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Due to the persistent spread of antibiotic resistance, commercial antibiotic treatments are proving inef-
fective. Cinnamaldehyde (CA), a volatile essential oil, eradicates pathogens non-specifically. However,
the ability to incorporate essential oils into nanofiber mats has not yet been demonstrated, and, only
six studies have electrospun two immiscible phases. Here, CA (0.5 and 5.0%) was incorporated into chi-
tosan/poly(ethylene oxide) (PEO) solutions that were successfully electrospun into mats with ~50 nm
fiber diameters. Solid-state NMR results corroborated with release studies wherein the 5.0% CA mats

ii{‘i/‘l;[:cctlz:rial released a statistically higher amount of CA-liquid (545% more) and CA-vapor (279% more) than the 0.5%
Chitosan CA mats. In time dependent cytotoxicity studies, the intrinsic antibacterial activity of chitosan along
Cinnamaldehyde with the quick release of CA enabled high inactivation rates against Escherichia coli and Pseudomonas
Electrospin aeruginosa. For the first time we have demonstrated chitosan/CA/PEO nanofiber mats can serve as CA
Nanofiber delivery vehicles that potentially eradicate pseudomonas infections.

Oil-in-water © 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Annually in the United States, 1.7 million patients are inflicted
with bacterial infections, and of those, ~99,000 result in death
(Kleven, Edwards, Richards, & Horan, 2007). Approximately half
of these mortalities have been linked to Pseudomonas aeruginosa
(P. aeruginosa), the leading Gram-negative opportunistic human
pathogen (Fick, 1993; Page & Heim, 2009). Notably, once planktonic
P. aeruginosa develop into a microbial community called a biofilm,
they become 1000 times more resistant to antibiotics than when
the bacteria were in the planktonic state (de Kievit, 2009; Donlan,
2002; Rasmussen & Givskov, 2006). Thus, new materials that can
delay the onset of P. aeruginosa biofilm formation, while avoiding
the spread of resistance genes, are in high demand.

For centuries, plant-derived essential oils have been used to
fight bacterial infections (Bakkali, Averbeck, Averbeck, & Idaomar,
2008). Due to their complex antimicrobial mechanisms, the
development of resistance by bacteria to these volatile extracts
has not yet been reported. Numerous review articles (Burt, 2004;
Hammer, Carson, & Riley, 1999; Pattnaik, Suramanyam, Bapaji, &
Kole, 1997) have summarized that the essential oils contain small,
hydrophobic terpenoid or phenolic compounds that can easily
permeate the cell membrane leading to a depletion of the proton
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gradient and a subsequent disruption of adenosine triphosphate
(ATP) synthesis or cell lysis (Burt, 2004). Cinnamaldehyde (CA) is
a well-studied essential oil derived from cinnamon bark, which is
effective against P. aeruginosa at a minimum inhibitory concentra-
tion (MIC) of 300 pg/mL (Ooi et al., 2006). Additionally, sublethal
concentrations of CA act as a quorum sensing inhibitor, interfering
with the autoinducer-2 (AI-2) system present in P. aeruginosa
biofilms (Jia, Xue, Duan, & Shao, 2011; Niu, Afre, & Gilbert, 2006;
Rasmussen & Givskov, 2006). Despite the historic use of essential
oils as antibacterial agents, previous studies are limited in scope.
Essential oils have been delivered via carrier-solutions, polymer
derivatives, or encapsulated in solid particles/films (Badawy
& Rabea, 2013; Dorman & Deans, 2000; Hammer et al., 1999;
Kavanaugh & Ribbeck, 2012; Ojagh, Rezaei, Razavi, & Hosseini,
2010; Zodrow, Schiffman, & Elimelech, 2012); however, for proper
wound healing, a porous and permeable scaffold would be optimal.

Electrospun nanofiber mats are flexible, highly porous, perme-
able materials that provide a high surface-to-volume ratio ideal
for wound dressings (Engel, Schiffman, Goddard, & Rotello, 2012;
Rieger, Birch, & Schiffman, 2013; Zhang, Lim, Ramakrishna, &
Huang, 2005). The well-established technique of electrospinning
has been utilized to produce non-woven mats from over 100 differ-
ent synthetic and natural polymer solutions (Frey, 2008; Liu et al.,
2010; Pakravan, Heuzey, & Ajji, 2011; Rutledge & Fridrikh, 2007;
Schiffman & Schauer, 20073, 2008; Teo & Ramakrishna, 2006).
Despite recent progress in electrospinning, parameters that gov-
ern the ability to spin an oil or another water-immiscible phase
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is limited. Previously, only six studies have spun two immiscible
phases by utilizing a surfactant to stabilize drops of one phase
against coalescence (Angeles, Cheng, & Velankar, 2008; Briggs &
Arinzeh, 2014; Li, Ko, & Hamad, 2013; Sanders, Kloefkorn, Bowlin,
Simpson, & Wnek, 2003; Xu et al.,, 2005, 2006). Five of those
manuscripts demonstrated spinning a water-in-oil emulsion fea-
turing a water soluble agent or a hydrophilic polymer inside a
hydrophobic/amphiphilic polymer (Briggs & Arinzeh, 2014; Lietal,,
2013; Sandersetal.,2003; Xuetal.,2005,2006). One study (Angeles
et al., 2008) demonstrated the ability to electrospin an oil-in-water
emulsion, which featured an aqueous solution of poly(ethylene
oxide) (PEO) as the continuous phase and mineral oil (a non-volatile
oil) as the drop phase.

In this work, we aim to avoid the use of potentially toxic
surfactants (Cserhati, Forgacs, & Oros, 2002) by demonstrating
that the essential oil, CA, can be electrospun using chitosan, a
“green” hydrophilic polymer. Chitosan, the cationic (1-4)-2-amino-
2-deoxy-f3-p-glucan partly acetylated to ~0.25, is industrially
produced from marine chitin (Aranaz et al., 2009; Honarkar
& Barikani, 2009; Krajewska, 2005; Muzzarelli, 1977, 2012;
Mugzzarelli et al., 2012; Rinaudo, 2006). The two blocks of chitosan
allow the biopolymer to act as a stabilizer (lamsamai, Hannongbua,
Ruktanonchai, Soottitantawat, & Dubas, 2010; Rodraguez, 2002;
Schulz, Rodriguez, Del Blanco, Pistonesi, & Agull, 1998; Yan,
Poon, Chan-Park, Chen, & Zhang, 2008). Additionally, the avail-
ability of the positive charge on the C-2 of the glucosamine
monomer enables its antibacterial activity (An, Zhang, Zhang,
Zhao, & Yuan, 2009; Badawy & Rabea, 2011; Krajewska, Wydro, &
Janczyk, 2011; Krajewska, Wydro, & Kyziot, 2013a; Rabea, Badawy,
Stevens, Smagghe, & Steurbaut, 2003) and previously, chitosan/PEO
nanofiber mats have demonstrated a strong antibacterial activity
against Escherichia coli (An et al., 2009). Here, we explored the
engineered incorporation, delivery, and cytotoxicity of electrospun
nanofiber mats featuring an essential oil.

2. Materials and methods
2.1. Materials and chemicals

All compounds were used as received. Chitosan (prod-
uct no. 448869, Mw=460,000Da), poly(ethylene oxide)
(PEO, Mw=600,000Da), cinnamaldehyde (CA, >93%, FG,
Mw=132.16 Da), analytical reagent grade acetic acid (AA), sodium
chloride (NaCl), glutaraldehyde (GA, 50wt% aqueous solution),
deuterium oxide, and acetic acid-d4 (AA-d4) were obtained from
Sigma-Aldrich (St. Louis, MO). Sodium hydroxide (NaOH) was
obtained from Fisher Scientific (Fair Lawn, NJ). Difco Luria-Bertani
(LB) broth was purchased from BD Life Sciences (Franklin Lakes,
N]). Propidium iodide (PI) and 4’,6-diamidino-2-phenylindole
(DAPI) were purchased from Invitrogen (Carlsbad, CA). Deionized
(DI) water was obtained from a Barnstead Nanopure Infinity water
purification system (Thermo Fisher Scientific, Waltham, WA).

2.2. Chitosan/CA Schiff base quantification

Proton nuclear magnetic resonance ('H NMR, Bruker Avance
400) along with SpinWorks3, an NMR analysis software, were
employed to quantitatively determine the degree of acetylation
(DA) and degree of substitution (DS) of the chitosan. Chitosan (2.5
w/v%, 15mg) was dissolved in AA-d4 (600 pL) using an Arma-
Rotator A-1 (Bethesda, MA) to determine the DA. CA was added (0,
0.5, and 5.0 v/v% CA) to 2.5 w/v% chitosan dissolved in 0.5 M AA-d4
(600 L) to determine the DS. DA values were determined by taking
the relative integrals of 1.7-2.4 ppm over 2.7-4.4 ppm, (Fernandez-
Megia, Novoa-Carballal, Quifiod, & Riguera, 2005; Hirai, Odani, &

Nakajima, 1991; Varum, Antohonsen, Grasdalen, & Smidsred, 1991)
as outlined by Fernandez-Megia et al. (2005).

2.3. Chitosan/CA/PEO nanofiber mat fabrication

A 1:1 ratio of chitosan to PEO (0.5g:0.5g) in 0.5M AA (20mL)
corresponding to a 5.0 w/v% solution was mixed for 24 h at 20 rpm
using an Arma-Rotator A-1 (Bethesda, MA). Various amounts of CA
(OmL, 0.1 mL, and 1.0 mL corresponding to 0, 0.5, and 5.0 v/v¥%,
respectively) were added to the solution and mixed for an addi-
tional 24 h at which point, the solution changed from transparent
to white. Throughout the mixing process, the solution had a pH
value of 4.

Each chitosan/CA(0, 0.5, or 5.0%)/PEO solution was loaded into a
5 mL Luer-Lock tip syringe capped with a Precision Glide 18 gauge
needle (Becton, Dickinson & Co. Franklin Lakes, NJ), which was
secured to a PHD Ultra syringe pump (Harvard Apparatus, Plymouth
Meeting, PA). Alligator clips were used to connect the positive
anode of a high-voltage supply (Gamma High Voltage Research Inc.,
Ormond Beach, FL) to the needle and the negative anode to a copper
plate wrapped in aluminium foil. A constant feed rate of 60 .L/min,
an applied voltage of 25kV, and a separation distance of 120,
160, and 140 mm were used to electrospin chitosan/CA(0, 0.5, and
5.0%)/PEO solutions, respectively. The assembled electrospinning
apparatus was housed in an environmental chamber (CleaTech,
Santa Ana, CA) with a desiccant unit (Drierite, Xenia, OH) to main-
tain a temperature of 22 +1°C and a relative humidity of 24-28%.
All nanofiber mats used in release and bacterial studies were spun
for 1 h. All as-spun mats were crosslinked using GA vapor as previ-
ously described (Schiffman & Schauer, 2007b). Briefly, mats were
placed in a vapor chamber (122 mm x 98 mm x 78 mm, Biohit Inc,
Neptune, NJ) containing 1.0 mL of GA liquid, 50 wt% aqueous solu-
tion. At room temperature (23 °C), the GA liquid vaporized and was
allowed to crosslink the fibers for 4 h. This ensured the chemical
stability of the nanofiber mats for release studies and antibacterial
evaluation.

2.4. Chitosan/CA/PEO nanofiber mat characterization

Micrographs were acquired using a FEI-Magellan 400 scan-
ning electron microscope (SEM). A Gatan high resolution ion beam
coater model 681 was used to sputter coat samples for 4 min
with platinum. Fiber diameter distribution was determined by
Image J 1.45 software (National Institutes of Health, Bethesda, MD)
by measuring 50 random fibers from 5 micrographs. By follow-
ing the parameters suggested by Guinesi and Cavalheiro (2006b)
and Jatunov, Franconetti, Gomez-Guillen, and Cabrera-Escribano
(2012) carbon-13 NMR (13C NMR, DSX300) and SpinWorks3 were
employed to confirm the presence of chitosan, PEO, and CA within
the as-spun mats. Approximately 50 mg of chitosan/CA(0, 0.5, and
5.0%)/PEO nanofiber mat, as well as a 100 mg powder sample of
chitosan:PEO (1:1) were analyzed.

2.5. Liquid and vapor state release of CA from chitosan/CA/PEO
nanofiber mats

The release characteristics of CA as a liquid (CA-liquid) and as
a vapor (CA-vapor) from the nanofiber mats were quantified at
times relevant to antibacterial activity experiments. Consistent chi-
tosan/CA(0, 0.5, and 5.0%)/PEO nanofiber mats (10 mm x 20 mm)
were placed into 1.5 mL centrifuge tubes containing 1.0 mL of an
isotonic solution (0.9% NacCl, pH 5.7) with virtually no headspace.
The samples were maintained at 37 °C and shaken at 100 rpm. As a
function of time, all of the isotonic solution (1.0 mL) was removed
via needle/syringe and placed in a cuvette for analysis. After test-
ing, the 1.0 mL was returned to the vial until the next time point.
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The amount of CA-liquid present in the isotonic solution was deter-
mined using UV-vis spectroscopy (UV-vis, Agilent Diode Array) at
an absorbance of 293 nm (Talrose et al., 2007; Yang et al., 2012).
The solution was placed back into the sample to maintain the same
gradient flux.

As a function of time, quantification of the CA-vapor released
from the mat into the headspace of the vial was performed using gas
chromatography, GC (Agilent/HP 6890 equipped with a flame ion-
ization detector) (Friedman, Kozukue, & Harden, 2000). Nanofiber
mats (10 mm x 20 mm) were placed in 10 mL of isotonic solution
with 10 mL of headspace in the vial for the CA-vapor to accumu-
late. The sealed vials were kept at 37°C and shaken at 100 rpm.
Manual samples containing 1 mL of gas were injected into the GC
at 30, 90, and 180 min intervals. Standard calibration curves were
determined for both UV-vis and GC to quantify the amount of CA
in each sample. Chitosan/CA(0%)/PEO mats were used as controls.

2.6. Evaluation of antibacterial activity of electrospun
chitosan/CA/PEO nanofiber mats

The model organisms were Escherichia coli S20918 (E. coli) and P.
aeruginosa S20930 (P. aeruginosa), purchased from Thermo Fisher
Scientific, Waltham, WA. The bacteria were grown in LB at 37°C
and harvested at a concentration of 108 cells/mL. To remove resid-
ual macromolecules and other growth medium constituents, cells
were washed twice and then resuspended in an isotonic solution
(0.9% NaCl, pH 5.7). This isotonic solution was used for E. coli and P.
aeruginosa loss of viability studies.

The viability loss of E. coli in contact with chitosan/CA(0, 0.5,
and 5.0%)/PEO nanofiber mats was assayed according to a modi-
fied ASTM shake flask method (American Society for Testing and
Materials (ASTM), 2004). In parallel to each experiment (i) a blank
control (no nanofiber mat) and (ii) an MIC control of CA for E. coli
(3mM CA in solution) were employed. (Zodrow et al., 2012) Elec-
trospun mats (10 mm x 20 mm) were placed into culture tubes
(16 mm x 125 mm) along with 4 mL suspensions of E. coli or P.
aeruginosa (5 x 108 cells/mL) in an isotonic solution (0.9% NaCl, pH
5.7). The suspensions were shaken at 200 rpm in an orbital shaker
maintained at 37 °C. At 30, 90, and 180 min, 100 .L were pipetted
out from the tubes and serial dilutions were plated onto LB plates
using the spread plate method (American Society for Testing and
Materials (ASTM), 2004; Chen, Bromberg, Hatton, & Rutledge, 2008;
Fu, Ji, Yuan, & Shen, 2005). After 24 h incubation on agar plates, the
number of viable bacteria were counted then multiplied by the dilu-
tion factor and expressed as the mean colony forming unit (CFU) per
mL. The percent reduction of bacteria resulting from contact with
the nanofiber mats was determined using Eq. (1), where A repre-
sents the mean log density of bacteria for the flask containing the
treated substrate after the specified contact time and B represents
the untreated substrate after the specified contact time.

Reductionof bacteria (%)= B ;A x 100 (1)

Viability loss of P. aeruginosa in contact with chitosan/CA(O,
0.5, and 5.0%)/PEO nanofiber mats was determined using a previ-
ously described fluorescence assay (Schiffman, Wang, Giannelis, &
Elimelech, 2011). Electrospun mats (20 mm x 10 mm) were placed
at the bottom of 35 mm x 10 mm petri dishes (Becton, Dickinson
& Co., Franklin Lakes, N]) to which the cells (107 cells/mL), resus-
pended in an isotonic solution(0.9% NaCl, pH 5.7), were added
and diluted by a factor of 2. The cells were incubated at 37°C
for various times (30, 90, and 180 min), then stained in the dark
with PI (excitation/emission at 535nm/617 nm) for 15 min, after
which they were counter-stained with DAPI (excitation/emission
at 358 nm/461 nm). Fluorescence images were acquired to detect
the cells utilizing an epifluorescence microscope (Olympus) with a

Chroma cube filter. At various locations of each specimen, five rep-
resentative images were taken at 20 x magnification. Dead cells and
the total number of cells were determined by direct cell counting.
Loss of viability was taken as the ratio of the number of cells stained
with PI divided by the number of cells stained with DAPI plus PI. In
parallel to each experiment (i) a blank control (no nanofiber mat)
and (ii) an MIC control of CA for P. aeruginosa (3 mM CA in solu-
tion) were employed (Zodrow et al., 2012). All reported statistical
differences were determined using an unpaired t-test with values
of p <0.05 considered to be statistically significant.

3. Results and discussion
3.1. Chitosan/CA/PEO precursor solution characteristics

Using TH NMR, the degree of N-acetylation (DA) of chitosan was
determined to be 13% (Fernandez-Megia et al., 2005; Hirai et al.,
1991; Varum et al., 1991). We blended our chitosan/PEO solu-
tions in aqueous acetic acid solutions maintained at a pH value
of 4, which is known to enhance Schiff base reactions (Cordes &
Jencks, 1962; Pine, Hendrickson, Cram, & Hammono, 1980). The
degree of substitution (DS)—the ratio of amines reacted with CA
over the total amount of amines (Guinesi & Cavalheiro, 2006a) was
characterized using the "H NMR peaks at 9.0 ppm and 9.5 ppm
(Ganjian, Baumgarten, & Valenzuela, 1992), which correspond to
the presence of unreacted and reacted CA, respectively (Fig. 1).
DS values were calculated from the ratio of the integrated reso-
nances of reacted CA (9.25-9.6 ppm) over glucosamine residues on

Chitosan/CA(0%)

<«reacted

<«unreacted

<«reacted

Frequency (ppm)

Fig. 1. (Top to bottom) The 'H NMR spectra of chitosan solutions mixed with 0,
0.5, and 5.0% CA. Quantitatively, the chitosan/CA(0.5 and 5.0%) solutions have the
same amount of Schiff base reacted CA. However, the chitosan/CA(5.0%) solution
contains a statistically higher amount of unreacted CA than the 0.5% CA solution. An
enlarged inset plot is provided to clarify the reacted and unreacted CA peaks in the
chitosan/CA(0.5%) spectra. PEO was not included in the NMR solutions.
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Chitosan/CA(0%)/PEO Nanofiber Mat

15

5

B 55+8 nm

Chitosan/CA(0.5%)/PEO Nanofiber Mat
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5

D 52+9 nm

Chitosan/CA(5.0%)/PEO Nanofiber Mat
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Fig. 2. SEM micrographs ((A), (C), and (E)) displaying the morphology of chitosan/CA(0, 0.5, and 5.0%)/PEO nanofiber mats, respectively. Fiber diameter distribution ((B),
(D), and (F)) is displayed along with the average fiber diameter and standard deviation (n=50). The average fiber diameter of the chitosan/CA(0, 0.5, and 5.0%)/PEO mats are

statistically equivalent based on an unpaired student t-test.

chitosan (2.7-4.4 ppm). It was determined that chitosan solutions
mixed with 0.5 and 5.0% CA yielded comparable DS values, 15% and
16%, respectively. While our initial chitosan had 87% free amines,
after mixing the chitosan/CA(0.5 and 5.0%) derivatives had ~70%
free amines remaining. Importantly, the 'H NMR spectra revealed
that unreacted CA is also present indicating that chitosan is phys-
ically entrapping the volatile oil. The chitosan/CA(0.5%) derivative
contains 28% unreacted CA, while the chitosan/CA(5.0%) derivative
contains a statistically higher, 89% unreacted CA.

3.2. Chitosan/CA/PEO nanofiber mat physical characteristics

Chitosan/CA(0%)/PEO nanofiber mats were successfully electro-
spun from a 5.0 w/v% solution containing an equal mass ratio of the
two polymers. As displayed on Fig. 2A, the chitosan/CA(0%)/PEO
nanofiber mats were composed of continuous, fine, cylindrical
fibers, consistent with the morphology previously reported (An
et al.,, 2009; Pakravan et al., 2011). Nanofiber mats were also effec-
tively electrospun from solutions containing the two different CA
loadings, chitosan/CA(0.5 and 5.0%)/PEO with the polymersata1:1
ratio (Fig. 2C and E).

Average fiber diameters (n=50) for the electrospun chi-
tosan/CA(O, 0.5, and 5.0%)/PEO nanofiber mats are displayed in
Fig. 2. The chitosan/CA(0O, 0.5, and 5.0%)/PEO nanofiber mats had
average fiber diameters of 55+8nm, 52+9nm, and 384+9nm,
respectively, which was similar to the chitosan/PEO nanofiber mats
previously spun in literature. An unpaired t-test between the chi-
tosan/CA(0%)/PEO and the chitosan/CA(0.5 and 5.0%)/PEO mats

determined that the variation in fiber diameter was not statis-
tically significant. Simply put, on average, by slight modification
to our electrospinning parameters, we were able to produce fiber
diameters that did not change due to the presence of CA.

It is important to note that attempts to electrospin solutions
containing only PEO and CA (no chitosan) phase separated: a
homogeneous solution appropriate for electrospinning could not
be obtained. This suggests that in our system the chitosan is (i)
chemically reacting with CA (Cordes & Jencks, 1962; Pine et al.,
1980) as observed in TH NMR and (ii) acts as a stabilizer (lamsamai
et al.,, 2010; Rodraguez, 2002; Schulz et al., 1998; Yan et al., 2008)
to physically incorporate the CA into the precurser solution. In Sec-
tion 3.3, we will provide confirmation that the CA remains in the
nanofibers post-electrospinning.

In order for release studies and antibacterial testing to be con-
ducted, increased chemical stability of chitosan/CA(0, 0.5, and
5.0%)/PEO nanofiber mats was achieved using a slightly modified
glutaraldehyde crosslinking protocol (Schiffman & Schauer, 2007b).
The carbonyl groups of glutaraldehyde can form a Schiff base reac-
tion with the free amino groups at the C-2 position of chitosan and
an acetalization reaction with the hydroxyl groups at the C-6 posi-
tion of chitosan(Schiffman & Schauer, 2007b). Based on our '"H NMR
results, all chitosan/CA(0, 0.5, and 5.0%) derivative solutions have an
abundant quantity of free amine groups ranging from 84-71% for
both crosslinking and antibacterial activity. After crosslinking for
4h, the average fiber diameter for the crosslinked chitosan/CA(O,
0.5, and 5.0%)/PEO fiber mats were statistically the same as the as-
spun chitosan/CA(0, 0.5, and 5.0%)/PEO mats: 53 + 8 nm for 0% CA,
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Chitosan:PEO Powder

P e UL N 1 1

200 180 160 140 120 100 80 60 40 20 0

Chitosan/CA(0%)/PEO Nanofiber Mat

200 180 160 140 120 100 80 60 40 20 0

200 180 160 140 120 100 80 60 40 20 0

Chitosan/CA(5.0%)/PEO Nanofiber Mat

200 180 160 140 120 100 80 60 40 20 0
Frequency (ppm)

Fig. 3. Displayed is the solid state 3C NMR spectra of (top-to-bottom) chitosan:PEO
powder (control) and electrospun chitosan/CA(0, 0.5, and 5.0%) nanofiber mats.
Peaks between 120 and 150, as well as at 170 ppm confirm the presence of CA in the
chitosan/CA(0.5 and 5.0%)/PEO nanofiber mats.

56 £ 11 nm for 0.5%, and 41 +6 nm for 5.0% CA. SEM micrographs
of the crosslinked nanofiber mats 72 h post-submersion in acidic,
neutral, and basic solutions (not shown) confirmed that the nanofi-
brous morphology of the mats was retained. Additionally, after
the release studies and antibacterial evaluation described below,
acquired SEM micrographs confirmed that the nanofiber morphol-
ogy remained intact (not shown).

3.3. Chitosan/CA/PEO nanofiber mat chemical characteristics

To qualitatively ensure that attached and unattached CA were
present in the as-spun nanofiber mats, solid state 1>C NMR was con-
ducted, Fig. 3. The spectra suggests that due to the presence of CA (i)
the height of the aromatic peak (Jatunov et al., 2012) is greater for
nanofibers spun with 5.0% CA than those spun from 0.5% CA, while
(ii) the imine peak at 170 ppm (Jatunov et al., 2012) is smaller than
that observed for the aromatic peaks. This corroborates the solution
NMR data: the majority of CA within the nanofiber mat is physically
entrapped, unreacted CA. These peaks are absent from the con-
trol spectra acquired on chitosan/CA(0%)/PEO nanofiber mats and
chitosan:PEO powder. “Control” chitosan/CA/PEO nanofiber mats
electrospun from the same solvent system with only unreacted
CA could not be obtained as the Schiff base is pH dependent. Fur-
ther increasing the pH (beyond where Schiff bases are encouraged)
resulted in chitosan that was not fully dissolved.

3.4. Release characteristics of chitosan/CA/PEO nanofiber mats

The release characteristics of CA-liquid and CA-vapor from
the nanofiber mats were quantified using UV-vis, Fig. 4A and B,
respectively. Experiments were conducted at physiological tem-
perature (37°C) at times relevant to antibacterial activity tests.

Preliminary experiments determined that using small, 1.5 mL vials,
minimized the vapor space and kept the CA-liquid highly con-
centrated, thus enabling the acquisition of the most accurate
UV-vis data. Fig. 4A displays that as a function of time, the release
of CA continues to gradually increase from the chitosan/CA(0.5
and 5.0%)/PEO nanofiber mats. After 15 min, the chitosan/CA(0.5
and 5.0%)/PEO nanofiber mats demonstrated an initial CA-liquid
release of 20x103+£3x10%pg and 1.9x 103 +1x 104 pg,
respectively. At longer times (90 and 180 min), the amount of
CA released started to level off indicating that equilibrium has
been reached (Peppas, Bures, Leobandung, & Ichikawa, 2000;
Siepmann & Peppas, 2011). Specifically, CA-liquid release reached
quantities 0f 2.7 x 1073 +£9x 1074 pugand 1.5x 1072 +£4 x 1073 pg
after 180 min for the chitosan/CA(0.5 and 5.0%) nanofiber mats,
respectively. Between 30 and 180 min, the cumulative amount of
CA-liquid released from the chitosan/CA(5.0%)/PEO nanofiber mats
is statistically higher than the CA-liquid released from the chi-
tosan/CA(0.5%)/PEO nanofiber mats. Overall, 545% more CA was
released from the mats spun with a higher CA concentration.

In addition to the CA-liquid release, due to the volatility of
the essential oil, it is likely that a significant amount of CA-
vapor will occupy the surrounding air space (Edris, 2007). GC
was employed to quantify the CA-vapor released into the vial
headspace (Fig. 4B). In contrast to the UV-vis, larger vials (20 mL)
were used for accurate GC data to gain more air space to increase
the sampling volume. From samples acquired after 30 min it
was determined that 0.6 +0.1 g of CA-vapor was released from
the chitosan/CA(0.5%)/PEO nanofiber mats and that a statistically
equivalent amount of CA-vapor, 0.9+ 0.3 g, was released from
the chitosan/CA(5.0%)/PEO nanofiber mats. At 90 min, the CA-vapor
released from chitosan/CA(0.5%)/PEO (0.6 £0.1 pg) and from the
chitosan/CA(5.0%)/PEO (0.7 £ 0.2 pg) nanofiber mats were statisti-
cally equivalent. After 180 min, the quantity of CA-vapor released
from the chitosan/CA(5.0%)/PEO nanofiber mats was statistically
higher than the quantity released from the chitosan/CA(0.5%)/PEO
mats, 0.7 +0.1 g versus 0.3 £ 0.1 pg. Statistically, the same quan-
tity of CA occupies the vapor headspace at all three time points
investigated for each chitosan/CA/PEO nanofiber mats system (0.5
and 5.0%) thus indicating that the CA-vapor releases quickly.
The chitosan/CA(5.0%)/PEO nanofiber mats released 279% more
CA-vapor after 180min than chitosan/CA(0.5%)/PEO nanofiber
mats. The use of different collection set-ups for liquid and vapor
release means that we cannot plot a reliable total release curve.
However, we can state that more vapor-CA is released than
liquid-CA, which further emphasizes the importance of char-
acterizing the vapor phase release even though most previous
studies only quantify release into the liquid phase (Yang et al.,
2012).

Literature reports three potential mechanisms for release:
swelling-controlled, diffusion-controlled, and reaction-controlled,
all of which are highly pH dependent (Peppas et al., 2000; Siepmann
& Peppas, 2011). The governing mechanism of release depends
on whether the CA is attached or unattached to the chitosan.
Solid-state '3C NMR informs that the majority of CA in our
chitosan/CA(0.5 and 5.0%)/PEO nanofiber mats is physically incor-
porated and therefore swelling controlled. Unreacted CA is likely
to be released by the swelling of the chitosan and PEO once the
nanofiber mats are submerged in the isotonic solution. Initial
release testing at a range of pHs indicated that minimal release
of CA occurred in basic conditions (pH of 8 or greater) where the
nanofibers would have minimal swelling (not shown). Based on
previous literature, we hypothesize that the CA diffuses through
the mixed polymer network following Fickian diffusion (Verreck
et al., 2003). While accurately modeling the diffusion behavior is
beyond the scope of this manuscript, it remains a goal for our future
work.
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Fig.4. (A) The quantity of CA-liquid released from chitosan/CA(0.5 and 5.0%)/PEO nanofiber mats was determined through UV-vis spectroscopy. (B) Using gas chromatography
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3.5. Antibacterial activity of chitosan/CA/PEO nanofiber mats
against E. coli

After only 30 min of nanofiber-bacteria contact, a high level of
inactivation against E. coli is achieved, Fig. 5. Statistically, all three
of our nanofiber mats demonstrated a complete inactivation at all
incubation times evaluated (30, 90, and 180 min). Observed inacti-
vation values for mats incubated for 180 min were at the limit of the
accuracy or range of the bacterial viability assay. As displayed on
Fig. 5, any value greater than 99% must be considered only as >99%
(Schiffman et al., 2011). These results are consistent with previ-
ous research (An et al., 2009), where nanofiber mats electrospun
from a 5.0 wt% solution of chitosan/PEO (1/1) exhibited increased
cytotoxicity against E. coli for 4h. A low, statistically smaller loss
of viability occurred in the blank control experiment (no nanofiber
mat or antibacterial agent present).

The MIC control (3 mM CA solution, no nanofiber mat) allows
for a comparison of the effect of CA has on E. coli inactivation
(Zodrow et al.,2012). The MIC control statistically inactivated more
E. coli than the blank control confirming previous reports that CA

100 -

60

a0}
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30 min 90 min

Incubation Time (min)

[ ]Chitosan/CA(0%)/PEO Nanofiber Mat /27 Blank Control
[ Chitosan/CA(0.5%)/PEO Nanofiber Mat 777 MIC Control
[ Chitosan/CA(5.0%)/PEO Nanofiber Mat

Fig. 5. A complete inactivation of E. coli was achieved by chitosan/CA(0, 0.5, and
5.0%)/PEO nanofiber mats at all incubation times. The MIC control (3 mM CA) was
always statistically higher than the blank control (no nanofiber mat). Experiments
were performed in triplicates and error bars indicate one standard error.

displays antibacterial activity against E. coli. Interestingly, after
30 and 180 min, the MIC control displayed a statistically lower
level of antibacterial activity than chitosan/CA(0, 0.5, and 5.0%)/PEO
nanofiber mats. At 90 min, the MIC control was statistically equiv-
alent to the chitosan/CA(0.5%)/PEO nanofiber mats. These results
suggest that at shorter times, CA alone may be less effective than
the nanofiber mats.

The chitosan in the chitosan/CA(0%)/PEO nanofiber mats offer
positively charged free amine groups, which damages the bacterial
membrane’s ability to function as a barrier (Helander, Nurmiaho-
Lassila, Ahvenainen, Rhoades, & Roller, 2001; Krajewska, Kyziot, &
Wydro, 2013b; Krajewska et al., 2011; Krajewska et al., 2013b; Liu,
Du, Wang, & Sun, 2004). Chitosan/CA(0.5 and 5.0%)/PEO nanofiber
mats offer an additional mechanism to inactivate bacteria: direct
contact between microbes and the CA (Oussalah, Caillet, & Lacroix,
2006). While nanofiber mats containing attached CA offer less
free amines to interact with microbes, the statistical equivalence
of antibacterial efficacy achieved by all three chitosan/CA/PEO
nanofiber systems confirms that by a using a combination of chi-
tosan and CA killing mechanisms, a complete inactivation of E. coli
can be achieved.

3.6. Antibacterial activity of chitosan/CA/PEO nanofiber mats
against P. aeruginosa

The efficacy of any chitosan-based nanofiber mats against P.
aeruginosa has not yet been reported. Notably, fewer antibiotics
are effective against this strain of microbe (Page & Heim, 2009).
Fig. 6 displays that after 30 min, statistically equal levels of P.
aeruginosa inactivation were demonstrated by all three nanofiber
mats. Aninitial efficacy of 50 4+ 6% against P. aeruginosa was demon-
strated by the chitosan/CA(0%)/PEO nanofiber mats confirming
the strong intrinsic cytotoxicity of chitosan, which was statisti-
cally equivalent to the MIC control. Once 90 min of incubation
was reached, the chitosan/CA(5.0%)/PEO nanofiber mats achieved a
higher rate of inactivation (76 4 8%) compared to the chitosan/CA(0
and 0.5%)/PEO nanofiber mats (48 +4% and 54 +9%). The higher
antibacterial activity of chitosan/CA(5.0%)/PEO nanofiber mats is
most likely due to the higher release of CA. The MIC control
at 90 min inactivated P. aeruginosa at a statistically equivalent
level as the chitosan/CA(0.5 and 5.0%)/PEO nanofiber mats, thus
validating the contribution of CA to the increased antibacterial
activity exhibited by the chitosan/CA(5.0%)/PEO nanofiber mats.
After 180 min, chitosan/CA(0, 0.5, and 5.0%)/PEO nanofiber mats
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exhibited statistically different rates of inactivation. Inactivation
of P. aeruginosa increased with increasing CA content. The chi-
tosan/CA(0, 0.5, and 5.0%)/PEO nanofiber mats inactivated 48 4 5%,
62 4+ 4%, and 81 4% of P. aeruginosa, respectively. The MIC control
(at 180 min) statistically inactivated the same level of bacteria as
the chitosan/CA(5.0%)/PEO nanofiber mats. The statistically higher
inactivation parallels the statistical increase in CA release (liquid
and vapor) from the nanofiber mats over the 180 min (Fig. 3). At
all times, the blank control exhibited a statistically lower loss of
viability. While literature supports that higher concentrations of
CAreleased as vapor should increase microbial inactivation,(Lopez,
Sanchez, Batlle, & Nerin, 2007) there is a limit to the desired CA
incorporation. The amount of CA within our nanofiber mats is under
the level toxic to mammalian cells yet high enough to achieve a
strong level of P. aeruginosa inactivation.

4. Conclusion

An essential oil, CA, was successfully electrospun and delivered
from chitosan/PEO nanofiber mats, without the use of a surfac-
tant. An intrinsically antibacterial biopolymer, chitosan aided in CA
incorporation while PEO allowed access to spinnable solutions at a
pH value of 4. Solution and solid state NMR on precursor solutions
and as-spun mats respectively determined that the attached-CA
and unattached-CA were present in both. At physiological con-
ditions, the polymer nanofiber mats released the CA-liquid and
CA-vapor. Over 180 min, the quantity of CA-vapor was two orders of
magnitude greater than CA-liquid with statistically higher levels of
release from chitosan/CA(5.0%)/PEO nanofiber mats in both phases.
Within 30 min, chitosan/CA(0%)/PEO nanofiber mats achieved a full
inactivation of E. coli. Exploration into the cytotoxicity of the chi-
tosan/CA(0%)/PEO nanofiber mats towards P. aeruginosa had not
yet been demonstrated, and was determined to have a strong
effect, inactivating ~50% of the microbe. The release of CA from the
chitosan/CA(0.5 and 5.0%)/PEO nanofiber mats directly influenced
their cytotoxicity against P. aeruginosa. After 180 min, 81 +4% of
the P. aeruginosa, was inactivated by the chitosan/CA(5.0%)/PEO
nanofiber mats. This work is the first demonstration that an
essential oil can be incorporated into and successfully delivered
from nanofiber mats. The release of CA from the chitosan/PEO
nanofiber mats offers potential as a flexible scaffold that can allevi-
ate nosocomial infections by delivering a broad-spectrum natural
antimicrobial agent.
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