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Abstract

Infections caused by bacterial biofilms are an emerging threat to human health. Conventional 

antibiotic therapies are ineffective against biofilms due to poor penetration of the extracellular 

polymeric substance (EPS) secreted by colonized bacteria, coupled with the rapidly growing 

number of antibiotic-resistant strains. Essential oils are promising natural antimicrobial agents, 

however poor solubility in biological conditions limits their applications against bacteria in both 

dispersed (planktonic) and biofilm settings. We report here an oil-in-water crosslinked polymeric 

nanocomposite (~250 nm) incorporating carvacrol oil that penetrates and eradicates multidrug-

resistant (MDR) biofilms. The therapeutic potential of these materials against challenging wound 

biofilm infections was demonstrated through specific killing of bacteria in a mammalian cell - 

biofilm co-culture wound model.
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Multidrug-resistant (MDR) bacterial infections are a rapidly emerging health challenge.1 

MDR bacterial infections are responsible for 700,000 deaths each year world-wide, with 

more than 10 million predicted deaths per year by 2050.2 A key threat is provided by biofilm 

infections3 of wounds and indwelling systems such as catheters,4 joint prosthesis,5 and other 

medical implants.6 Biofilms secrete extracellular polymeric substance7 (EPS), acting as a 

protective barrier against antibiotics and limiting the efficacy of drugs including 

vancomycin,8 teicoplanin,9 and colistin10 deemed as, “drugs of last resort”. Excising 

infected tissues/implants11 and long-term antibiotic therapy12 are currently the best 

treatments for combatting biofilm-based infections but these invasive approaches have 

obvious limitations, including patient suffering and inconvenience and extensive health care 

costs.13

Phytochemical14,15 extracts from plants are responsible for their self-defense against 

microbial agents,16 making them promising tools to combat MDR bacteria.17 These 

essential oils are of particular interest as “green” antimicrobial agents18 due to their low 

cost,19 biocompatibility,20,21 and potential anti-biofilm properties.22 Previous studies have 

demonstrated that many essential oils are cytotoxic towards pathogenic bacteria,23,24 

however poor solubility25 and stability26 in aqueous media has substantially limited their 

therapeutic application. Essential oils can be encapsulated into surfactant-27 and 

nanoparticle-stabilized28 colloidal delivery vehicles to enhance their aqueous stability and 

antimicrobial activity against bacteria with applications in food and beverage industries.29 

However, these carriers can be colloidally unstable,30 significantly impairing practical use, 

particularly in complex media such as serum.

We hypothesized that using a polymer-stabilized essential oil platform would enable us to 

generate nano-sized emulsions to improve the delivery of the payload,31 and to increase its 

stability32 by incorporating crosslinking strategies. Herein, we report an essential oil-in-

water crosslinked polymer nanocomposite (X-NC) for the treatment of bacterial biofilms 

(Scheme 1). These nanocomposites exhibit high stability in storage (Supporting Information 

Figure S1) and serum, and rapidly penetrate into biofilms as evidenced by confocal 

experiments. Most importantly, X-NCs efficiently eradicate multiple pathogenic biofilms 

including methicillin-resistant Staphylococcus aureus (MRSA). The therapeutic potential of 

this system demonstrated using a fibroblast-biofilm co-culture wound infection model that 

demonstrated essentially complete elimination of bacteria while maintaining high fibroblast 

cell viability.

Results and Discussion

Generation and Characterization of Nanocomposites

Poly(oxanorborneneimide) polymers (PONIs) were used to stabilize and crosslink the 

essential oil nanocomposites, providing a well-controlled,33 easily modulated,34 and scalable 
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platform.35 PONI was designed using three components. First, incorporating amines onto 

PONI would enable fast reactions with crosslinkable electrophiles loaded into the oil core as 

PONI approaches the oil interface. The commercially available poly(maleic anhydride-alt-

octadecene (p-MA-alt-OD) was chosen as the electrophile to ensure effective crosslinking.
36 Second, guanidinium moieties were added to enable binding with bacterial membranes37 

along with charge neutralization with the carboxylates released from the anhydrides,38 

enabling PONIs to partition further into the oil phase for further amidation reactions. Finally, 

tetraethylene glycol monomethyl ether (TEG-ME) groups can impart further amphiphilicity, 

ensuring PONIs are water-soluble yet can partition into the oil. Therefore, we synthesized a 

copolymer PONI bearing guanidine, amine, and TEG-ME units (PONI-GAT) at a 35-35-30 

monomer ratio respectively (Supporting Information – Synthesis of PONI-GAT).

PONI-GAT, carvacrol oil and p-MA-alt-OD were used to generate antimicrobial 

nanocomposites. Nanocomposites were created by emulsifying carvacrol oil loaded with p-
MA-alt-OD or carvacrol only (non-crosslinked control) into water adjusted to a pH of 10 

containing PONI-GAT (The pH was adjusted to ensure nucleophilicity of the amines on 

PONI-GAT). Upon emulsification, PONI-GAT partitions to the oil-water interface to 

initially stabilize the carvacrol oil droplets and with p-MA-alt-OD present, crosslinking 

further stabilizes the oil droplets in water. Multiple formulations of PONI-GAT and p-MA-
alt-OD were tried to generate the smallest and most stable formulation. With a final PONI-
GAT concentration of 6 μM and 10 wt% of p-MA-alt-OD, nanocomposites (10 wt% X-

NCs) of ~250nm were generated, as shown by transmission electron microscopy (TEM) and 

dynamic light scatter (DLS). Furthermore, the surface charge of nanocomposites was 

determined by zeta potential studies (Supporting Information S4) showing an overall 

negative charge resulting from the crosslinking reaction between amines and anhydrides, 

generating carboxylates and imparting negative charge at the oil-water interface.

Further characterization of the generated emulsions was performed with confocal 

microscopy. We hypothesized that reacting PONI-GAT with p-MA-alt-OD would change 

its inherent hydrophobicity and enhance its partitioning within the oil. To test this 

hypothesis, tetramethylrhodamine-5-isothiocyanate (TRITC, red fluorescence) was 

conjugated to PONI-GAT while 3,3-Dioctadecyloxacarbocyanine (DiO, green fluorescence) 

was loaded within the oil. In addition, the formulation was modulated to generate micron-

sized emulsions so that confocal experiments could be performed. As shown in Figure 1a, 

both green and red fluorescence was co-localized within the oil, indicating a composite 

morphology.

After characterizing the physical properties of the nanocomposite, chemical properties 

within the composite structure were characterized using FTIR and fluorescamine assays. 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) indicated 

complete loss of anhydrides and formation of amides/carboxylates after nanocomposite 

fabrication (Supporting Information S5). To further explore the crosslinking, a 

fluorescamine assay39 (Figure 1b) was performed to identify the progression of the reaction 

between amines on PONI-GAT and the anhydrides on p-MA-alt-OD.40 PONI-GAT was 

used to generate a calibration curve relating to the polymer concentration and the respective 

fluorescence generated from the assay (Supporting Information S6). We expected that as the 
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p-MA-alt-OD wt% increases within the oil, more amines will react, and the overall 

fluorescence generated from fluorescamine will decrease. The results show that a substantial 

reduction in amines on PONI-GAT occurs as p-MA-alt-OD wt% increases, with almost 

complete conversion at 10 wt%.

X-NCs Penetration into Biofilms

Effective treatment of biofilms requires penetration of antimicrobial agents into the film.41 

We next probed the ability of X-NCs to penetrate into biofilms. X-NCs loaded with DiO 

within the oil were used to track their delivery into biofilms formed by red fluorescent 

protein (RFP) expressing Escherichia coli. As shown in Figure 2, the X-NCs diffuse into the 

biofilm matrix and efficiently disperse throughout the biofilm, co-localizing with the 

bacteria. This data supports X-NCs deliver their payload and that the oil core and 

nanocomposite fabrication strategy are operative for effective delivery.

Antimicrobial Activity of X-NCs Against Biofilms

Next, we investigated the therapeutic efficacy of the X-NCs against multiple Gram positive 

and negative biofilms. Four pathogenic bacterial strains of clinical isolates, Pseudomonas 

aeruginosa (CD-1006), Staphylococcus aureus (CD-489, a methicillin-resistant strain), 

Escherichia coli (CD-2), and Enterobacter cloacae (E. cloacae, CD-1412) complex were 

chosen to test our system. As shown in Figure 3, X-NCs were able to effectively kill 

bacterial cells in all four biofilms within three hours. The individual components used to 

generate the nanocomposites were used as controls and they showed minimal toxicity to 

biofilms indicating that the combination of all components to generate X-NCs is critical for 

maximum therapeutic efficiency. Notably, X-NCs are able to effectively treat both Gram 

negative (E. coli, P. aeruginosa, and E. cloacae complex) and Gram positive (S. aureus) 

bacteria, demonstrating the broad spectrum activity of X-NCs.

Eradication of Biofilms in a Co-culture Model

Treatment of bacterial infections on human tissues and organs is even more challenging and 

relevant for medical applications. Biofilm infections associated with wounds and indwelling 

implants interfere with the host’s ability to regenerate damaged tissue.42 In particular, 

fibroblasts play an important role during wound healing by aiding to close the area and 

rebuild necessary extracellular matrix within the skin.43 We used an in vitro co-culture 

model comprised of mammalian fibroblasts cells with a biofilm grown over them. P. 

aeruginosa bacteria were seeded with a confluent NIH 3T3 fibroblast cell monolayer 

overnight to generate biofilms prior to X-NCs treatment. The co-cultures were treated with 

X-NCs for three hours, washed, and the viabilities of both bacteria and fibroblasts were 

determined. As shown in Figure 4, X-NCs effectively treated the biofilm infection while 3T3 

fibroblast viability was largely unaffected. A four-fold log reduction (~99.5%) in biofilm 

colonies was obtained at 15 v/v% of X-NC emulsion.

Serum Stability of X-NCs

Nanoemulsion stability in serum media is critical for its application both topically and 

systemically.44,45,46,47 Negatively charged serum proteins can bind onto delivery vehicles, 
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forming a corona which can significantly alter their biological identity.48,49 Our crosslinked 

nanocomposite vehicle which bears a negatively charged surface should be resistant to 

serum protein adsorption. X-NCs were incubated with 10% serum media for two days and 

analyzed using DLS. As shown in Figure 5a, 10 wt% X-NCs showed stability with no 

evidence of destabilization/aggregation. As a control, non-crosslinked analogs using the 

same formulation minus p-MA-alt-OD showed no stability in serum (Supporting 

Information – S2). In addition, DiO was loaded into both crosslinked nanocomposites and 

non-crosslinked analogs and incubated in serum for one hour. Destabilization of the non-

crosslinked analog would result in leakage and quenched fluorescence of the loaded dye.50 

Figure 5b shows that DiO maintains its fluorescence within the X-NCs while its non-

crosslinked analog shows no fluorescence, further supporting the stability of X-NCs in 

serum conditions.

Conclusion

In summary, we report the fabrication of a polymer-stabilized oil-in-water nanocomposite 

that demonstrates high therapeutic activity towards pathogenic biofilms. These 

nanocomposites show good stability in serum and can effectively penetrate throughout 

biofilms. Furthermore, specific elimination of a biofilm infection while maintaining 

fibroblast viability in an in vitro co-culture was observed. The polymer-based crosslinked 

essential oil-in-water nanoemulsion strategy we present is a promising antimicrobial 

platform, opening new applications to treat wound biofilms and other biofilm-based 

infections. Given the limited capabilities of current topical therapeutics, we envision these 

nanocomposites as powerful new tools for skin-associated infections. Going further, the 

efficacy and modularity of this system will enable the use of essential oil-based composites 

as antimicrobial additives for foods and beverages. Finally, due to their unique mechanism 

of action, these stabilized essential oil emulsions can provide a long-term solution to the ever 

increasing danger of antibiotic resistance.

Materials and Methods

All reagents and materials were purchased from Fisher Scientific and used as received. 

NIH-3T3 cells (ATCC CRL-1658) were purchased from ATCC. Dulbecco’s Modified 

Eagle’s Medium (DMEM) (DMEM; ATCC 30-2002) and fetal bovine serum (Fisher 

Scientific, SH3007103) were used in cell culture. Pierce LDH Cytotoxicity Assay Kit was 

purchased from Fisher Scientific.

Synthesis of PONI-GAT

Synthesis can be found under Supporting Information – Synthesis of PONI-GAT.

Preparation of Nanocomposites

Stock nanocomposite solutions were prepared in 0.6 ml Eppendorf tubes. To prepare the 

stock X-NC emulsions, 3 μL of carvacrol oil (containing 10 wt% p-MA-alt-OD) was added 

to 497 μL of Milli-Q H2O (previously adjusted to a pH of 10) containing 6 μM of PONI-

GAT and emulsified in an amalgamator for 50 s. The non-crosslinked analogs were done in 
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the same fashion however without p-MA-alt-OD dissolved in carvacrol. The emulsions were 

allowed to rest overnight prior to use.

Fluorescamine Assay

The fluorescamine calibration curve was generated by mixing various concentrations of 

PONI-GAT with fluorescamine (dissolved in acetonitrile – 2.5 mg/ml, 50 μL aliquots) in 

phosphate buffer (PB – 5mM, pH = 7.4). The solutions were sonicated in the dark for 5 min, 

diluted with ethanol and their emission maxima at 470 nm analyzed. The percentage of 

amines remaining within the X-NCs at different wt% of p-MA-alt-OD was performed by 

diluting the stock emulsion solution by half. Afterwards, 450 μL of PB was added along 

with 50 μL of fluorescamine. The solutions were sonicated in the dark for 5 min, diluted 

with ethanol and their emission maxima at 470 nm analyzed.

Biofilm Formation

Bacteria were inoculated in LB broth at 37°C until stationary phase. The cultures were then 

harvested by centrifugation and washed with 0.85% sodium chloride solution three times. 

Concentrations of resuspended bacterial solution were determined by optical density 

measured at 600 nm. Seeding solutions were then made in M9 to reach OD600 of 0.1. 100 _L 

of the seeding solutions were added to each well of the microplate. M9 medium without 

bacteria was used as a negative control. The plates were covered and incubated at room 

temperature under static conditions for a desired period. Planktonic bacteria were removed 

by washing with PB saline three times.

Varied v/v % of X-NCs, made in M9 medium, were incubated with the biofilms for 3 h. 

Biofilms were washed with phosphate buffer saline (PBS) three times and viability was 

determined using an Alamar Blue assay. M9 medium without bacteria was used as a 

negative control.

Biofilm – 3T3 Fibroblast Cell Co-culture

Fibroblast-3T3 coculture was performed using the previously reported protocol.28 A total of 

20,000 NIH 3T3 (ATCC CRL-1658) cells were cultured in Dulbecco’s modified Eagle 

medium (DMEM; ATCC 30-2002) with 10% bovine calf serum and 1% antibiotics at 37°C 

in a humidified atmosphere of 5% CO2. Cells were kept for 24 hours to reach a confluent 

monolayer. Bacteria (P. aeruginosa) were inoculated and harvested as mentioned above. 

Afterwards, seeding solutions 108 cells/ml were inoculated in buffered DMEM 

supplemented with glucose. Old medium was removed from 3T3 cells followed by addition 

of 100 μL of seeding solution. The co-cultures were then stored in a box humidified with 

damp paper towels at 37°C overnight without shaking.

Nanocomposites and other control solutions were diluted in DMEM media prior to use to 

obtain desired testing concentrations. Old media was removed from co-culture and replaced 

with freshly prepared testing solutions and was incubated for 3 hours at 37°C. Co-cultures 

were then analyzed using a LDH cytotoxicity assay to determine mammalian cell viability 

using manufacturer’s instructions.51 To determine the bacteria viability in biofilms, the 

testing solutions were removed and co-cultures were washed with PBS. Fresh PBS was then 
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added to disperse remaining bacteria from biofilms in co-culture by sonication for 20 min 

and mixing with pipet. The solutions containing dispersed bacteria were then plated onto 

agar plates and colony forming units were counted after incubation at 37°C overnight.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Physical and chemical characterization of X-NCs. Confocal micrograph of a) crosslinked 

micron-sized composites. PONI-GAT was partially labeled with TRITC (red fluorescence) 

and the oil core is loaded with DiO (green fluorescence). PONI-GAT labeled with TRITC 

can be seen co-distributed with the hydrophobic core indicating a composite (as opposed to 

core-shel) morphology. b) Fluorescamine assay to determine the percentage of remaining 

amines on PONI-GAT after X-NCs formation.
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Figure 2. 
Confocal image stacks of E. coli DH5α biofilm after 3 h treatment with 10 wt% X-NCs. 

DiO was loaded into X-NCs to track them throughout the biofilm. The overlay shows X-

NCs completely penetrate the biofilm, co-localizing with bacteria that expresses red 

fluorescent protein. Scale bars are 30 μm.
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Figure 3. 
Viability of 1 day-old (a) E. coli (CD-2), (b) S. aureus (CD-489), (c) P. aeruginosa 

(CD-1006), and (d) E. cloacae complex (CD-1412) biofilms after 3 h treatment with 10 wt% 

X-NCs, carvacrol oil, and PONI-GAT at different emulsion concentrations (v/v % of 

emulsion). The results are an average of triplicates, and the error bars indicate the standard 

deviation.
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Figure 4. 
Viability of 3T3 fibroblast cells and P. aeruginosa biofilms in the fibroblast-biofilm co-

culture model after 3 h treatment with 10 wt% X-NCs at different emulsion concentrations 

(v/v % of emulsion). Scatters and lines represent 3T3 fibroblast cell viability. Bars represent 

log10 of colony forming units in biofilms. The results are an average of three runs and the 

error bars indicate the standard deviations.
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Figure 5. 
Stability of X-NCs in 10% fetal bovine serum (FBS). a) DLS histogram of 10 wt% X-NCs 

in 10% FBS after two days. Destabilization/aggregation of the X-NCs was not observed. b) 

Fluorescence spectra of loaded DiO in 10 wt% X-NCs and non-crosslinked analog. Serum 

proteins destabilizes the non-crosslinked analog, leaking out DiO, and quenching the 

fluorescence whereas X-NCs maintain fluorescence indicating stability. Excitation of DiO = 

490nm.
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Scheme 1. 
Strategy used to generate antimicrobial composites a) Carvacrol oil with dissolved p-MA-
alt-OD is emulsified with an aqueous solution containing the PONI-GAT polymer. The 

amines on PONI-GAT react with the anhydride units on p-MA-alt-OD. This crosslinking 

reaction simultaneously pulls PONI-GAT into the oil phase as the polymer becomes more 

hydrophobic, generating an oil-containing nanocomposite structure. b) TEM micrograph of 

X-NCs. Scalebar is 100 nm. c) Chemical structure of PONI-GAT. d) Chemical structure of 

p-MA-alt-OD. e) DLS histogram indicating the size distribution of X-NCs in phosphate 

buffer saline (150mM). f) Proposed mechanism of biofilm disruption.
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