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Summary 

The utility of Ring Opening Metathesis Polymerization (ROMP) is explored in the context of aerosolized 
pulmonary drug delivery. A poly(oxanorbornene) random copolymer loaded with the fluoroquinolone antibiotic, 
Ciprofloxacin, and sulfobetaine pendant groups (P1) is synthesized to target intracellular Burkholderia pseudo-
mallei, the causative agent of respiratory meliodosis and an attractive candidate for bioterrorism. This system is 
compared to a previoulsy reported Reversible Addition-Fragmentation Chain-Transfer Polymerization (RAFT) 
synthesized poly(methacrylate) random copolymer loaded with Ciprofloxacin and PEG pendant groups (P2). In 

both cases, Ciprofloxacin is conjugated to the polymer via a labile phenolic ester linkage. However, we expect the 
enhanced hydration of the hydrophillic poly(oxanorbornene) backbone of P1 to encourage hydrolytic cleavage of 
the drug to a greater extent than the hydrophobic P2 poly(methacrylate) backbone. Substitution of the P2 PEG 

moiety with a sulfobetaine pendant is predicted to enhance intracellular targeting due to the betaine's affinity for 
the plasma membrane.

 
Control over the antibiotic release rate and target will allow for more precise, effective 

treatment of respiratory meliodosis and other pulmonary infections caused by intracellular bacterial pathogens. 
Additionally, this work will inform future design of aerosolized polymers for pulmonary drug delivery by elucidating 
distinct advantages/disadvantages associated with the polymerization approach (ROMP v. RAFT), pendant group 
chemistry (PEG v. betaines) and backbone properties (poly(oxanorbornene) v. poly(methacrylate)) of aerosolized 
systems. 

Introduction 

Burkholderia pseudomallei is a particularly non-fastidious, soil-dwelling bacterium endemic in Southeast Asia and 
Northern Australia.

[1] [2] 
When inhaled, the bacterium can localize in the lung, causing respiratory meliodosis, an 

infectious disease clinically presented most commonly by pneumonia.
[3] 

 Treatment of meliodosis is still largely un-
optimized, with mortality reaching 40% even with treatment.

 
Unsettlingly, this clinical shortcoming, together with 

the bacterium's capacity for latency, make Burkholderia pseudomallei an attractive candidate in bioterrorism.
[4]

 

Optimization of pulmonary antibiotic delivery could significantly shrink disease regression rates following 
treatment and diminish Burkholderia pseudomallei's utility in biological warfare.

[4] 
Polymeric carriers have proved 

widely successful in optimizing antibiotic targeting, water solubility, pharmacokinetics, stimuli-responsiveness, 
biodistribution, and biocompatibility in previous studies.

[5] 
Recently, Das and colleagues demonstrated tunable 

release rates for Reversible Addition-Fragmentation chain-Transfer (RAFT) polymerized prodrug monomers of the 
fluoroquinolone, Ciprofloxacin (Cip). The lung-targeted poly(methacrylate) copolymers with Cip and polyethylene 
glycol (PEG) pendant groups demonstrated successful bactericidal activity against Burkholderia thailandensis in a 
bacteria-macrophage co-culture model of meliodosis, while remaining nontoxic up to 20 mg mL

-1
.
[4]

  

Like RAFT, Ring Opening Metathesis Polymerization (ROMP) is a widely-used approach to industrial-scale living 
polymerization known for its compatibility with organic and protic solvents, high degree of functional group 
tolerance, mild conditions, and readily synthesized, commercially available alkylidene initiators.

[6] 
Moreover, 

ROMP polymers are characterized by high degrees of drug loading, absolute linearity, utility in forming controlled 
architectures, monodispersity, stereoregularity, good biocompatibility and targeting abilities.

 
The mechanism by 

which ROMP proceeds concerns the redistribution of highly strained cyclic olefins, driven by enthalpy release.
 

[Figure 1]
 [7] [8] [9]

 

 

 

 

 

Figure 1. Simplified mechanism of Ring Opening Metathesis Polymerization (ROMP). A is metal alkylidene catalyst. B is 
substituted or un-substituted cyclic olefin with ring strain >5 kcal/mol, e.g. cyclobutene, cyclopentene, cis-
cyclooctene, or norbornene.

 [8] 

Industrial applications of ROMP have rapidly arisen over the past two decades, with ROMP polymerized materials 
being employed in the manufacture of wind turbines (Telene, Metton, Pentam, Proxima), tires (Norsorex), camera 
lenses and prisms (Zeonex, Zeonor, Arton), candles (Nature Wax), asphalt modifiers and rubber viscosity 
reducers (Vestenamer) and other products.

[10] 
ROMP's utility in the biomedical and pharmaceutical spheres has 

also been noted, namely for the relative ease with which polymers of narrow dispersity, complex architecture, 
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diverse functional groups and high drug loading capacity can be synthesized under mild conditions.
[9] 

Distinct 
physical and chemical properties of poly(norbornene)s make ROMP polymers advantageous in many biomedical 
contexts as compared to their RAFT poly(methacrylate) analogs. Among these advantages are superior thermal 
stability, flexibility, hydrophilicity, anti-fouling character, mechanical durability, optical transparency, and reduced 
permittivity.

[10] [11] [12] [13] 
Moreover, RAFT monomers are limited to 1-substituted and 1,1-disubstituded substrates; 

in poly(methacrylate)s, this has been shown to induce aggregation of adjacent pendant groups, resulting in 
generally undesirable crystalline domains. 

[12] [13] [14] 

Achieving non-hydrolyzable conjugation of pharmaceutically inert pendant groups, such as solubilizing and 
targeting functionalities, to the polymer backbone is synthetically simple via ROMP given the wide variety of 
readily obtainable norbornene derivatives.

[11] 
Contrarily, robust methacrylate linkages tend to be more 

synthetically laborious, and are thus often substituted with labile ester bonds, even when in vivo hydrolysis is not 
desired.

 
Recently, carbo-, phospho- and sulfobetaines have arisen as an attractive class of stimuli-responsive 

solubilizing agents.
[12] [13] 

Unlike net charged moieties, betaines are characterized by excellent biocompatibility, 
likely due to their resemblance to endogenous zwitterions such as amino acids and phosphatidylcholines (PCs). 
Consequential of this resemblance, betaine loaded polymers serve as promising candidates for intracellular drug 
delivery due to their affinity for the lipid bilayer. In a pulmonary context, betaines such as 
dipalmitoylphosphatidylcholine are also known to behave as surfactants.

 [14]
 

In this work we explore the synthesis and ROMP copolymerization of Cip prodrug monomers with sulfobetaine 
functionalized oxanorbornenes, which, unlike their carboxy-counterparts are known not to influence ROMP 
kinetics.

[13] 
Cip is coupled to the polymer via a labile phenolic ester linkage resembling that employed in the P2 

system previously described. We expect the system in development to result in both more precise intracelullar 
targeting capacity–– due to the presence of the sulfobetaine moiety–– and more a rapid Cip release profile–– on 
account of the poly(oxanorbornene) hydrophillicity–– compared to the previoulsy reported RAFT system.

 [4]
 

Experimental  

Materials  

All materials were purchased from Sigma Aldrich.  

Synthesis of 7-(4-(tert-Butoxycarbonyl)piperazin-1-yl)-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-
carboxylic acid. (1a)

 

1a was synthesized via methods previously described.
[4] 

An additional ether precipitation was employed for further 

purification. Yield = 12.57 g (96.48%). 
1
H NMR (400 MHz, CDCl3 δ 1.29 (m, 2H), 1.39 (m, 2H), 1.51 (m, 51), 3.31 

(t, 4H), 3.56 (m, 1H), 3.68 (t, 4H), 7.36 (d, 2H), 7.99 (d, 1H), 8.74 (s, 1H). 
 

Synthesis of 2-(4-hydroxybenzyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione. (1b) 

1b was synthesized by allowing exo-7-oxanorbornene-5,6-dicarboxylic anhydride, 4-hydroxybenzylamine, and 
triethylamine (1:1:1 molar ratio) to stir at RT in ethanol overnight. Purification of product, 1b, was achieved via 

Amberlite IR-120 ion exchange chromatography in a mobile phase of 0.5 N Sodium Borate buffer solution.  The 
product could be visualized via thin layer chromatography. (80:20 v/v MeOH: Acetic Acid) Successful synthesis 
was confirmed via liquid chromatography-mass spectrometry. (m/z: 271.1) 

Synthesis of 4-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)methyl)phenyl 7-(4-(tert-
butoxycarbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate. (1c) 

Synthesis of 1c is currently underway. Various explored synthetic routes are reported in scheme 1.  

Synthesis of exo-[2-(3,5-Dioxo-10-oxa-4-azatricyclo[5.2.1.0]-dec-8-en-4-yl]dimethylpropylsulfobetaine. (2a) 

2a was synthesized via previously described methods.
[16] [14] 

A final wash in excess tetrahydrofuran (THF) was 

performed to enhance purity. Yield = 4.9306g (65%). 
1
H NMR (400 MHz, D2O) δ 6.52 (2H, s), 5.24 (2H, s), 3.89 

(2H, t), 3.45 (12H, m), 2.88 (2H, t), 2.15 (2H, m). 

Results and Discussion  

Syntheses of 1a and 2a were achieved by methods formerly reported.
[4] [14] [16]

 Various synthetic approaches to 1c 
are under present investigation. (Scheme 1) Conditions were chosen as to maximize the reactivity of the 1a 

carboxylic acid while minimizing acidity as to protect the integrity of the BOC group.
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Scheme 1. Synthetic approaches to prodrug monomer synthesis. 
[17] [18] [19]

 

ROMP copolymerization will follow successful synthesis of 1c. (Figure 2)  

 

 

 

 

 

 

 

 

 

Figure 2: ROMP random copolymer synthesis. G3 is Grubb's Third Generation catalyst.TFE is 2,2,2-trifluoroethanol. 
Ethyl vinyl ether is used to quench the reaction. Black ribbon is exo-7-oxanorbornene-5,6-dicarboximide backbone. 
Blue spheres are Ciprofloxacin. Red hexagons are sulfobetaine pendant groups. Polymer morphology is presented in 
an aqueous environment. 

Due to the significantly lower MW of 2a as compared to the poly(ethylene glycol) methyl ether methacrylate 

solubilizing agent utilized in the RAFT system reported by Das et al., we expect our polymer to have a 
significantly higher drug loading capacity (wt %). (Figure 3) Drug release kinetics, serum protein binding affinity, 

and toxicity will be assessed and reported in due course. We predict more rapid Cip hydrolysis due to hydration of 
poly(oxanorbornene) backbone. With respect to serum binding affinity, we expect the ROMP polymer to resist 
adhesion of endogenous proteins due to the known antifouling character of both the sulfobetaine and 
poly(oxanorbornene).

[13] [14] [15]
 Finally, toxicity is not  anticipated given the well cited biocompatibility of betaines 

and poly(oxanorbornene) systems.
[12]

  

  

 

 

 

 

 

 

 

Figure 3. RAFT and ROMP polymer systems for intracellular pulmonary delivery of Cip. A is previously reported 
poly(methacrylate) based polymer synthesized via RAFT.

[4]
 B is poly(oxanorbornene) based polymer synthesized by 

ROMP, as described herein. B is predicted to present more rapid in vivo drug cleavage. 
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Conclusion 

ROMP was employed in the synthesis of a Cip-loaded poly(oxanorbornene) for the treatment of respiratory 
meliodosis. Pendant sulfobetaine functional groups were included to encourage optimal solubility, 
biocompatibility, and membrane penetration.

[13] [14] [16]
 Polymer characterization, release kinetics, serum binding 

affinity, toxicity, and pharmaceutical efficacy against a model pathogen, Burkholderia thailandensis were 
determined. These values were compared to those previously reported for the methacrylate-based RAFT polymer 
comprising phenolic ester drug linkages and solubilizing PEG pendant groups.

[4]
 The work performed herein is 

intended to inform future studies concerning pulmonary intracelullar delivery of antibiotics. The broad-spectrum 
therapeutic efficacy of Cip, including its particular clinical success against Pseudomonas aeruginosa, a leading 
cause of exacerbated morbidity in CF, bronchiectasis, and pneumonia, suggests possible wider applications of 
the system elucidated. Substitution of Cip with alternative fluoroquinolone antibiotics should also be facile given 
the highly comparable MWs, reactivities and logP values among class members.

[20]
 This is particularly valuable 

given the unique capacity of fluoroquinolones to treat intracellular pulmonary pathogens, where other popular 
antibiotic classes, such as aminoglycosides and β-lactams fail.

[21]
 Unfortunately, however, many of the same 

chemical characteristics that allow for fluoroquinolone intracellular pharmaceutical activity also encourage liver 
localization during systemic circulation. In fact, bioassays following oral administration of Cip reveal hepatic tissue 
to be more concentrated with the antibiotic than any other tissue.

[22]
 Further study of inhaled systems for 

pulmonary delivery is necessary to reduce fluoroquinolone toxicity and enhance therapeutic potency. This work 
will inform the development of future polymer systems for pulmonary drug delivery by elucidating distinct 
pros/cons associated with polymerization approach (ROMP v. RAFT), pendant group chemistry (PEG v. betaines) 
and backbone properties (poly(oxanorbornene) v. poly(methacrylate). 
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