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Abstract

The rapid emergence of antibiotic-resistant bacterial “superbugs” with concomitant treatment 

failure and high mortality rates presents a severe threat to global health. The superbug risk is 

further exacerbated by chronic infections generated from antibiotic-resistant biofilms that render 

them refractory to available treatments. We hypothesized that efficient antimicrobial agents could 

be generated through careful engineering of hydrophobic and cationic domains in a synthetic 

semi-rigid polymer scaffold, mirroring and amplifying attributes of antimicrobial peptides. We 

report the creation of polymeric nanoparticles with highly efficient antimicrobial properties. These 

nanoparticles eradicate biofilms with low toxicity to mammalian cells and feature unprecedented 

therapeutic indices against red blood cells. Most notably, bacterial resistance towards these 

nanoparticles was not observed after 20 serial passages, in stark contrast to clinically relevant 

antibiotics where significant resistance occurred after only a few passages.
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Introduction

Indiscriminate use of antibiotics in agricultural1 and medical fields2 has created multi-drug 

resistant (MDR) “superbugs” such as methicillin-resistant Staphylococcus aureus (MRSA) 

along with particularly refractory Gram-negative species that pose a serious threat to global 

health. Planktonic bacteria cause acute infections resulting in sepsis, with the threat further 

intensified by chronic infections from biofilms.3,4 Biofilm-associated infections frequently 

occur on medical implants and indwelling devices such as catheters, prosthesis and dental 

implants.5 Biofilm infections can also occur on or around dead tissues leading to 

endocarditis and chronic wound infections.6 These intractable infections are challenging due 

to the high resistance of these infections towards both host immune response and traditional 

antimicrobial therapies.7 Current biofilm treatment techniques require aggressive antibiotic 

therapy coupled with debridement of infected tissue.8 However, this standard regimen incurs 

high treatment costs and low patient compliance due to the invasive nature of the treatment.9 

The therapeutic challenge is exacerbated by the increasing number of antibiotic-resistant 

bacterial strains, further impairing the therapeutic effectiveness of existing antibiotics.10

Antimicrobial peptides (AMPs) have emerged as an alternative to conventional antibiotic 

therapy, exhibiting broad spectrum activity against antibiotic-resistant bacteria.11,12 AMPs 

have demonstrated high therapeutic indices (TI, selectivity towards bacterial cells calculated 

as HC50 (Hemolytic activity)/MIC) of ~900 and ~3,30013 against planktonic bacteria, 

however these α-helical peptides are susceptible to proteolytic degradation, reducing their 

efficacy.14,15 Hostdefense peptide mimicking synthetic polymers have recently been 

developed, demonstrating broad spectrum activity against microbes.16–20 However, high 

toxicity towards mammalian cells and red blood cells, resulting in moderate therapeutic 

indices 16,18–20 have impaired their practical applications in clinical settings. Low toxicity 

to mammalian cells, in particular red blood cells is critical for effective application of 

antimicrobials in or on patients.29,36 Limited studies have demonstrated synthetic polymers 

with improved therapeutic indices (~150–550),21–24 exhibiting the ability of these polymers 

to kill bacteria while causing minimal hemolysis of red blood cells. However, these 

polymers have focused on the treatment of planktonic microbes, overlooking the more drug-
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resistant biofilm counterparts. To the best of our knowledge, synthetic polymers exhibiting 

high biofilm efficacy while maintaining low toxicity towards mammalian cells have not been 

reported.

We report here engineered polymers that effectively eradicate pre-formed biofilms while 

maintaining high therapeutic indices (>1000) against red blood cells (RBCs). In the design 

of these materials we hypothesized that the therapeutic window of cationic polymers could 

be regulated by varying hydrophobic moieties, similar to the hydrophobic residues present in 

the active sites of antimicrobial peptides.25 To this end we synthesized a library of 

quaternary ammonium poly(oxanorborneneimides) possessing different degrees of 

hydrophobicity (Figure 1) and screened their antimicrobial and hemolytic activities. These 

polymers form 10–15 nm nanoparticles in aqueous solution, increasing their overall cationic 

charge and molecular mass. We observed that longer hydrophobic alkyl chains that bridge 

the cationic head group and polymer backbone greatly enhances toxicity against planktonic 

bacteria while maintaining low hemolytic activity towards RBCs (TI 1250–2500). These 

nanoparticles readily penetrate biofilms and eradicate pre-formed biofilms while still 

maintaining high TI (60–165). Polymeric NPs (PNPs) demonstrated a 6-fold log reduction in 

bacterial colonies with no mammalian cell toxicity when tested in a biofilm-mammalian cell 

coculture model. Notably, we observed that bacteria did not develop any resistance against 

PNPs even after 20 serial passages, in stark contrast to conventional antibiotics. Overall, our 

engineered polymeric nanoparticle platform shows strong potential as an infectious disease 

therapeutic and simultaneously provides a rational approach to design novel antimicrobials 

for sustainably combating bacterial infections.

Results and Discussions

Generation and Characterization of Polymer Nanoparticles.

Norbornene/oxanorbornene-based polymers feature conformational restrictions reminiscent 

of peptides, and amphiphilic cationic polymers with this backbone have shown promising 

antimicrobial properties.24,26 Additionally, the synthetic scalability provides a key 

advantage over antimicrobial peptides.27,28 The distribution of hydrophobic moieties on 

antimicrobial macromolecules plays a pivotal role in determining their bactericidal activity.

25,29 In particular, careful consideration of “amphiphilic balance”, i.e. distribution of 

cationic charge and hydrophobic moieties on the polymer are critical to ensure antimicrobial 

selectivity towards bacteria over mammalian cells.30 We explored this design space through 

a library of oxanorbornene polymers (Figure 1 a, 2a) with varying unbranched alkyl chains 

both bridging the cationic head group and the polymer backbone itself, allowing systematic 

determination of structure-antimicrobial efficacy relationships. We found that polymers 

containing a bridged C11 alkyl chain spontaneously self-assemble into cationic PNPs (~13 

nm) in aqueous solutions as confirmed by transmission electron microscopy (TEM, Figure 

1c, SI 2), dynamic light scattering (DLS, Figure 1c) and Förster resonance energy transfer 

(FRET) experiments (Figure 1d, Structural details of dyetagged polymer is in Figure S1, 

Supporting Information). These micellar structures formed at low polymer concentrations: 

dilution experiments of encapsulated Nile Red within P5 PNPs indicated a critical micelle 

concentration of < 2.5 µM (Figure S6, Supporting Information).31
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Antimicrobial Activity and Therapeutic Selectivity of PNPs Against Planktonic Bacteria.

The PNP library was screened for antimicrobial activity against an uropathogenic strain of 

Escherichia coli (CD-2), using broth dilution methods to evaluate their minimal inhibitory 

concentrations (MICs).32 We observed a 1000-fold increase in the antimicrobial activity of 

polymeric nanoparticles upon increasing the hydrophobicity of the alkyl chain bridging the 

backbone and cationic headgroup (Figure 1b). Polymers with shorter internal alkyl chains 

(P1-P4) displayed MICs of 64 µM, while analogs with more hydrophobic C11 chains (P5, 

P6) inhibited bacteria growth at 0.064 µM. We further extended the hydrophobicity on the 

cationic headgroup of the polymers and monitored the change in antimicrobial activity. We 

determined that the MICs of PNPs did not change significantly upon increasing the 

hydrophobicity at the cationic headgroup (Figure 2a). This result indicates that careful 

placement of local hydrophobic domains on polymer structure plays a crucial role in 

determining the antimicrobial activity of the polymer. Similar behavior has also been 

reported in antimicrobial peptides where the location of hydrophobic residues determines 

antimicrobial activity.33,34

After establishing antimicrobial efficacy, we performed cell toxicity assays on human 

fibroblast cell lines to determine the IC50 (half-maximal inhibitory concentration) of the 

most hydrophobic polymers (P5-P9) and evaluate their therapeutic selectivity.35 Therapeutic 

selectivity is defined as IC50/MIC that determines the ability of polymers to kill bacteria 

while causing minimal toxicity to mammalian cells. Polymer cytotoxicity towards 

fibroblasts increased with increasing hydrophobicity of the alkyl chain at cationic headgroup 

(Figure 2b). The least hydrophobic P5 showed an IC50 of 20.5 µM, yielding therapeutic 

selectivity of ~320. In contrast, the most hydrophobic counterparts (P6, P8 and P9) showed 

therapeutic selectivities of 78, 23 and 8 respectively. These results further indicate that 

careful placement of hydrophobic domains on polymer can regulate their toxicity towards 

mammalian cells. A related study has previously reported that colocalization of the charge 

and hydrophobic domains reduced the antibacterial effect, however dramatically reduced the 

chance of red blood cell hemolysis, thereby improving the overall selectivity of the system.
30 Hence, we concluded that P5 polymer with internally hydrophobic alkyl chains 

demonstrated highest antimicrobial activity with least cytotoxicity.

Next, we performed hemolysis assays on human RBCs with our most potent polymer P5 and 

calculated their HC50 (concentration that causes 50% lysis of RBCs) to determine their 

biocompatibility.36,37 MIC and HC50 values were used to calculate a therapeutic index (TI = 

HC50/MIC) of PNPs against planktonic bacteria. PNPs P5 with undecyl-bridging alkyl 

chains showed minimal hemolytic character (Figure 2c). The highest antimicrobial 

efficiency was observed with P5 PNPs, with an MIC of 64 nM (1.8 µg.ml−1) against E. coli. 
P5 PNPs showed little hemolytic character (HC50 >160 µM, 4700 µg.ml−1) providing an 

unprecedented therapeutic index of > 2500, 5-fold higher than previous polymer-based 

antimicrobials. Having established P5 PNPs are non-acutely toxic, we next investigated their 

chronic effects in relation to inflammatory cytokine responses from macrophage RAW 264.7 

cells (SI Figure 4a). P5 PNP concentrations up to 2 µM showed no significant toxicity or 

tumor necrosis factor alpha (TNF-α) cytokine expression (Figure 2d), suggesting in vitro 
immunocompatibility with mammalian immune cells.38
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We next tested P5 PNPs against multiple uropathogenic clinical isolates (Table 1) to 

establish their broad-spectrum activity. P5 PNPs suppressed bacterial proliferation at 

concentrations ranging from 64–128 nM (1.8 µg.ml−1 – 3.6 µg.ml−1), once again similar or 

lower to previously reported antimicrobial polymers. These polymers showed similar 

antimicrobial activity against 5 clinical isolates of E. coli with different susceptibilities to 

clinical antibiotics (resistant to 1–17 drugs, SI 11), indicating their ability to evade common 

mechanisms of bacterial resistance. Notably, engineered polymers were effective against 

clinical isolates of Gram-negative P. aeruginosa and E. cloacae complex. Similarly, Gram-

positive strains of S. aureus were susceptible to P5 PNPs including the highly virulent strain 

of methicillin-resistant S. aureus (MRSA).

Due to the highly cationic and hydrophobic nature of our PNPs, we hypothesized their 

activity arose from the disruption of bacterial cell membranes.39,40 This expectation was 

supported through staining with membrane-impermeable propidium iodide (PI) where only 

cells with compromised membranes generate red fluorescence.41,42 Pathogenic E. coli 
(CD-2), S. aureus (CD-489) and non-pathogenic P. aeruginosa (ATCC 19660) were treated 

with 1 µM of P5 PNPs for 3 hours at 37 °C and subsequently stained with PI before 

imaging. The confocal images (Figure 3b) clearly show that the PNPs generate substantial 

bacterial membrane disruption in all three species, regardless of membrane composition or 

pathogenicity.

Biofilm Penetration and Eradication by PNPs.

After establishing the efficacy of our NPs against bacterial “superbugs”, we tested their 

efficacy against the even more refractory bacterial biofilms. Bacteria in biofilms produce 

extracellular polymeric substance that provides a potent barrier against therapeutics.8 

Penetration and accumulation of therapeutics inside biofilms is crucial for effective therapy 

of these infections,43,44 so the ability of PNPs to penetrate biofilms was determined using 

confocal microscopy. We treated biofilms formed by E. coli expressing E2-Crimson (a red 

fluorescent protein) with P5 PNPs functionalized with Rhodamine-Green fluorescent dyes. 

As shown in Figure 3a, fluorescently labeled nanoparticles readily penetrated and dispersed 

throughout the biofilms (SI Figure S3), suggesting their ability to be an effective anti-biofilm 

agent.

Having established biofilm penetration, the therapeutic ability of P5 PNPs against pre-

formed bacterial biofilms was quantified. We chose a laboratory strain of P. aeruginosa 
(ATCC 19660) and 3 uropathogenic clinical isolates, P. aeruginosa (CD-1006), En. cloacae 
complex (CD-1412) and S. aureus (CD-489, a methicillin-resistant strain). As shown in 

Figure 4, P5 PNPs demonstrate minimum concentrations to eradicate 90% of biofilms 

(MBEC90) ranging from 1–3 µM, providing unprecedented therapeutic indices ranging from 

60–165 for biofilms (TI = HC50/MBEC90, Supporting Information Figure S5). Nanoparticles 

could treat both Gram-negative (P. aeruginosa, and En. cloacae complex) and Gram-positive 

(S. aureus) bacterial strains, further highlighting their broadspectrum activity against 

biofilms. Notably, P5 PNPs demonstrated similar efficacy in treating MDR (CD-489, 

CD-1412) and non-resistant strains (CD-1006, ATCC 19660), suggesting their value as a 

therapeutic alternative to traditional antibiotics.
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The ability to eradicate biofilms on biomedical surfaces such as medical implants and 

indwelling devices is a critical capability. However, treating biofilm infections on human 

tissues or organs is more challenging and relevant to medical settings.45 Biofilm infections 

on wounds significantly impair the healing process regulated by fibroblast skin cells.46

First, we investigated P5 PNPs compatibility with mammalian NIH 3T3 fibroblast cells at 

concentrations used to eradicate pre-formed biofilms, with no significant toxicity observed 

(SI Figure S4). We next used an in vitro coculture model comprised of mammalian fibroblast 

cells with bacterial biofilm overgrowth.47,48 In practice, P. aeruginosa bacteria were seeded 

on a confluent monolayer of NIH 3T3-fibroblast cells overnight to generate biofilms prior to 

treatment. The cocultures were treated with P5 PNPs for 3 hours, washed, and the viabilities 

of both bacteria and fibroblasts were determined. As shown in Figure 5a, a 4–6-fold log 

reduction (99.5%−99.99%) in bacterial colonies occurred at concentrations ranging from 

7.5–15 µM, while no substantial loss of fibroblast viability was observed in this 

concentration range.

Bacterial resistance development against antibiotics vs polymer nanoparticles.

Bacteria rapidly acquire resistance towards antibiotics and other antimicrobials, limiting 

their long-term efficacy. Given the membrane disruption mechanism used by the PNPs, 

development of resistance in bacteria would require dramatic changes in the bacterial 

phenotype.43,45 The ability of PNPs to evade resistance was tested by subjection of 

uropathogenic E. coli (CD-2) to multiple serial passages of sub-MIC (66% of MIC) 

concentrations of P5 PNPs. The resulting bacterial population was harvested, and its MIC 

was evaluated. As shown in Figure 5b, even at the 20th serial passage (~1,300 bacterial 

generations) of CD-2, there was no change in MIC. Similar experiments were conducted on 

ciprofloxacin (quinolone), ceftazidime (β-lactam) and tetracycline, clinically relevant 

antibiotics. Respectively, there was a 33,000, 4,200 and 256-fold increase in the MICs of 

antibiotics against CD-2 E. coli after only a few passages. Our polymeric nanoparticles 

evade resistance towards bacteria longer than previously reported polymer-based 

nanomaterials49 (~600 generations – A. baumannii FADDI-AB156) and comparable to a 

recently discovered novel antibiotic, teixobactin (~1,300 generations – S. aureus ATCC 

29213).50

Conclusion

We have designed and fabricated an effective polymer nanoparticle-based therapeutic 

platform to combat MDR bacterial and biofilm infections. Our research demonstrates the 

ability of these PNPs to modulate antimicrobial activity and therapeutic efficacy by 

structure-specific incorporation of hydrophobic and cationic moieties. These amphiphilic 

cationic PNPs demonstrate excellent efficiency in combating planktonic superbugs as well 

as their more drug-resistant biofilm counterparts. Their ability to penetrate and eradicate 

biofilms provides the foundation for a therapeutic strategy against biofilm infections that 

does not require debridement and extensive antimicrobial regimens. These PNPs function 

through a membrane disruption mechanism that strongly attenuates generation of tolerance 

or resistance. Taken together, PNP-based antimicrobial therapy has the potential to provide 
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an effective platform to combat bacterial infections while circumventing standard antibiotic 

resistance pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Molecular structures of a) oxanorbornene polymer derivatives. b) MIC values of polymer 

derivatives with different hydrophobic chain lengths. Log P represents the calculated 

hydrophobic values of each monomer c) Schematic representation depicting self-assembly 

of P5-homopolymers. Characterization of P5 PNPs using TEM imaging and DLS 

measurement. d) Graph for FRET experiments between P5-Rhodamine Green and P5-

TRITC indicating formation of polymeric NPs.
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Figure 2. 
a) Graph showing minimum inhibitory concentrations (MIC) and structure details of 

oxanorbornene derivatives with different hydrophobicity of the cationic headgroups. Log P 
represents the calculated hydrophobic values of each monomer. b) Graph showing toxicity of 

P5-P9 polymers against 3T3 Fibroblast cells indicating increase in cytotoxicity with 

increased hydrophobicity of the cationic headgroup. Selectivity towards bacteria as 

compared to mammalian cells is calculated as (IC50/MIC). c) Hemolytic activity of PNPs at 

different concentrations indicates their non-hemolytic behavior at relevant therapeutic 

concentrations. d) TNF-α secretion of Raw 264.7 cells in the presence of PNPs. 

Lipopolysaccharide (LPS) was used as a positive control.
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Figure 3. 
a) Representative 3D projection of confocal image stacks of E2-Crimson (Red Fluorescent 

Protein) expressing E. coli DH5α biofilm after 1 h treatment with P5-Rhodamine Green at 1 

µM concentration. The panels are projection at 0°, 60° and 90° angle turning along X axis. 

Scale bars are 30 μm. b) Confocal images of E. coli (CD-2), S. aureus (MRSA, CD-489) and 

P. aeruginosa (ATCC 19660) stained with Propidium Iodide (PI) after treatment with PNPs. 

Scale bars are 30 µm.

Gupta et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2019 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Viability of 1-day-old (a) P. aeruginosa (ATCC-19660), (b) P. aeruginosa (CD-1006), (c) S. 
aureus (CD-489), and (d) En. cloacae complex (CD-1412) biofilms after 3 h treatment with 

P5 PNPs. The data are average of triplicates, and the error bars indicate the standard 

deviations. TI is the therapeutic index relative to MBEC90 and hemolysis against red blood 

cells (HC50).
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Figure 5. 
a) Viability of 3T3 fibroblast cells and E. coli biofilms in the co-culture model after 3 h 

treatment with P5 PNPs. Scatters and lines represent 3T3 fibroblast cell viability. Bars 

represent log10 of colony forming units in biofilms. The data are average of triplicates and 

the error bars indicate the standard deviations. b) Resistance development during serial 

passaging in the presence of sub-MIC levels of antimicrobials. The y axis is the highest 
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concentration the cells grew in during passaging. The figure is representative of 3 

independent experiments.
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Table 1.

Minimum inhibitory concentrations and therapeutic indices of P5 PNPs against multiple uropathogenic 

clinical isolate bacterial strains. Therapeutic indices are calculated with respect to red blood cells.

Strain Species MIC (nM) TI (HC50/MIC)

CD-23 P, aeruginosa 64 ~2,500

CD-1006 P, aeruginosa 128 ~1,250

CD-489 S. aureus - MRSA 64 ~2,500

CD-2 E. coli 64 ~2,500

CD-3 E. coli 64 ~2,500

CD-19 E. coli 64 ~2,500

CD-549 E. coli 128 ~1,250

CD-496 E. coli 128 ~1,250

CD-866 E. cloacae complex 128 ~1,250

CD-1412 E. cloacae complex 128 ~1,250

CD-1545 E. cloacae complex 128 ~1,250
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