intervention with preferred localized and sustained 

pulmonary administration of drugs. Inhalable polymeric prodrugs utilizing hydrolysable drug monomers 

represent a creative approach for pulmonary drug delivery. Accordingly, drug linkage chemistry is an 

important parameter for achieving antibiotic efficacy, and can also influence the PK and biodistribution 

properties of the resulting constructs. Improved survival rates from animals therapeutically treated with the 
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faster-releasing ciprofloxacin polymer conjugate serve as an engineering guideline for developing future 

iterations of these polymeric prodrugs for clinical application. The expected distribution of released 

ciprofloxacin from the lung back into the bloodstream and subsequently to other organs may be 

advantageous in infective settings where the bacterial infection rapidly disseminates from the lung to the 

blood and other organs.  Additionally, Francisella is an intracellular pathogen that selectively resides and 

replicates within alveolar macrophages.7 Targeting drugs to particular cell types such as the alveolar 

macrophage may further enhance and extend the residence times of the inhaled antibiotics, which would be 

beneficial in improving PK/PD parameters (e.g. Cmax and AUC/MIC ratios). Moreover, these targeted 

delivery systems could provide dose sparing properties and minimize drug resistance by focusing 

intracellular drug dosing at key bacterial reservoir sites. Our group and others have previously shown 

alveolar macrophage targeting through the use of mannosylated polymers. 50-52 These targeting approaches 

may provide future routes for improving pharmaceutical properties of these polymeric prodrug therapeutics 

for alveolar intracellular infection treatments. The preliminary studies shown in this paper not only 

demonstrate the promising clinical utility of RAFT polymerized ciprofloxacin prodrugs, but also help to 

address key barriers in pulmonary drug delivery using an inhalable prodrug system.  
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CHAPTER 6. Radiant star nanoparticle prodrugs for the treatment of 

intracellular alveolar infections* 

 

*Provided as a submitted publication: Das D., Srinivasan S., Brown F.D., Anika., Anika Prof., 

Postma A., Ratner D.M., Stayton P.S., Convertine A.J. Polymer Chemistry. Submitted 2017.   

 

 

 

ABSTRACT 

Radiant star nanoparticle (RSN) prodrugs were synthesized in a two-step process by first 

homopolymerizing RAFT transmers followed by copolymerization from the hyperbranched polymer core.  

Two trithiocarbonate-based transmers were synthesized containing either alkyl ester or acetal groups 

linking the polymerizable methacrylate group to the chain transfer agent (CTA).  RAFT polymerization 

from the homopolymerized transmer cores yielded RSNs with linear polymer chains connected to 

hyperbranched cores.  Hydrolysis studies conducted over a period of 30 days at 37 oC in acetate buffer 

showed that RSNs prepared from alkyl ester linked cores remained stable while acetal linked cores 

exhibited a progressive degradation into linear polymers over the same period.  Macrophage targeting RSN 

prodrugs containing the antibiotic ciprofloxacin and mannose targeting residues were synthesized directly 

via RAFT polymerization of the prodrug and mannose monomers.  Hydrolysis studies conducted in human 

serum showed that the RSNs released the covalently linked ciprofloxacin significantly faster than diblock 

copolymer micelles but moderately slower than soluble copolymers with comparable compositions.  Flow 

cytometry showed substantially higher macrophage binding by the mannose-targeted RSNs while in vivo 

biocompatibility experiments showed no differences relative to phosphate buffer treated negative controls. 
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6.1 Introduction 

Polymeric prodrugs have attracted considerable attention as a potential strategy for 

overcoming the limitations typically associated with physically encapsulating drug delivery 

systems.1-4   Polymeric prodrugs consist of therapeutic agents that have been covalently conjugated 

to a macromolecular scaffold via a hydrolytic or enzymatically degradable linkage. This strategy 

has been shown to substantially increase the solubility and stability of the parent drug while also 

enhancing drug circulation half-lives and reducing immunogenicity.5-8 An attractive route for the 

synthesis of polymeric prodrugs is the direct reversible deactivation radical polymerization 

(RDRP) of therapeutic agents that have been reversibly modified with suitable vinyl 

functionality.9-20 These polymerizable prodrug monomers (PPMs) allow for the facile 

incorporation of drug moieties into the final polymer at predetermined ratios without the need for 

additional conjugation and purification steps.   

Recently, we reported the synthesis of polymeric prodrugs using PPMs based on 

derivatives of the antibiotic ciprofloxacin.11 Drug release studies conducted in human serum 

showed that the phenyl ester-linked antibiotic was cleaved from the polymer scaffold at 

significantly higher rates relative to the aliphatic-linked drug.  These differences in the relative 

antibiotic release rates were found to strongly influence the antimicrobial activity of the polymeric 

prodrug with ciprofloxacin linked via phenyl esters showing significantly lower minimum 

inhibitory concentrations than the aliphatic ester linked drug.  Subsequent animal studies have 

shown that that these ciprofloxacin-based polymeric prodrugs provided high cure efficiencies in a 

completely lethal F.t. novacida pulmonary mouse challenge models, while mice treated with free 

ciprofloxacin were all dead within 6 days of exposure to the bacteria.21 
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Diblock copolymer-based prodrugs that self-assemble under physiological conditions to 

form nanoparticles are desirable from a drug delivery perspective as they can contain the 

covalently linked prodrugs at a significant fraction of their total mass.  These systems also typically 

show longer in vivo circulation times relative to analogous linear polymers and can provide 

preferential uptake in some cell populations, such as macrophages, because of their size and ability 

to display multivalent receptor-specific targeting ligands. 22 Despite these advantages, diblock 

copolymer based nanoparticles, where the covalently linked prodrugs are localized in the 

hydrophobic core, typically show low rates of drug release.11,13 Additionally, self-assembled 

structures such as micelles and liposomes can interact with serum proteins in vivo resulting in 

partial or complete disassociation of the constituent polymer or lipids. 23 Interaction of these 

structures with serum proteins can also cause them to be eliminated by the mononuclear phagocytic 

system or, in the case of encapsulation-based drug delivery system, result in extraction of the 

physically bound drugs. 24 

The incorporation of PPMs into advanced polymer nanostructures has the potential to 

provide further enhancements in therapeutic activity while substantially reducing the cost and 

complexity of preparing multifunctional drug delivery systems.2526  To date a variety of 

sophisticated polymeric architectures have been prepared by RAFT polymerization methodology 

including stars, brushes, brushed-brushes, and bottlebrushes.27-29 Hyperbranched polymers have 

also been investigated for drug delivery applications.  Hyperbranched polymers can be 

conveniently prepared by nitroxide-mediated polymerization (NMP) and atom transfer radical 

polymerization (ATRP) via the use of vinyl-functionalized initiators (inimers) or by RAFT using 

vinyl-functionalized CTAs (transmers).  
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Hyperbranched polymers synthesized with inimers/transmers typically have larger molar 

mass dispersities; however, their constituent segments are still somewhat controlled. In this 

approach the degree of branching can be manipulated by simple adjustment of the inimer/transmer 

to monomer ratio and overall monomer conversion. For example, transmers have been employed 

to prepare architecturally distinct antigen carriers with pH-responsive endosomal-releasing 

segments.30 In these studies, dendritically branched copolymers were synthesized using a 

methacrylate-functionalized RAFT CTA. Antigen delivery with the hyperbranched and cross-

linked polymer architecture enhanced in vitro MHC-I antigen presentation relative to free antigen, 

whereas the linear construct did not have a discernible effect.  

To date there have been relatively few reports detailing the homopolymerization of 

transmers.3132  Homopolymerization of transmers using thermal initiators generally yield 

hyperbranched polymers with relatively low molecular molecular weights.333435 In contrast, 

concurrent ATRP/RAFT polymerization of transmers have been shown to yield hyperbranched 

polymers over 500 kDa.36 Unimolecular hyperstar polymer for siRNA delivery have also been 

synthesized by homopolymerization of ATRP inimers in microemulsion followed by solution 

polymerization of DMAEMA from the multifunctional core.37 The resultant hyperstar-siRNA 

complexes showed in vitro transfection efficiencies higher than the Lipofectamine control.  Herein 

we describe the development of mannose-targeted radiant star nanoparticle (RSN) prodrugs 

prepared by the copolymerization of PPMs with glycan monomers from homopolymerized 

transmer cores linked via ester or acetal bonds.   

 

6.2 Experimental details 

6.2.1 Materials. 
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Chemicals and all materials were supplied by Sigma-Aldrich unless otherwise specified. 

4-((((2-Carboxyethyl)thio)carbo-nothioyl)thio)-4-cyanopentanoic acid (CCC) was kindly donated 

by Boron Molecular. Hydroxyethyl methacrylate (HEMA) rhodamine B methacrylate (REMA)38 

and N,N’-dimethylacrylamide (DMA) were distilled under reduced pressure.  Spectra/Por 

regenerated cellulose dialysis membranes (6-8 kDa cutoff) where obtained from Fisher Scientific. 

4-Cyano-4-(ethylsulfanylthiocarbonyl) sulfanylvpentanoic acid (ECT) was synthesized as 

described previously. 39  Sephedex G-25 prepacked PD10 columns were obtained from GE Life 

Sciences. 4-Cyano-4-ethylsulfanylthiocarbonylsulfanyl-4-methyl-butyric acid 2-(2-methyl-

acryloyloxy)-ethyl ester (hECT)30,  mannose ethyl methacrylate (MEM) 40, and ciprofloxacin 

(tyramine) methacrylate (CTM) 11 were synthesized as described previously. 

 

6.2.2 Synthesis of 4-Cyano-4-ethylsulfanylthiocarbonylsulfanyl-4-methyl-butyric acid 2-{1-[2-(2-

methyl-acryloyloxy)-ethoxy]-ethoxy}-ethyl ester (aECT)   

To a 50 mL round bottom flask containing a magnetic stir bar was added ECT (5.0 g, 19.0 

mmol, 1.0 equivalent), 4-dimethylaminopyridine (4.64 g, 38.0 mmol, 1.2 equivalents), N,N′ 

dicyclohexylcarbodiimide (4.7 g, 22.8 mmol, 1.2 equivalents, and 28 mL methylene chloride.  To 

the solution was then added ethyleneglycol vinyl ether (4.01 g, 22.8 mmol, 1.2 equivalents).  The 

round bottom flask was then capped with a rubber septa and allowed to react over ice for 1 hour 

and then at room temperature overnight.  The solution was then transferred to a separation funnel 

and was 5 times with saturated sodium bicarbonate solution.  The organic phase was then collected, 

dried over sodium sulfate, filtered through a plug of cotton, and then isolated via rotary 

evaporation.  The product was then used for the synthesis of aECT without further purification.  

To a 10 mL round bottom flask was added EGVE-ECT (0.5 g, 1.5 mmol), HEMA (0.195 g, 1.5 
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mmol), TFA (50 μL, 653 μmol), and methylene chloride 1.0 mL.  The reaction was then sealed 

with a septa and allowed to react overnight.  The product was then isolated via silica gel column 

chromatography using an eluent consisting of ethyl acetate/hexanes (75:25) with 1 % 

triethylamine.  1H NMR (500 MHz, benzene-d6, ppm) δ = 6.16 (1H, singlet, vinyl), 5.24 (1H, 

vinyl), 4.52 (1H, quartet, acetal), 4.19 (2H, triplet, ester), 4.08 (2H, triplet, ester), 3.28-3.56 (4H, 

multiplet, OCH2CHCH3OCH2), 2.79 (2H, quartet, SCH2), 2.0-2.4 (4H, multiplet, 

C(CH3)(CN)CH2CH2), 1.85 (3H, singlet, vinyl-methyl), 1.32(3H, singlet, C(CN)CH3), 1.13 (3H, 

doublet, acetal-methyl), and 0.82 (3H, triplet, SCH2CH3) (for the labeled 1H NMR spectrum see 

supporting information).  13C NMR (125 MHz, benzene-d6, ppm) δ = 216.9, 170.8, 136.6, 125.1, 

118.7, 99.3, 63.9, 63.7, 62.6, 62.3, 33.8, 31.0, 29.5, 24.1, 19.2, 18.1, 12,2. 

 

6.2.3 Synthesis of poly(hECT) and poly(aECT) 

To a 5 mL conical bottom flask was added either hECT (mg, mmol) or aECT (mg, mmol), 

ABCVA (mg, mmol), and 4 mL of anhydrous DMSO.  The flask was then sealed with a rubber 

septa and then purged with nitrogen for 30 minutes.  The solution was then transferred to a 

preheated oil bath at 70 oC and allowed to polymerize for 18 h.  The polymers were then isolated 

by the polymerization solution to 45 mL of diethyl ether in 50 ml conical tubes.  After vortexing 

the solutions were centrifuged at 4200 rpm for 5 minutes.  After this time the ether solution was 

decanted and yellow polymer oil was diluted 1 to 1 with acetone and reprecipitated into ether as 

described above (x6). 

 

6.2.4 Synthesis of DMA RSNs from poly(hECT) and poly(aECT) 
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Polymerization of DMA was conducted in DMSO in the presence of either poly(hECT) or 

poly(aECT) and ABCVA.  The initial molar feed percentages of the Dt-SMA and O950 monomers 

were both 50 %.    The [M]o:[CTA]o:[I]o) was 200:1:0.025 at an initial monomer concentration of 

25 wt. %.  To a 10 mL conical bottom flask was added poly(hECT) (20 mg, 53 mmol) or 

poly(aECT) (25 mg, 53 mmol), DMA (1.06 g, 10.7 mmol), ABCVA (0.373 mg, 1.3 mmol) and 

3.17 mL DMSO.  The polymerization solutions were then septa sealed and then purged with 

nitrogen for 30 minutes.  After this time, the polymerization solution was transferred to a preheated 

oil bath at 70 oC and allowed to polymerize for 4 hours.  The copolymer was isolated by adding 

the polymerization solution to 45 mL of diethyl ether in 50 ml conical tubes.  After vortexing the 

solutions were centrifuged at 4200 rpm for 5 minutes.  After this time the clear ether solution was 

decanted and yellow polymer oil was diluted 1 to 1 with acetone and reprecipitated into ether as 

described above (x6). 

 

6.2.5 Kinetic evaluation of the RAFT polymerization of DMA from poly(hECT) 

The initial monomer ([M]o) to CTA equivalents to initiator ([I]o) ratio was 350:1:0.025 

respectively. Individual polymerization solutions were transferred to a septa-sealed vial and 

purged with nitrogen for 30 minutes. After this time, the polymerization vials were transferred to 

a preheated oil bath at 90 oC and allowed to polymerize for the prescribed time period.  In order to 

determine monomer conversion 50 L of the polymerization solutions were first diluted into 900 L 

of CDCl3.  The molar fraction of DMA converted to polymer was then determined by comparison 

of the total vinyl resonances (3H) (A) between 5.0-6.5 ppm to the total backbone resonances 

between 0.5-1.5 ppm (B) using the equation:  % DMA conversion = [(A+B)-(A)]/(A+B)]*100. 
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6.2.6 Synthesis of poly(mannose-co-CTM) RSN from poly(hECT) 

Copolymerization of MEM and CTM from poly(hECT) was conducted with an initial 

monomer [M]o:[CTA]o:[I]o ratio was 100:1:0.05 at an initial overall monomer concentration of 20 

% m/v.  To a 5 mL conical bottom flask was added poly(hECT) (3.06 mg, 8.15 μmol), MEM (0.2 

g, 0.684 mmol), CTM (0.1 g, 0.131 mmol), REMA (7.75 mg, 13.1 μmol), V70 (0.125 mg, 0.408 

μmol) as 100 μL of 1.25 mg mL-1 solution in dioxane, and 1.2 mL of DMSO.  The polymerization 

solution was then septa-sealed purged with nitrogen for 30 minutes. After this time, the 

polymerization vials were transferred to a preheated oil bath at 30 oC and allowed to polymerize 

for 18 hours.  After this time the polymerization solution was transferred to a solution to 45 mL of 

diethyl ether in 50 ml conical tubes.  After vortexing the solution was centrifuged at 4200 rpm for 

5 minutes.  The ether solution was decanted and yellow polymer oil was diluted to a final volume 

of 25 mL in 0 .5 M phosphate buffer pH 7.4.  The aqueous solution was then dialyzed against 

deionized water at 5 oC using spectra/Por regenerated cellulose dialysis membranes (6-8 kDa 

cutoff) and then isolated by lyophilisation.  The lyophilized polymer was then redisolved in 

deionized water and then purified by double Sephedex G-25 prepacked PD10 columns according 

to the manufactures instructions. 

 

6.2.7 Synthesis of poly(DMA-co-CTM RSN from poly(hECT) 

Copolymerization of DMA and CTM from poly(hECT) was conducted with an initial 

monomer [M]o:[CTA]o:[I]o ratio was 100:1:0.05 at an initial overall monomer concentration of 20 

% m/v.  To a 5 mL conical bottom flask was added poly(hECT) (8.06 mg, 21.5 μmol), DMA (0.2 

g, 2.02 mmol), CTM (0.1 g, 0.131 mmol), REMA (7.75 mg, 13.1 μmol), V70 (0.331 mg, 1.07 

μmol) as 100 μL of 3.31 mg mL-1 solution in dioxane, and 1.2 mL of DMSO.  The polymerization 
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solution was then septa-sealed purged with nitrogen for 30 minutes. After this time, the 

polymerization vials were transferred to a preheated oil bath at 30 oC and allowed to polymerize 

for 18 hours.  After this time the polymerization solution was transferred to a solution to 45 mL of 

diethyl ether in 50 ml conical tubes.  After vortexing the solution was centrifuged at 4200 rpm for 

5 minutes.  The ether solution was decanted and yellow polymer oil was diluted to a final volume 

of 25 mL in 0 .5 M phosphate buffer pH 7.4.  The aqueous solution was then dialyzed against 

deionized water at 5 oC using spectra/Por regenerated cellulose dialysis membranes (6-8 kDa 

cutoff) and then isolated by lyophilisation.  The lyophilized polymer was then redisolved in 

deionized water and then purified by double Sephedex G-25 prepacked PD10 columns according 

to the manufactures instructions. 

 

6.2.8 Synthesis of linear poly(mannose-co-CTM) 

Copolymerization of MEM and CTM in the presence of the trithiocarbonate-based RAFT 

agent CCC was conducted with an initial monomer [M]o:[CTA]o:[I]o ratio was 100:1:0.05 at an 

initial overall monomer concentration of 20 % m/v.  To a 5 mL conical bottom flask was added 

CCC (2.50 mg, 8.15 μmol), MEM (0.2 g, 0.684 mmol), CTM (0.1 g, 0.131 mmol), REMA (7.75 

mg, 13.1 μmol), V70 (0.125 mg, 0.408 μmol) as 100 μL of 1.25 mg mL-1 solution in dioxane, and 

1.2 mL of DMSO.  The polymerization solution was then septa-sealed purged with nitrogen for 30 

minutes. After this time, the polymerization vials were transferred to a preheated oil bath at 30 oC 

and allowed to polymerize for 18 hours.  After this time the polymerization solution was 

transferred to a solution to 45 mL of diethyl ether in 50 ml conical tubes.  After vortexing the 

solution was centrifuged at 4200 rpm for 5 minutes.  The ether solution was decanted and yellow 

polymer oil was diluted to a final volume of 25 mL in 0 .5 M phosphate buffer pH 7.4.  The aqueous 
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solution was then dialyzed against deionized water at 5 oC using spectra/Por regenerated cellulose 

dialysis membranes (6-8 kDa cutoff) and then isolated by lyophilisation.  The lyophilized polymer 

was then redisolved in deionized water and then purified by double Sephedex G-25 prepacked 

PD10 columns according to the manufactures instructions. 

 

6.2.9 Synthesis of linear poly(DMA-co-CTM) 

Copolymerization of DMA and CTM in the presence of the trithiocarbonate-based RAFT 

agent CCC was conducted with an initial monomer [M]o:[CTA]o:[I]o ratio was 100:1:0.05 at an 

initial overall monomer concentration of 20 % m/v. To a 5 mL conical bottom flask was added 

CCC (6.60 mg, 21.5 μmol), DMA (0.2 g, 2.02 mmol), CTM (0.1 g, 0.131 mmol), REMA (7.75 

mg, 13.1 μmol), V70 (0.331 mg, 1.07 μmol) as 100 μL of 3.31 mg mL-1 solution in dioxane, and 

1.2 mL of DMSO.  The polymerization solution was then septa-sealed purged with nitrogen for 30 

minutes. After this time, the polymerization vials were transferred to a preheated oil bath at 30 oC 

and allowed to polymerize for 18 hours.  After this time the polymerization solution was 

transferred to a solution to 45 mL of diethyl ether in 50 ml conical tubes.  After vortexing the 

solution was centrifuged at 4200 rpm for 5 minutes.  The ether solution was decanted and yellow 

polymer oil was diluted to a final volume of 25 mL in 0 .5 M phosphate buffer pH 7.4.  The aqueous 

solution was then dialyzed against deionized water at 5 oC using spectra/Por regenerated cellulose 

dialysis membranes (6-8 kDa cutoff) and then isolated by lyophilisation.  The lyophilized polymer 

was then redisolved in deionized water and then purified by double Sephedex G-25 prepacked 

PD10 columns according to the manufactures instructions. 

 

6.2.10 Gel Permeation Chromatography (GPC) 
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Absolute molecular weights and polydisperity indices were determined using using Tosoh 

SEC TSK-GEL -3000 and -e4000 columns (Tosoh Bioscience, Montgomeryville, PA) 

connected in series to an Agilent 1200 Series Liquid Chromatography System (Santa Clara, CA) 

and Wyatt Technology miniDAWN TREOS, 3 angle MALS light scattering instrument and 

Optilab TrEX, refractive index detector (Santa Barbara, CA). HPLC-grade DMF containing 0.1 

wt.% LiBr at 60 oC was used as the mobile phase for p(hECT), p(aECT), and poly(DMA) at a flow 

rate of 1 mL/min.  Copolymers containing mannose were evaluated in an aqueous eluent consisting 

of….. 

 

6.2.11 Dynamic Light Scattering 

Particle sizes of the polymers were measured by dynamic light scattering (DLS) using a 

Malvern Zetasizer Nano ZS. Lyophilized polymer was dissolved phosphate buffer saline (150 mM 

NaCl, 20 mM phosphates, pH 7.4), at a concentration of 1 mg mL-1. 

 

6.2.12 Transmission Electron Microscopy (TEM) 

A 1.0 mg mL-1 solution of the polymeric nanoparticles in deionized water was applied to 

carbon-coated copper grid for 30 min, then stained with 4% UA for 5 min and dried until analysis. 

The grid was stained with a 4% solution of uranyl acetate for 15 min and then dried until analysis. 

Transmission electron microscopy was performed on a Tecnai G2 F20, 200 kV scanning 

transmission electron microscope (S/TEM). The average particle size and circularity were 

determined using ImageJ by evaluating 100 separate nanoparticles.  

 

6.2.13 Polymer hydrolysis studies 
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The hydrolytic stability of poly(DMA) RSNs polymerized from p(hECT) and p(aECT) 

cores was evaluated at pH 4.8 and 7.4 in 150 mM acetate and phosphate buffer respectively.  

Polymers were dissolved in the buffers at a concentration of 25 mg mL-1and then incubated at 37 

oC for the appropriate time period.  Prior to analysis, a 200 μL aliquot was diluted into 800 μL of 

DMF.  The sample was analyzed directly via gel permeation chromatography as described above. 

 

6.2.14 Analysis of Cipro by high-performance liquid chromatography (HPLC) 

HPLC analysis of Cipro was carried out with an Agilent 1260 Quaternary HPLC Pump, 

Agilent 1260 Infinity Standard Automatic Sampler, Agilent 1260 Infinity Programmable 

Absorbance Detector, and Agilent ChemStation software for LC system (Palo Alto, CA). Both 

ciprofloxacin hydrochloride and liquid Sera Human from AB blood donor were purchased and 

used as received. The analyte was separated at ambient temperature using a Zorbax RX-C18 (4.6 

× 150 mm; 5 μm) analytical column (Agilent Technologies, CA).  

The UV detector was operated at 277 nm, and the mobile phase consisted of 2% aqueous 

acetic acid and acetonitrile (84:16) v/v, as described elsewhere. The flow rate was set at 1.0 mL 

min−1 and sample injection volume at 20 μL. A stock solution of Cipro was prepared in deionized 

water at 10 mg mL−1. Working solutions of Cipro for standard curves were diluted from stock 

solution using the mobile phase to the listed concentrations of 200 μg mL−1, 100 μg mL−1, 50 μg 

mL−1, 25 μg mL−1, 12.5 μg mL−1, 6.25 μg mL−1, 3.12 μg mL−1, and 1.56 μg mL−1. Each listed 

solution above was diluted with a 1:1 v/v ratio of either mobile phase:deionized water or mobile 

phase: human serum to create a final Cipro standards of 100 μg mL−1, 50 μg mL−1, 25 μg mL−1, 

12.5 μg mL−1, 6.25 μg mL−1, 3.12 μg mL−1, 1.56 μg mL−1, and 0.78 μg mL−1 for pharmaceutical 

and biological analysis, respectively. Both non-serum (mobile phase:deionized water) and serum 
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standards were subsequently treated with 50% acetonitrile (v/v) to promote protein precipitation. 

Serum standards were centrifuged at 12 000g for 15 minutes and supernatants were collected and 

filtered using a 0.45 μm low protein binding filter before HPLC analysis. Non-serum standards 

were analysed without the need for centrifugation. All standards were processed using a gradient 

HPLC elution profile, where the mobile phase transitioned to 100% acetonitrile over 15 minutes, 

followed by 10 minutes of column washing with acetonitrile and water and 5 minutes of 

equilibration with mobile phase.  

 

6.2.15 Drug release from polymeric prodrugs 

Drug release from polymeric prodrugs was carried out in serum at 37 °C at a polymer 

concentration of 6 mg mL−1. Sample time points were collected on a regular basis. Quantification 

of total ciprofloxacin in the polymeric prodrugs was measured by taking 6 mg mL−1 of polymer 

and dissolving it in 10% aq. H2SO4 for 48 h at 25 °C. The HPLC with a gradient elution profile 

was used to quantify amount of drug released using the same instrument parameters set forth for 

drug standards. A 1:1 dilution of serum sample to 2% aqueous acetic acid and acetonitrile (84:16) 

v/v was con- ducted, followed by another 1:1 dilution with acetonitrile. The resulting samples were 

vortexed and centrifuged at 12 000g for 15 minutes. Supernatants were collected and filtered using 

a 0.45 μm low protein-binding filter before running on the HPLC. 

 

6.2.16 In vitro uptake studies 

Experiments were conducted with MPI cells (passaged with 30 ng mL-1 murine GM-CSF) 

seeded at 200,000 cells/well. The cells were treated with 20 μg mL-1 of rhodamine labeled 

polymers (for 0.5 h, 2h, and 5h). To make sure equivalent fluorescence was dosed for all treatment 
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groups, standard curves were calculated as a function of polymer concentration. At each time point, 

the cells were collected, washed, and resuspended with cold PBS containing 0.2% fetal bovine 

serum (FBS) to remove unbound polymer. All samples were kept on ice and uptake/association 

was detected using the Y1 channel (rhodamine B).  

Statistical analysis was performed by Student’s paired t test. (*) denotes a P-value of b 

0.05. (**) denotes a P-vaue of b 0.005. Error bars are reported as SDs. All samples were performed 

in triplicate unless noted otherwise.  

 

6.2.17 Acute lung safety of ciprofloxacin delivery systems 

In order to determine the in vivo biocompatibility of the polymeric prodrugs after 

pulmonary administration, the lung toxicity of endotrachaelly delivered poly(MEM-co-CTM) 

RSNs were evaluated using the metrics of animal weight change, tumor necrosis factor alpha 

(TNF-α) concentration in lung tissue homogenate (LTH) and bronchoalveolar lavage fluid 

(BALF), and neutrophil infiltration into the lungs. Using an endotracheal microsprayer, 

copolymers were dosed at 20 mg/kg once every 24 hours for three-consecutive days. The data 

demonstrate no statistical differences (P ≤ 0.1) across all observed toxicity markers at either drug 

dose compared to phosphate buffered saline (PBS) controls.  

 

6.3 Results and discussion 

In these studies we desired to develop hydrophilic single polymer nanoparticle prodrugs 

that combine both the favorable uptake and circulation properties of nanoparticle-based systems 

with the higher drug release rates often observed for molecularly soluble polymeric prodrugs.  In 

order to achieve this objective RAFT transmers were first homopolymerized to yield a 
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hyperbranched polymer core containing multiple chain transfer agents (CTAs) from which linear 

polymeric prodrugs could then be grown using polymerizable prodrug monomers. As shown in 

Scheme 6.1, trithiocarbonate-based transmers containing cyanovaleric acid R-groups were 

employed in these studies because of the ability of these CTAs to effectively control the 

polymerization of methacrylate monomers while also allowing relatively high [CTA]o/[I]o ratios 

(e.g. 100:1) to be employed.  The latter consideration is important for minimizing star-star coupling 

during the second polymerization step.  The transmers shown in Scheme 6.1 also contain a 

polymerizable methacrylate residue covalently bound to the CTA by either an alkyl ester or an 

acetal linkage.  These linkages were hypothesized to yield hyperbranched cores that would degrade 

at different rates under aqueous conditions. 
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As shown in Fig. 6.1A, the alkly ester-linked transmer (hECT) was conjugated to the RAFT 

CTA via standard carbodiimide chemistry using a DMAP catalyst as described previously. In order 

to synthesize the acetal inked transmer (aECT) a two step synthesis was employed where the CTA 

was first esterified with ethylene glycol vinyl ether which was then reacted with hydroxyethyl 

methacrylate in the presence of an acid catalyst to yield the desired product.  Shown in Fig. 6.2B, 

is the 1H NMR confirming the formation of the desired acetal-linked transmer with labeled peaks 

SCHEME 6.1. Overall synthetic strategy for the synthesis of radiant star nanoparticle (RSN) and starburst 

nanoparticle (SBN) prodrugs via RAFT polymerization from homopolymerized transmer cores. 
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including the characteristic acetal CH and CH3 resonances at 1.1 and 4.5 respectively.   The 

resultant transmers were then homopolymerized in dry DMSO at 70 oC for 18 h using an initial 

transmer to initiator ratio of 20.  NMR analysis of the crude polymerization mixture indicated that 

these conditions led to quantitative conversion of the vinyl resonances at 6.1 and 5.2 ppm 

respectively (not shown).  Following purification, the resultant poly(hECT) and poly(aECT) cores 

were then analyzed using a combination of 1H NMR and GPC (Fig. 62A-C). Shown in Fig. 6.2A,B 

are the 1H spectra for the homopolymerized transmers with the resonances labeled.  Notably the 

peaks have broadened considerably relative to the low molecular weight precursors with the vinyl 

resonances and concurrent appearance of methylene and methyl resonances in the backbone 

region.  GPC analysis of poly(hECT) and poly(aECT) (Fig. 6.2C,D) show molecular weight 

distributions that are unimodal and symmetric with molar mass dispersities around 1.30.  The 

homo-polymerized transmers have relatively low molecular weights of 8700 Da and 9300 Da for 

the alkyl ester and acetal ester containing structures respectively. This corresponds to 

approximately 23 and 20 RAFT CTAs respectively per polymeric transmer core assuming a 

homogenous composition composed exclusively of the precursor transmers. 
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FIGURE 6.1. Fig. 1 (a) Synthetic scheme for the synthesis of alkyl ester (hECT) and acetal linked (aECT) RAFT 

transmers.  (b) 1H NMR spectrum conduct in D6 benzene for the acetal linked RAFT transmer aECT.  
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In order to prepare nanoparticle prodrugs from the homopolymerized transmer cores we 

first investigated the RAFT polymerization of a range of methacrylate and acrylamide based 

monomers (Fig. 6.3).  As can be seen in Fig. 6.3A,B, the RAFT polymerization of DMA from 

both transmer cores yields unimodal and symmetric molecular weight distributions that elute at 

much lower elution volumes.  In these polymerizations a [M]o[CTA]o:[I]o ratio of 200:1:0.05 was 

targeted resulting in molecular weights and molar mass dispersities of 364 000/1.32 and 275 

000/1.36 for the alkyl ester and acetal linked radiant star nanoparticles.  The effect of [M]o/[CTA]o 

at a fixed [CTA]o/[I]o of 0.05 was next evaluated.  As can be seen in Fig. 6.3D, a clean progression 

of molecular weights towards lower elution volumes is observed with increasing [M]o/[CTA]o 

suggesting the ability to prepare RSNs with different molecular weights simply by controlling the 

initial reaction stoichiometry.  In all cases the molecular weight distributions remained symmetric 

FIGURE 6.2. 1H NMR and molecular weight distributions for the poly(hECT) and poly(aECT) hyperbranched 

transmer cores synthesized via homopolymerization of hECT and aECT. 
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and unimodal with moderate molar mass dispersities around 1.45.  The ability to prepare 

methacrylate based RSNs was next evaluated by conducting RAFT polymerizations from the 

poly(hECT) core low molecular weight methacrylate monomers (HEMA and DMAEMA) and 

high molecular weight methacrylate monomers (PEGMA FWavg ~ 300 and 950).  As shown in Fig. 

6.3D,F, a higher degree of control was observed for the polymerization of the smaller methacrylate 

monomers DMAEMA and HEMA from the polymeric transmer core.  Here relatively narrow and 

symmetric molecular weight distributions were observed with molecular weight and molar mass 

dispersities of 186 300/1.39 and 401 400/1.57 respectively.  In contrast, the RAFT polymerization 

of the sterically bulky PEGMA monomers yielded somewhat asymmetric molecular weight 

distributions with the presence of a high molecular weight star-star coupling peak observed for 

both the O300 and O950 polymerizations.  Nonetheless minimal low molecular weight 

contamination was observed in these polymerizations suggesting that the PEGMA based RSNs 

might still prove to be versatile nanoparticle prodrugs despite the presence of some heterogeneity. 
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The hydrolytic stability of DMA-based RSNs derived from both the alkyl ester linked 

poly(hECT) and acetal poly(aECT) linked cores was evaluated.  Acetals have been shown to 

hydrolyzed rapidly under acidic conditions such as those found in the intracellular compartment 

of macrophages while polymeric alkyl ester remain more stable under these conditions.  Shown in 

Fig. 6.4A,B, are the GPC chromatograms for poly(DMA) polymerized from poly(hECT) and 

poly(aECT) cores.  Here the polymers were incubated at 37 oC in 150 mM acetate buffer at pH 5.0 

for the indicated time period before being diluted into DMF and analyzed via GPC.  As can be 

seen in Fig. 6.4A, an overlay of the molecular weight distributions for the alkyl ester linked RSN 

shows no visible change between the initial polymeric nanoparticle and those incubated in buffer 

for 30 days.  In contrast, a progressive degradation of the high molecular RSN is observed for the 

FIGURE 6.3. Molecular weight distributions for polymeric transmer cores as well as the corresponding RSN for 

(a) dimethyl acrylamide (DMA), (b) N,N-dimethylaminoethyl methacrylate (DMAEMA), (c) 2-hydroxyethyl 

methacrylate (HEMA), (d) polyethyleneglycol monomethyl ether methacrylate (FW~300 Da) (O300) and (e) 

polyethyleneglycol monomethyl ether methacrylate (FW~950 Da) (O950).  Molecular weight and molar mass 

dispersity values were determined to be:  poly(hECT) 8700:1.42, poly(aECT) 9300:1.43, DMA poly(hECT) 364 

000:1.32, DMA poly(aECT) 275 000:1.36, DMAEMA 186 300:1.39, HEMA 401 400:1.57, O300 1 743 000:3.40, 

O950 3 538 000:2.30.  Molecular weight distributions for poly(DMA) prepared from a poly(hECT) transmer core 

targeting a different degrees of polymerization.  Mn/molar mass dispersity: DP 50 = 83 000:1.39, DP 200 = 155 

400: 1.37, DP 400 = 525 900:1.26. 
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acetal linked RSN over the course of the 30 day incubation period.  Here the relatively broad RSN 

peak is seen to reduce in area with the appearance of a narrow lower molecular species that is 

consistent with linear polymers liberated from the central core following acetal hydrolysis.  The 

slower rate of acetal hydrolysis observed relative to low molecular weight acetal species is 

hypothesized to arise from the hydrophobic environment of the central core.  

 

 

 

Therapeutic RSN prodrugs were next synthesized, as shown in Scheme 6.2, by 

copolymerizing the ciprofloxacin prodrug monomer (CTM) with a hydrophilic mannose monomer 

(Man) from homopolymerized transmer cores containing either alkyl ester or acetal linkages.  

Phenyl ester linked prodrug polymerizable prodrug monomers were employed in these studies as 

we have shown previously that these species hydrolyze at significantly higher rates in human 

serum than the analogous alkyl ester analogue.  Indeed we have recently observed high cure rates 

for mice treated with phenyl ester linked ciprofloxacin based polymeric prodrugs while alkyl ester 

FIGURE 6.4. Molecular weight distributions for poly(DMA) polymerized from poly(hECT) and poly(aECT) 

transmer cores following incubation in pH 5.0 acetate buffer at 37 oC. 
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linked derivatives as well as the free ciprofloxacin controls show no protection against the 

completely lethal mouse model of Francisella tularensis infection.  The mannose comonomer 

employed in these polymerizations functions as a biocompatible hydrophilic stabilizer while also 

efficiently targeting alveolar macrophages where many pathogens such as Burkholderia 

pseudomallei and Francisella tularensis are known to reside.  Polymerizations were conducted 

with an initial mol fraction of CTM and Man of 16 % and 84 % (33 wt. % CTM) with an 

[M]o/[CTA]o and [CTA]o/:[I]o ratio of 100 and 0.05 respectively in DMSO. In order to suppress 

the reaction of the secondary amine present on ciprofloxacin with the polymeric chain transfer 

agents polymerizations were conducted at 30 oC.  In addition to these mannose based RSNs, 

materials containing DMA as the hydrophilic stabilizer as well as the analgous linear copolymers 

were also synthesized to serve as untargeted controls (vide infra). 

 Shown in Fig. 6.5A-D are the 1H NMR and molecular weight distributions for the 

poly(Man-co-CTM) and poly(DMA-co-CTM) RSNs respectively.  Resonances associated with 

residues from CTM as well as the respective Man and DMA comonomers can be clearly observed 

in Fig. 6.5A,D respectively.  Because of the complex nature of the poly(Man-co-CTM) spectrum, 

copolymer composition was determined by acid hydrolysis followed by reverse phase HPLC 

analysis of the release ciprofloxacin relative to standard curves for both materials.  Based on this 

analysis a molar copolymer composition of 20 % CTM / 80 % Man and 19.7 % CTM / DMA 80.3 

% was determined which is in relatively good agreement with the feed.  These values yield RSN 

prodrugs with 40 wt. % CTM (17.5 % ciprofloxacin drug) and 39 wt. % CTM (17 % ciprofloxacin 

drug).  Evaluation of the poly(Man-co-CTM) RSN via TEM (Fig. 6.5E) shows irregular structures 

that are consistent with the RSN morphology depicted in Scheme 6.2.  TEM analysis yields RSN 

diameters of approximately 20-30 nm, which is close to the 24.6 nm observed via DLS. 
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SCHEME 6.2. (a) Synthetic scheme for the preparation of mannose targeted RSNs prodrugs via direct RAFT 

copolymerization of glycan functionalize monomer (Man) with the phenyl ester linked ciprofloxacin monomer 

(CTM) from polymeric transmer cores.  (b)  Schematic illustration showing the mannose targeted RSN prodrug 

being internalized by alveolar macrophages following binding to the mannose receptor. 
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FIGURE 6.5. 1H NMR spectra in D6 DMSO for (a,b) poly(Man-co-CTM) and (c,d) poly(DMA-co-CTM) as well 

as the corresponding molecular weight distributions.   (e) Transmission electron microscopy images for a 

poly(Man-co-CTM) RSN. 
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Shown in Fig. 6.6 is the percent ciprofloxacin release as a function of time for polymeric 

prodrugs incubated in human serum.  In this study the rate of antibiotic released via cleavage of 

the phenyl ester-linked drugs was evaluated as a function of polymer architecture and hydrophilic 

comonomer.  Here the highest rates of ciprofloxacin release were observed for the poly(DMA-co-

CTM) and poly(Man-co-CTM), where the amount of the hydrophobic prodrug monomer in the 

copolymer was limited to approximately 33 wt. %.  This composition was observed to yield 

FIGURE 6.6. Ciprofloxacin release from polymers incubated in 100 % human serum at 37 oC. 
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copolymers that were easily dispersed in phosphate buffer at concentrations as high as 200 mg/mL 

with sizes that are consistent with molecularly dissolved unimers.  Comparable rates of drug 

release were observed for both the DMA and Man based copolymers where 50 % drug release was 

observed at 125 and 110 hours respectively.  In contrast ciprofloxacin release from poly(O950-b-

CTM), where the hydrophobic prodrug residues are localized in a discrete block copolymer 

segment, was observed to be quite slow with less than 4 % drug release over the same time period.  

This result is consistent with our previous studies, where molecularly soluble copolymers of CTM 

and polyethylene glycol methyl ether methacrylate (FW ~ 950 Da) (O950) showed considerably 

higher hydrolysis rates than those observed for diblock copolymers where the hydrophobic 

prodrug monomer was localized in the interior of micelles under aqueous conditions at pH 7.4.  

Evaluation of the DMA and mannose based RSNs show hydrolysis rates that are slower than the 

linear copolymers at similar compositions but significantly faster than the hydrolysis rates 

observed for diblock copolymer micelles.  For example, 31.4 hydrolysis was observed for the 

DMA based RSN polymerized from a poly(hECT) transmer following 120 h incubation in human 

serum.  The corresponds to 7.3 times more ciprofloxacin released than the poly(PEGMA-b-CTM) 

micelles and only 12.7 % less ciprofloxacin released than the linear copolymer. No dramatic 

difference in drug release rates were observed between RSN prodrugs prepared from alkyl ester 

and acetal cores.  This result likely arises from the slow rate of RSN degradation relative to the 

time scale of the hydrolysis experiment and moderately low differences in ciprofloxacin release 

between the linear and RSN prodrugs.  This finding also suggests that more hydrolytically unstable 

transmer linkages such as hemiacetal ester may provide further enhancements in drug release from 

RSNs. 
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Previously, we have shown that primary and immortalized macrophages show distinct 

differences in mannose receptor expression levels with the primary cells showing significantly 

higher levels of the receptor.  In order to evaluate the ability of the RSN prodrugs to target the 

macrophage mannose receptor, self-renewing, non-transformed MPI cells were first treated with 

30 ng/mL murine GM-CSF to induce macrophage differentiation. Functionally, these cells have 

been known to closely resemble alveolar macrophages more so than immortalized cell-lines.1   The 

cells were then treated with rhodamine B labeled poly(Man-co-CTM) and poly(DMA-co-CTM) 

RSNs as well as the analogous linear controls for 30, 60, and 120 minutes. To make sure equivalent 

fluorescence was dosed for all treatment groups, standard curves were produced as a function of 

polymer concentration.  Flow cyotmetry was then employed to evaluate the amount of 

fluorescence for each treatment group.  As shown in Fig. 6.7A, cells treated for 30 minutes show 

an initial but modest increase in fluorescence for both the linear and RSN containing mannose-

targeting groups (444 and 2037 respectively) while the untargeted materials show low fluorescence 

close to untreated controls.  Evaluation of the histograms following 120 minutes of treatment (Fig. 

6.7B) shows a significant increase in fluorescence for mannose-targeted RSN compared to the 

remaining treatment groups.  These differences were observed to be the most apparent at 300 

minutes (Fig. 6.7C) where the mannose targeted RSN prodrus showed approximately 6 times the 

fluorescence as the other treatment groups.  These results, which are plotted in Fig. 6.7D, suggest 

that the combination of mannose targeting groups with nanoparticle dimensions provide 

substantially enhanced macrophage binding relative to both mannose targeted linear copolymers 

and untargeted RSNs. 

In order to determine the in vivo biocompatibility of the RSN prodrugs following 

pulmonary administration, the lung toxicity of endotracheally delivered poly(Man-co-CTM) 
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prepared from a poly(hECT) transmer core was evaluated using the metrics of animal weight 

change (Fig. 6.7E), tumor necrosis factor alpha (TNF-α) (Fig. 6.7F), concentration in lung tissue 

homogenate (LTH) (Fig. 6.7G) and bronchoalveolar lavage fluid (BALF) (Fig. 6.7H), and 

neutrophil infiltration into the lungs.  Here mice were dosed with the RSN at 20 mg/kg 

ciprofloxacin once every 24 h for three-consecutive days. These data demonstrate no statistical 

differences (P ≤ 0.1) across all observed toxicity markers at either drug dose for the poly(Man-co-

CTM) RSN prodrug compared to PBS controls. As shown in Fig. 6.7D-G, three consecutive doses 

resulted in lavage fluids containing 5.7 ± 1.8 % neutrophils, respectively, whereas PBS controls 

exhibited 3.7 ± 7.0 % neutrophils. Similarly, TNF-α concentrations in both the LTH and BALF 

remained low and comparable to PBS control administrations.  

 

 

 

 

FIGURE 6.7. (a-d) Flow cytometry studies conducted in IL4 transformed RAW264.7 cells comparing the cell 

binding properties of mannose-targed and untargeted RSN prodrugs as well as the linear controls.  (e-h) 

Pulmonary toxicity of endotracheally delivered poly(Man-co-CTM) RSN prodrugs dosed at 20 mg/kg 

ciprofloxacin every 24 h over three- consecutive days.  
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6.4 Conclusion 

Homopolymerization of alkyl ester and acetal linked transmers yielded hyperbranched 

polymer cores with relatively low molecular weights and unimodal molecular weight distributions.  

Subsequent RAFT copolymerizations from the hyperbranched transmer cores enabled the 

synthesis of RSNs with high molecular weights, symmetric molecular weight distributions, and 

low amounts of homopolymer impurity.  Hydrolysis studies conducted in acetate buffer from the 

alkyl ester and acetal linked cores demonstrated the high aqueous stability of the former while the 

latter showed a progressive degradation into unimeric species over the same period.  Drug release 

studies conducted directly in 100 % human serum showed that the RSN prodrugs provided a 

substantial increase in ciprofloxacin release relative to diblock copolymer micelles with only a 

modest reduction in release relative to linear copolymer controls.  Flow cytometry studies 

conducted in RAW264.7 cells induced to express the mannose receptor show significantly higher 

levels of cell binding for mannose-targeted RSN prodrugs relative to untargeted RSNs as well as 

both targeted and untargeted linear control polymers.  In vivo biocompatibility studies showed no 

statistical differences between mice treated with mannose-targeted RSNs and phosphate buffer 

negative control mice.  These results taken together suggest that RSNs provide a promising and 

simple strategy for preparing biocompatible nanoparticle prodrugs with enhanced drug release and 

receptor binding properties. 
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