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Abstract

Bacterial biofilms are widely associated with persistent infections. High resistance to conventional
antibiotics and prevalent virulence makes eliminating these bacterial communities challenging
therapeutic targets. We describe here the fabrication of a nanoparticle-stabilized capsule with a
multicomponent core for the treatment of biofilms. The peppermint oil and cinnamaldehyde
combination that comprises the core of the capsules act as potent antimicrobial agents. An in situ
reaction at the oil/water interface between the nanoparticles and cinnamaldehyde structurally
augments the capsules to efficiently deliver the essential oil payloads, effectively eradicating
biofilms of clinically isolated pathogenic bacteria strains. In contrast to their antimicrobial action,
the capsules selectively promoted fibroblast proliferation in a mixed bacteria/mammalian cell
system making them promising for wound healing applications.
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Bacterial biofilms are highly resilient microbial assemblies that are difficult to eradicate.!
These robust biofilms frequently occur on synthetic implants and indwelling medical devices
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including urinary catheters,? arthro-prostheses,3 and dental implants.* Biofilm proliferation
can also occur on dead or living tissues, leading to endocarditis, otitis media,® and chronic
wounds.” The persistent infections and their concomitant diseases are challenging to treat, as
biofilms develop a high resistance to host immune responses and the extracellular polymeric
substances limit antibiotic penetration into biofilms.8: Current techniques to remove
biofilms on man-made surfaces include disinfecting the surface with bleach or other caustic
agents.10 Biofilms in biomedical contexts are very challenging, with therapies based on
excising infected tissues combined with long-term antibiotic therapy, incurring high health
care costs and low patient compliance due to the invasive treatment.1! This issue is
exacerbated by the exponential rise in antibiotic resistant bacteria.12

Phytochemicals have emerged as an promising alternative to traditional antimicrobials to
treat antibiotic resistant bacteria.1314 These essential oils and natural compounds are of
particular interest as “green” antimicrobial agents due to their low-cost, biocompatibility,
and potential anti-biofilm properties.1>16.17 The generally poor aqueous solubility and
stability of these oils has substantially limited their widespread application.1® Engineering
nanomaterials provides a potential platform to prevent payload degradation and to tune
molecular interactions with bacteria.19:20.21.22 previous reports have shown that
encapsulating essential oils into surfactant-stabilized colloidal delivery vehicles improves
their aqueous stability and increases the antimicrobial activity of small molecule
payloads.23:24.25 However, these carriers often induce adverse hemolytic or irritating effects
restricting their compatibility with biological tissues.28:27 Pickering emulsions provide an
analogous route to encapsulate hydrophobic molecules within a self-assembled colloidal
shell that is highly resistant to coalescence.?8:2% The multivalent nanoparticles embedded at
the oil/water interface can also be post-functionalized to create structurally diverse carriers
not achievable when using surfactant stabilized emulsions.30:31

Herein, we describe the fabrication of a multifunctional essential oil-based Pickering
emulsion for the treatment of bacterial biofilms. The self-assembly strategy relies on
hydrophobic phytochemicals playing both antimicrobial and structural roles for the drug
delivery vehicle. Peppermint oil droplets provide the main hydrophobic core template for
nanoparticle assembly. Dissolved cinnamaldehyde plays a dual role within the oil core by
covalently reacting with the nanoparticles at the interface to modify the shell of the capsules
from within and acting as a potent antimicrobial agent once delivered into the biofilm. These
microcapsules effectively eradicate both laboratory and pathogenic biofilms. The inclusion
of cinnamaldehyde also enhanced fibroblast proliferation32 promoting therapeutic behavior
of the capsules as demonstrated in an /n vitro co-culture model. This work presents a
versatile colloidal strategy for multicomponent essential oil formulations with potential use
as a general topical antimicrobial and disinfectant.

Results and Discussion

Generation and characterization of capsules

Silica nanoparticles (SiO, NPs) were chosen to stabilize the emulsions as they are
biocompatible, surface functionalization can be easily introduced, and their diameters can be
readily tuned.31:33:34 Control over the size of the precursor particles is especially important
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as nanomaterials smaller than 70 nm have been shown to readily penetrate the skin causing
detrimental side effects.3536:37 Therefore, we synthesized cationic amine-functionalized
SiO, NPs with an average diameter of ~150 nm. (Figure S1-3) Antimicrobial capsules were
generated using a Pickering emulsion template as shown in Scheme 1. Capsules were
created by emulsifying either peppermint oil or a mixture of cinnamaldehyde dissolved in
peppermint oil into MilliQ H,0O adjusted to a pH of 10 containing the nanoparticles. The
nanoparticles then self-assemble at the oil/water interface to stabilize the peppermint oil
droplets. Finally, surface amines on the nanoparticles react with the cinnamaldehyde within
the oil phase. Silica loadings in the aqueous phase were varied to determine the amount of
NP needed to minimize capsule dispersity. At loadings above of 1.2 wt. % SiO, NPs or
greater, capsules were found to have a minimum dispersity and therefore this amount was
chosen for all further studies. (Figure S4) It was also observed that capsules generated with
higher than 5 % v/v cinnamaldehyde (corresponding to 52-fold excess of cinnamaldehyde to
available amines on the nanoparticle surface) were unstable. (Figure S5) These peppermint
oil based capsules (P-Cap) and capsules containing 5 % v/v of cinnamaldehyde dissolved in
peppermint oil (CP-Cap) were found to have average diameters of 6.8 + 1.9 um and 6.7

+ 1.9 um, respectively. (Figure S6)

We used confocal microscopy, X-ray photoelectron spectroscopy (XPS), attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR), and contact angle
goniometry to probe the cinnamaldehyde-nanoparticle interaction. Reactive molecules
within the oil core of Pickering emulsions have been previously demonstrated to affect
capsule morphologies by modulating the hydrophobicity of the nanoparticles.38:39 To
determine if structural reorganization occurs with our mixed oil system, capsules were
generated using a Nile red loaded oil core and nanoparticles possessing cores labeled with
fluorescein isothiocyanate (FITC). As shown in Figure 1a, b, and S7, both capsules with and
without cinnamaldehyde possess core-shell morphologies. This result indicates that the 5 %
v/v loading of cinnamaldehyde into the peppermint oil does not alter the capsule structure.

We next used XPS and ATR-FTIR to elucidate the reactivity of the nanoparticles with the
dissolved cinnamaldehyde of the capsules. Prior to analysis, CP-Caps were disrupted with
ethanol, centrifuged, and lyophilized to remove any adsorbed cinnamaldehyde. The Schiff
base of 3-aminopropyltriethoxysilane and cinnamaldehyde was also synthesized for
comparison. (Figure S8) As shown in Figure 1c, the SiO, NPs showed two chemically
distinct species with a lower binding energy (BE) component at ca. 399.5 eV and a higher
BE component at ca. 401.8 eV. These correspond to amine (-NH-) and protonated amine
(NH3*) present on the surface of SiO, NPs that is consistent with previously reported
values.?? The N 1s spectra of CP-Cap shows three distinct chemical species. In addition to
the two N 1s BE components observed in the SiO, NPs, a new peak centered at ca. 400.1 eV
indicates the formation of an imine functional (-C=N-) group which corroborates well with
literature values.*! (Figure 1c) The N 1s spectra from the synthesized Schiff base (Figure
S9) showed a single chemically distinct N 1s species centered at ca. 400.2 eV, which
corresponds to the imine functional group (-C=N-).4! Similarly, the chemically distinct
species of the C 1s spectra obtained from CP-Cap matches well with the synthesized Schiff
base further providing evidence on the covalent linkage of the amine and cinnamaldehyde
(Figure S9). Additionally, the Si 2p and O 1s peak shows typical BEs centered at ca. 103.2
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eV and 532.6 eV, respectively that matches with reported values for SiO, NPs (Figure S6).42
ATR-FTIR analysis further supported the formation of the cinnamaldehyde Schiff base
(Figure S10).

An /in situ covalent reaction of the primary amine groups on the nanoparticles with
cinnamaldehyde should alter the hydrophobicity of the nanoparticle surface improving the
stabilization behavior of the Pickering emulsifiers.#3 (See Supporting Information) Contact
angle goniometry was used to measure the change in nanoparticle hydrophobicity.
Nanoparticles were deposited onto silicon wafers and briefly incubated in dichloromethane
solutions with varying amounts of dissolved cinnamaldehyde. The surfaces were then rinsed
with dichloromethane, dried, and the water contact angles were obtained. (Figure S11)
Figure 2d shows that as the percentage of cinnamaldehyde by volume increases from 0 % to
5 %, the water contact angle of the nanoparticles increases from 31° to 49°. This increase in
water contact angle, taken together with the XPS data, the ATR-FTIR data, and confocal
images, indicates that the inclusion of cinnamaldehyde within the peppermint oil core
generates a distinct, multi-component capsule structure.

Capsule Penetration into the biofilms

Biofilms produce extracellular polymeric substances that prevent effective delivery of
therapeutics.*4 Having established that the capsules have core-shell morphologies and the
cinnamaldehyde is successfully incorporated into the capsules, we set out to determine
whether these capsules could effectively penetrate into biofilms. Using fluorescently labeled
nanoparticles to track the delivery of the emulsions, we treated biofilms from £. colithat had
been modified to express E2-Crimson, a far-red fluorescent protein. As shown in Figure 2,
both P-Cap and CP-Cap diffuse into the biofilm matrix and efficiently disperse throughout
the biofilm whereas the unassembled nanoparticles displayed minimal penetration. These
data indicate the capsules deliver their payload in a burst release fashion and that both the oil
core and nanoparticle shell are operative for effective delivery.

Antimicrobial activity of capsules against biofilms

Next, we investigated the therapeutic behavior of the capsules against established bacterial
biofilms. One laboratory strain, £. coli DH5a, and 3 pathogenic bacteria strains of clinical
isolates, P, aeruginosa (CD-1006), S. aureus (CD-489, a methicillin-resistant strain), and £.
cloacae complex (CD-1412), were chosen to test our system. As shown in Figure 3, both the
CP-Cap and P-Cap vehicles effectively were able to kill bacteria cells in all four biofilms,
with CP-Cap possessing greater activity. The capsules demonstrated a dramatically
enhanced efficacy compared with the unencapsulated oil, supporting the hypothesis that the
cationic nanoparticle shell of the capsules increases interaction with the biofilms.# In
addition, the acidic pH of the biofilm environment*6 should promote the hydrolysis of Schiff
bases, enhancing the sustained release of cinnamaldehyde. These capsules were able to treat
both Gram negative (£. coli, P. aeruginosa, and E. cloacae complex) and Gram positive (S.
aureus) bacteria. Notably, the capsules demonstrated a similar efficacy against the multi-
drug resistant S. aureus stain when compared to the non-resistant strains, supporting that
these capsules present a viable treatment alternative to traditional antibiotics.
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Co-culture treatment of biofilms

Biofilm infections within wounds interfere with the ability of the host to regenerate damaged
tissue.” Fibroblasts in particular play a vital role in the wound healing process, helping to
close the injury and redevelop the extracellular matrix within the skin.#84% We used an /n
vitro co-culture model comprised of mammalian fibroblasts and a biofilm to determine
whether our capsules could successfully treat a biofilm in the presence of host cells.0 £, coli
DH5a bacteria were seeded with a confluent NIH 3T3 fibroblast cell monolayer overnight to
generate biofilms prior to treatment. The co-cultures were treated with capsules for 3 hrs,
washed, and the viabilities of both fibroblasts and bacteria were measured. As shown in
Figure 4, CP-Cap effectively treated the biofilm infection whereas P-Cap and the controls
did not. The capsule structure also prevented the toxic effects shown by the unencapsulated
peppermint oil to the fibroblasts. Notably, CP-Cap enhanced 3T3 cell growth in agreement
with studies that cinnamaldehyde can promote insulin-like growth factor-1 signaling,
increasing cell proliferation.>!

Conclusion

In summary, we report the development of a multimodal antimicrobial delivery vehicle. The
nanoparticle stabilized capsules demonstrated highly effective therapeutic behavior,
successfully eradicating pathogenic biofilm strains of clinical isolates. Furthermore, the
capsules effectively eliminated a biofilm infection while promoting fibroblast viability in an
in vitro co-culture model. Future studies will probe capsule performance in combating /n
vivo biofilms. These capsules have potential applications as a general surface disinfectant as
well as an antiseptic for wound treatment. The reactive self-assembly based strategy
provides a promising platform to create effective delivery vehicles to combat bacterial
biofilms.

Materials and Methods

All reagents/materials were purchased from Fisher Scientific and used as received. Boron-
doped Si wafers were purchased from WRS Materials. 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 and functionalization of silica nanoparticles

Silica nanoparticles (See Supporting Information for synthesis and characterization) were
synthesized as previously reported.38

Preparation of capsules

Stock capsules solutions were prepared in 1.5 mL Eppendorf tubes. To prepare the stock P-
Cap emulsions, 300 pL of peppermint oil was added to 1.2 mL of a 1.2 % wt. solution of
SiO, NPs in MilliQ H,0 adjusted to pH 10 and was emulsified in an amalgamator for 50
seconds. To prepare the stock CP-Cap emulsions, 15 pL of cinnamaldehyde was dissolved in
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285 L of peppermint oil prior to emulsification as described. The emulsions were allowed
to rest overnight prior to use.

X-ray photoelectron spectroscopy

Samples were prepared by drop-casting the sample on a 100 nm gold-coated silicon
substrate. XPS measurements were carried out using Physical Electronics Quantum 2000
spectrometer at a pressure below 1x107° Torr. The survey scan, C 1s, N 1s, O 1s and Si 2p
core level spectra for all samples were recorded with un-monochromatized Al Ka radiation
(photon energy of 1486.6 eV) at a pass energy of 46.95 eV and electron takeoff angle of 15°.
The overall resolution was 0.2 eV for the XPS measurements. Chemically distinct species
were resolved using a Gaussian-Lorentzian function with non-linear least-square fitting
procedure. All XPS spectra were background corrected using the Shirley algorithm and
aligning the elemental binding energies to the adventitious carbon (C1s) binding energy of
284.6 eV. %2

Contact angle goniometry

Samples were prepared by immersing a clean silicon wafer (1 cm x 1 cm) into 1 mL of a
1.2 % wt. solution of SiO, NPs in MilliQ H,0O adjusted to pH 10 for 5 minutes. Wafers were
then washed with MilliQ H,O to removed excess nanoparticles and dried under a N, stream.
Samples were then incubated in 1 mL solutions of dichloromethane with varying amounts
(0, 1, 2, 5 % viv) of dissolved cinnamaldehyde for 5 minutes. Wafers were then washed with
dichloromethane and dried under a N, stream. Static water contact angles were measured
using a VCA Optima surface analysis/goniometry system with water droplets size of 2 L.

Biofilm formation

Biofilms were grown as previously reported.>0 Bacteria were inoculated in lysogeny broth
(LB) medium 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.
LB medium was supplemented with 0.1 % glucose, 1 mM MgSOy, 0.15 M ammonium
sulfate, and 34 mM citrate and buffered to pH 7 to ensure bacterial adherence to the
microplate. Seeding solutions were then made in this modified LB medium to reach an
ODgqg of 0.1. A 100 pL amount of the seeding solutions was added to each well of the 96
well microplate. The plates were covered and incubated at room temperature under static
conditions for 1 day.

A 2 % v/v emulsion stock solution made by diluting the generated capsules into LB
medium. The stock solution was then diluted to the desired level and incubated with the
biofilms for 3 hrs. Biofilms were washed with phosphate buffer saline (PBS) three times and
viability was determined using an Alamar Blue assay.>2 Modified LB medium without
bacteria was used as a negative control.

Biofilm-3T3 fibroblast cell co-culture

Co-culture was performed as previously described.50 Briefly, a total of 20,000 NIH 3T3
(ATCC CRL-1658) cells were cultured in Dulbecco’s modified Eagle medium (DMEM,;
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ATCC 30-2002) with 10 % bovine calf serum and 1% antibiotics at 37 °C in a humidified
atmosphere of 5 % CO». Cells were kept for 24 h to reach a confluent monolayer. Bacteria
were inoculated and harvested as described above, and seeding solutions were made in
buffered DMEM supplemented with glucose to reach an ODggg of 0.1. Old medium was
removed from 3T3 cells followed by addition of 100 pL of seeding solution. The co-cultures
were then stored in a box with damp paper towels at 37 °C overnight without shaking.

Testing solutions at different concentrations were made by diluting capsules into DMEM
prior to use. Media was removed from co-culture, replaced with testing solutions, and
incubated for 3 hrs at 37 °C. Co-cultures were then analyzed using a LDH cytotoxicity assay
to determine mammalian cell viability according the manufacturer’s instructions.>3 To
determine bacteria viability in biofilms, the testing solutions were removed and co-cultures
were washed with PBS. Fresh PBS was then added to disperse remaining bacteria from
biofilms in co-culture by sonication for 20 minutes and mixing with pipette. 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.
Confocal micrographs of a) P-Cap and b) CP-Cap. The nanoparticles’ cores are labeled with

fluorescein (green fluorescence) and the oil phases are loaded with Nile red (red
fluorescence). Scale bars are 20 um. ¢) XPS spectra showing N 1s core levels arising from
SiO, NPs and CP-Cap. d) Water contact angles of silica nanoparticles following incubation
with varying concentrations of cinnamaldehyde.
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FITC-NP Biofilm Overlay

a) CP-Cap

b) P-Cap

c) SiO,NP
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Representative 3D projection of confocal image stacks of 1 day-old £. coli DH5a biofilm
after 3 hrs treatment with a) CP-Cap containing FITC-labeled SiO2 NP, b) P-Cap containing
FITC-labeled SiO, NP, and c) FITC-labeled SiO, NP at 20 % (v/v % of 2 % emulsion)
concentration. Upper panels are projection at 247° angle turning along Y axis and lower
panels are at 270° angle turning along Y axis. Scale bars are 20 um.
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Figure2.

ACS Nano. Author manuscript; available in PMC 2016 October 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Duncan et al.

a)

Viability (%)

Viability (%)

140
120:
100
80+
60~
w0

204

140

120

100 4 m

80 -
60
40

204

Il cP-Cap
I P-Cap b)

Il sio, NPs T
I Ppmt Oil (805

120

1004

<
> 804
% 4
S 60 |
40
20
[V
5 20 50 100 0 5 20 50 100
Percentage of 2 % Emulsion Solution Percentage of 2 % Emulsion Solution
Il CP-Cap d) Il CP-Cap
[ P-Cap - [ P-Cap
Il sio, NPs 140 [l SiO,NPs
I Ppmt Oil | [ Ppmt Oil

120 4

100+

Viability (%)
3 38
1 1 1

EN
o
1 1

20

5 20 50 100 0 5 20 50 100
Percentage of 2 % Emulsion Solution Percentage of 2 % Emulsion Solution

Figure 3.
Viability of 1 day-old a) P, aeruginosa (CD-1006) b) E. coliDH5a ¢) S. aureus (CD-489) d)

E. cloacae complex (CD-1412) biofilms after 3 hrs treatment with CP-Cap, P-Cap, SiO2 NP,
and peppermint oil at different emulsion concentrations (v/v % of 2 % emulsion). The data
are average of triplicates and the error bars indicate the standard deviations.

ACS Nano. Author manuscript; available in PMC 2016 October 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Duncan et al.

a) CP-Cap
B Biofilm Log,, CFU
- 3T3 Cell Viability
84 - 150
o
3]
K & 100
= 2
: 4
= 4] ©
.2 >
s} - 50
24
0% 5% 20% 50% 100%
Percentage of 2 % Emulsion Solution
c) Sio, NP d)
B Biofilm Log,, CFU
-=- 3T3 Cell Viability | ~120
8 L 100
i 80
S 6 o
e L I
] <
= -60 f
£ L o
£ 44 S
<] L >
& 40
-20
24

0% 5% 20% 50% 100%

Percentage of 2 % Emulsion Solution

Figure 4.

b)

Biofilm Log,, CFU

Biofilm Log,, CFU

Page 14

P-Cap

I Biofilm Log,, CFU

-=— 3T3 Cell Viability 120

0% 5% 20% 50% 100%

Percentage of 2 % Emulsion Solution

Ppmt Oil

I Biofilm Log,, CFU
—=— 3T3 Cell Viability | 4150

- 100

0% 5% 20% 50% 100%
Percentage of 2 % Emulsion Solution

Viability of 3T3 fibroblast cells and £. colibiofilms in the co-culture model after 3 hrs
treatment with a) CP-Cap, b) P-Cap, c) SiO, NP, and d) peppermint oil at different emulsion
concentrations (v/v % of 2 % emulsion). Scatters and lines represent 3T3 fibroblast cell
viability. Bars represent logq of colony forming units in biofilms. The data are average of
triplicates and the error bars indicate the standard deviations.
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Scheme 1.

a) Schematic depiction of the strategy used to generate antimicrobial capsules. Peppermint
oil with dissolved cinnamaldehyde is emulsified into an aqueous suspension of amine
functionalized silica nanoparticles. Cinnamaldehyde within the oil reacts with the amines on
the nanoparticles at the oil/water interface to create a multimodal delivery vehicle. b)
Capsules interact with biofilm through electrostatic complementarity. Capsules release their
payload disrupting the biofilm, eliminating the bacteria.
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