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Abstract

Background: Adherence of complex bacterial biofilm communities to burned tissue creates a challenge for treatment, with infection
causing 51% of burn victim deaths. This study evaluated the release of therapeutics from wound care biomaterials and their antimicro-
bial activity against pathogens Staphylococcus aureus, Acinetobacter baumannii, and Pseudomonas aeruginosa. Methods: Electrospun
chitosan membranes (ESCMs) were fabricated and acylated with chain lengths ranging from 6-10 carbons then loaded with 0.15 mg
of anti-biofilm agent, cis-2-decenoic acid (C2DA), and 0.5 mg of local anesthetic, bupivacaine. Results: Combinations of therapeutics
released from modified ESCMs at a cumulative amount of 45-70% of bupivacaine and less than 20% of C2DA. Results from bacte-
rial studies suggest that this combination reduced biofilm 10-fold for S. aureus, 2-fold for Acinetobacter baumannii, and 2-3-fold for
Pseudomonas aeruginosa by 24 hours. Additionally, dual loaded groups reduced planktonic Staphylococcus aureus ~4-fold by 24 hours
as well as Acinetobacter baumannii ~3-fold by 48 hours. Conclusions: The combination of therapeutics used has a significant role in
biofilm prevention for selected strains via direct contact or diffusion in aqueous solutions.
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1. Introduction ance via metabolically dormant persister cells [6]. Cur-
rent treatments for burns include topical antimicrobial ther-
apies such as silver sulfadiazine (Silvadene®) or mafenide
(Sulfamylon®) cream [7,8] followed by the application of
wound dressings. Although silver sulfadiazine dressings
(SSD) are used commonly for second degree burns, they
have been shown to potentially impair healing by exerting
toxic effects on keratinocytes and fibroblasts [9].

Bacteria within biofilm release intrinsic signaling
molecules, termed diffusible signal factors (DSF), to de-
tach from the surface and allow for biofilm colonization
throughout other areas of the body [10]. This cell-to-cell
communication is known as quorum sensing, and it is per-
formed by biofilm to assess and address the microenviron-
ment it resides in [11]. We investigated cis-2-decenoic acid
(C2DA), a short chain fatty acid that acts as a DSF involved
with the regulation of biofilm growth, and virulence that can
be used to disperse and inhibit biofilm formation [12—14].
Results from previous studies on the antimicrobial effects of
C2DA show that it can prevent infection when acting alone
and synergistically with other antibiotics [14,15]. In addi-
tion, the cis conformation contributes to membrane perme-

ability, allowing the passage of small molecule antibiotics
Mechanisms of biofilm tolerance include mechani- into the cell [14].

cal protection due to encasement in extracellular polymeric
substance (EPS) as well as protection from antibiotic clear-

Burn injury is a common global threat that causes
complex wounds that may affect the whole body. Accord-
ing to the World Health Organization (WHO), it is estimated
that 11 million burn injuries occur worldwide, accompanied
by 180,000 deaths a year [1]. For individuals with moder-
ate to severe burns, challenges such as infection, inflamma-
tory/immune response, metabolic changes, and distributive
shock are all factors that can lead to multiple organ failure
[2]. This is especially the case for individuals in severe con-
ditions and/or combat settings where delayed care could re-
sult in a loss of viable tissue and increase chances of obtain-
ing a life-threatening infection. Infections with multi-drug
resistant biofilms are especially difficult to treat as they
present challenges for post-burn therapeutic care. Biofilm
refers to a complex community of adherent bacteria that
consist of single or multiple bacterial strains, that attaches to
a surface while colonizing within a matter of 2-3 days [3,4].
Up to 80% of human bacterial infections are biofilm associ-
ated; such infections are most frequently caused by Staphy-
lococcus epidermidis, Pseudomonas aeruginosa, Staphylo-
coccus aureus, and Escherichia coli [5].
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Local anesthetics (LA) have long been used as a ther-
apeutic strategy for post-burn care in the form of topical
sprays or creams, due to their pain numbing effects and their
lack of interference with the healing process [16]. Addi-
tional benefits of using LAs include increasing blood per-
fusion to pre-burn levels [17], modification of the inflam-
matory response [18] to calm inflammation, and reducing
edemas that contribute to the conversion of burn wounds
to deeper layers of tissue. An additional benefit from LAs,
such as bupivacaine, is its slow onset and long-lasting ef-
fects [19]. Similar to C2DA, local anesthetics such as bupi-
vacaine are hydrophobic, making these molecules difficult
to deliver.

Chitosan is extensively researched due to its abun-
dant supply, versatility, biocompatibility, and biodegrad-
ability that facilitate its fabrication into local antibiotic de-
livery systems [20]. The medical potential behind chi-
tosan is ever-growing as it can be fabricated into hydrogels,
chitosan sponge delivery systems [21], magnetic chitosan
nanoparticles for targeted drug delivery [22], coatings for
musculoskeletal implant fixation hardware, injectable chi-
tosan paste for traumatic injuries [23], and electrospun chi-
tosan membranes (ESCM) [24,25]. Electrospinning is an
inexpensive and reliable technique that entails dissolving
a polymer and charging it to extrude the volatile solution
onto a grounded plate where a multi-layered membrane is
fabricated via nano-scale fiber collection. Previous work
has shown chitosan nanofibrous membranes as well suited
for tissue healing and drug delivery applications due to their
increased surface area, high degree of biocompatibility and
biodegradability, and ability to mimic the extracellular ma-
trix [26-31]. Preliminary evaluations of ESCM have re-
vealed unique properties that make them particularly suited
for delivering anesthetics, fatty acids, and antimicrobials
[32]. Furthermore, Chitosan nanofibers have been stud-
ied for their applications in tissue regeneration but are lim-
ited in that aspect due to their hydrophilic properties which
lead to swelling, and degeneration of the fibers. Acylat-
ing the membranes with carbon chains makes the mate-
rial hydrophilic and prevents swelling from happening [33].
As-spun membranes are modified via acylation using fatty
acids of different chain lengths to protect from swelling and
dissolution of membrane fibers in aqueous solutions at low
pH [32]. Modification via acylation surrounds the core chi-
tosan nanofiber with a hydrophobic surface and minimizes
adherence of the fibers to wounded tissue, which is ideal
for patient care during dressing changes. Prior research has
gone into evaluating modified ESCM with short chain fatty
acids, with success of extended release of hydrophobic ther-
apeutics [24,25]. Preliminary studies assessed the cytocom-
patibility and release profile of therapeutics from ESCMs,
and concluded that a concentration of 0.15 mg of C2DA and
0.5 mg of bupivacaine per 10 mm diameter ESCM is cyto-
compatible and allow for the controlled release of the drugs
[25].

Electrospun chitosan membranes tailored with acyl
lengths ranging from 6—10 carbons by reaction of fatty acid
anhydride and loaded with both bupivacaine and C2DA
may serve to (1) act as a physical barrier from microbial
contamination, (2) release antimicrobial local anesthetic to
reduce pain and modify the inflammatory response, (3) re-
lease natural antimicrobial fatty acids that prevent biofilm
contamination, and (4) prolong delivery of these hydropho-
bic therapeutics for an extended period. These loaded mem-
branes may be used as wound dressings for soft tissue
wounds following 2nd and 3rd degree burns for prolonged
prevention of infection and management of pain. In this
study, we sought to determine release profiles of therapeu-
tics from chitosan membranes and their ability to prevent
S. aureus (UAMS-1; ATCC 21121), A. baumannii (BAA,
1710) and P. aeruginosa (PA; ATCC 27317) growth and
biofilm formation.

2. Methods and Materials
2.1 Preparation of Electrospun Chitosan Materials

Membranes were electrospun using a 311.5 kDa chi-
tosan (ChitoLytic, Ajax, Ontario, Canada) with an 86.5%-
degree deacetylation. Chitosan was dissolved overnight
at 5.5% (w/v) , of 70% (v/v) trifluoroacetic acid & 30%
(v/v) dichloromethane. The solution was vortexed then cen-
trifuged to remove any undissolved chitosan particulates.
Afterward, the solution was transferred to a 10 mL syringe
and electrospun into 15 mm diameters and ~0.7 mm (>10
mL spinning solution) thick membranes as described by Wu
et al. [32]. Briefly, chitosan was dissolved in TFA/DCM
solution and was ejected from a 20-gauge needle with a
flow rate of 0.015-0.03 mL/min and at 14-26 kV. Fibers
were collected on a non-stick aluminum foil 25 cm away
from the needle and attached to a grounded metal wheel
(18 cm in diameter) rotating at 8.4 RPM by an AC motor to
ensure even and random distribution. The temperature and
humidity were controlled at 25 °C and 50%, respectively.

Celox gauze (Medtrade Products Ltd., UK) is avail-
able commercially for purchase, and is made of granular
chitosan. Celox gauze is typically used as a hemostatic
agent which interacts with red blood cells to stop bleeding.
It serves as the standard-of-care control in this study.

2.2 Anhydride Treatment

Discs 10 mm in diameter were punched out and modi-
fied using hexanoic (HA), octanoic (OA), or decanoic (DA)
fatty acid anhydrides [24,32]. Chitosan was reacted with
the anhydrides in pyridine for 1.5 hours then rinsed with
acetone, 70% ethanol, and deionized water at room temper-
ature (25 °C). After membranes have undergone the anhy-
dride treatment, membranes are lyophilized (FreeZone 2.5,
Kansas, MO, USA) for 24 hours. After treatment, sam-
ples are loaded with 5.071 pL/mL of C2DA and/or 16.67
mg/mL of bupivacaine via ethanol evaporation. These con-
centrations result in 0.15 mg of C2DA and/or 0.5 mg of
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bupivacaine. One half of each specimen is used for charac-
terization via elution/bacterial analysis and the other half of
each specimen was used for quantifying loading.

2.3 Scanning Electron Microscopy

Treated and untreated membranes were imaged
with Scanning Electron Microscopy (SEM) (Nova
NanoSEM650, FEI Co., Hillsboro, OR, USA) to charac-
terize fibers on the surface of the ESCMs. To prepare the
SEM samples, membranes were placed on flat metal stubs
to later be sputter coated (EMS Quorum/Q 150T ES plus,
Quorum, UK) with a 5.2 nm gold-palladium coating of
argon and nitrogen. Images were taken through a back-
scattered electron detector (BSE), with an accelerating
voltage of 20 kV and a working distance of 5.1 mm. After
images were taken via SEM, fiber width was recorded
and compared to scale bars from the same SEM image to
accurately measure the width. Three SEM images were
analyzed for each group and 20 fibers from each SEM
image were measured. Fiber measurements were done
via Image] software (Version 1.53r, NIH, Bethesda, MD,
USA).

2.4 Fourier Transform Infrared Spectroscopy

Treated membranes were observed using PerkinElmer
Frontier FT-IR spectrometer (Waltham, MA), with a dia-
mond crystal, in Attenuated Total Reflectance (ATR) mode
to analyze the bonds on the surface of ESCMs, and to ver-
ify the success of fabrication and treatment via ester bonds,
decreased presence of chitosan salts, and an increase in car-
bon chain. The analysis was done at room temperature (25
°C), at a spectral resolution of 8 cm™!, and a range of 500
cm~! to 4000 cm™!,

2.5 Water Contact Angle

Water contact angle was performed to determine
changes in ESCM hydrophobicity following each anhy-
dride treatment (HA, OA, and DA). Treated membranes
were placed on a VCA Optima (AST Products, Billerica,
MA, USA) stage where a water droplet (5 uL) was slowly
dropped on top of the sample and left for 5 minutes (n = 3
per treatment group). Contact angle for each sample was
determined using VCA OptimaXE software (AST Prod-
ucts, Inc., Billerica, MA, USA).

2.6 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) was utilized
to look at the surface of the samples for the percentage of
elements associated with treated groups. In addition to the
elemental analysis, XPS results were used to calculate the
Degree of Substitution (DOS) [32]. Analysis of the samples
was performed using a ThermoScientific K-Alpha XPS sys-
tem equipped with a monochromatic X-ray source at 1486.6
eV, corresponding to the Al Ka line. The X-ray power of
75 W at 12 kV was used for all experiments with a spot size
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of 400 mm?. The base pressure of the K-Alpha instrument
was at 7.5 x 10719 mBar. The instrument was calibrated to
give a binding energy of 84.0 eV for Au 4f7/2 and 284.8 for
the Cl1s line of adventitious (aliphatic) carbon present on the
nonsputtered samples. Photoelectrons were collected from
a takeoff angle of 900 relative to the sample surface. A se-
ries of XPS spectra were acquired in the Constant Analyzer
Energy mode. The survey spectra were collected at a pass
energy of 200 eV and an energy step size of 1.0 eV, while
the high resolution (HR) core level spectra of Cls, Ols, etc.
were taken at a 40 eV pass energy, an energy step size of 0.1
eV, and using an average of 40 scans (n = 2). The XPS data
acquisition was performed using the Avantage v5.995 soft-
ware (Thermo Fisher Scientific Inc., Waltham, MA, USA)
provided with the instrument. Degree of substitution was
calculated according to Eqn. 1:

A%C' : A%N = ("*%) % 0.865 + (Stpx) £0.135 (1)

where 4%C is atomic percentage of carbon, 4 %N is atomic
percentage of nitrogen, p is the number of carbons in the
chain, and x is the degree of substitution.

2.7 Elution Profile

Loaded half samples (samples with a diameter of 10
mm, cut in half) (n =5 per group) were weighed and placed
in sterile phosphate buffered saline (PBS) with 10% bovine
growth serum (Hyclone, Logan, Utah), eluates were col-
lected by complete solution change at time points of 3, 6,
9, 12, 24, 36, 48, 60, and 72 h. The other half of each sam-
ple was saved for a single time point analysis following a
100% ethanol wash. The concentration of C2DA and bupi-
vacaine in the eluates was measured with high performance
liquid chromatography (HPLC) using a ThermoScientific
Dionex Ultimate 3000 Series HPLC system and a BDS Hy-
persil reversed-phase C18 column (particle size of 5 pm)
(250 x 4.6 mm) (run time = 7 min, injection volume = 10
uL, wavelength = 197 nm, dilution factor = 1.0). All elu-
ate concentrations were normalized to standard curves with
known concentrations of C2DA and bupivacaine.

2.8 Antimicrobial Activity

Loaded and unloaded samples (n = 4) were placed in
24 well plates and inoculated with 0.5 mL tryptic soy broth
(TSB) containing 108 colony forming units (CFU) of S. au-
reus (UAMS-1; ATCC 21121), A. baumannii (BAA; 1710)
or P. aeruginosa (PA; ATCC 27317). After incubating at
37 °C for 24 or 48 hours, membranes were removed from
wells, rinsed twice with sterile PBS (pH = 7.4), and soni-
cated for 5 min at 40 kHz (Fisher Scientific Ultrasonic Bath,
9.5 L) to remove biofilm-associated bacteria. Quantifica-
tion of biofilm was determined using BacTiter-Glo® Mi-
crobial Cell Viability Assay (Promega). To quantify the
presence of viable planktonic bacteria, supernatants from
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Fig. 1. SEM images of unmodified and modified electrospun chitosan membranes. (A) unmodified, (B) modified with Hexanoic

anhydride, (C) modified with Octanoic anhydride, (D) modified with Decanoic anhydride, (E) macroscopic image of unmodified elec-

trospun membrane. SEM, scanning electron microscopy.

Table 1. Average fiber diameter of unmodified electrospun
chitosan membrane (ESCM), and ESCM modified with
various anhydrides. Statistical differences were tested
against the unmodified control (n = 60).

Treatment Average diameter (um)  Statistical difference
ESCM (control) 0.469 £+ 0.184 Not applicable; control
Hexanoic 0.432 £ 0.199 No difference (p = 0.592)
Octanoic 0.422 +0.195 No difference (p = 0.399)
Decanoic 0.435 4+ 0.199 No difference (p = 0.658)

wells containing membranes and bacteria were removed af-
ter 24- or 48-hours exposure to membranes and added to
a new 96 well plate, then combined with BacTiter-Glo®.
Biofilm growth on tissue culture plastic for wells contain-
ing membranes was further analyzed to determine biofilm
formation at sites distant from membranes. After mem-
branes and supernatants were removed, wells were rinsed
with PBS (2 times) and attached biofilm was quantified us-
ing BacTiter-Glo®. Results were normalized as a percent
viability versus bacterial cells grown in untreated wells.

2.9 Statistical Analysis

Statistical analysis was performed using GraphPad
Prism 9 software (GraphPad Software Incorporation, La
Jolla, CA, USA) and Xrealstats (Add-in) through Excel.
Data was assessed first by performing Shapiro-Wilk nor-
mality test, followed by Brown-Forsythe equal variance
test. If both passed, data was further analyzed with a one-

way analysis of variance (ANOVA) followed by Holm-
Sidak’s post-hoc analysis to detect significant between ex-
perimental groups (a = 0.05). If normality and equal vari-
ance were not passed, data was analyzed using Kruskal-
Wallis ANOVA on ranks (« = 0.05), followed by Tukey
post-hoc test or Dunn. Comparisons against control groups
were performed with one-way ANOVA followed up with
Dunnett C.

3. Results

3.1 Scanning Electron Microscopy

SEM images of the different anhydride treatments
confirmed consistent fiber diameter with minimal swelling
between the different treatments and control (ESCM)
(Fig. 1), resulting in no significant differences between fiber
diameters (Table 1). Forty fibers from each sample were
measured using Diameter] and the fiber diameters are re-
ported in the histogram in Fig. 2.

3.2 Fourier Transform Infrared Spectroscopy

For the untreated membranes, characteristic peaks
were observed at 720-840, 1790, 1670, 2300-3600, 1100
and 1200 cm ™~ correspond to C-F stretching, C=0 stretch-
ing, C=0 making chitosan salt, broad O-H stretching, and
large peaks caused from TFA. For the treated membranes,
characteristic peaks were observed at 1742, ~3460 and
~3290, 1650, 1545, and 2900 cm ™! corresponding to C=0
of ester, N-H stretching of amine (NHz), C=O of amide,
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Fig. 2. Fiber diameter distribution of unmodified ESCM, and ESCM modified with various anhydrides (n = 40).

Table 2. The degree of substitution of ESCM after different anhydride modifications.

Treatments

Hexanoic anhydride

Octanoic anhydride = Decanoic anhydride

Degree of substitution (%) 1.51 £ 0.14

1.25 £0.39 1.13 £0.09

and N-H bend of chitosan amide, and acyl carbon chains at
the surface of the membrane. All TFA peaks were absent
or drastically decreased (Fig. 3).

3.3 Water Contact Angle

Each water drop stayed fixed on treated membranes
for 5 minutes and all treated membranes exhibited hy-
drophobic properties (Fig. 4).

3.4 X-Ray Photoelectron Spectroscopy

XPS showed an increase in carbon detected starting
with untreated through decanoic treated groups at binding
energy 277-292 eV. Fig. 5 shows the XPS spectra for elec-
trospun chitosan and the decanoic treated group. The var-
ious anhydride treatments lead to an increased C:N ratio
which was then used to calculate the degree of substitution
(DOS) (Table 2) using Eqn. 1. This increase in the C:N ra-
tio resulted in a decrease in DOS, with all values being less
than 2.

&% IMR Press

3.5 Bupivacaine Elution Profile

Results showed a high burst release of bupivacaine
from the controls with chitosan sponge eluting no more
by 36 hours and gauze eluting out to the end of the 3-
days (Fig. 6). Experimental groups show a burst release
within the first 3 hours followed by tapering concentrations
throughout the 3-day elution. Octanoic anhydride treated
membranes exhibited the highest burst release of bupiva-
caine from the experimental groups, followed by release of
lower concentrations over the course of 3 days. Cumula-
tive release showed significant differences between control
groups vs. hexanoic and decanoic treated groups, while no
significant differences were observed for octanoic group.
Control groups released loading concentration within the
first day, while all experimental groups released approxi-
mately 45% of the payload or more by the end of the 3 days.
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Fig. 4. Contact angle images of anhydride treated ESCMs and their corresponding averaged left/right angles & the standard

deviation (n = 3).

3.6 C2DA Elution Profile

Results from the 3-day release (Fig. 7) showed all
samples start with a burst release within the first 3 hours
then tapering concentrations at 6 hours. By 24 hours, only
the experimental groups released C2DA. C2DA release was
not detected for any groups within the 12-hour timepoint
or after 24 hours. There was a significant difference in
the release of C2DA between octanoic ESCM and chitosan
sponge vs. hexanoic ESCM. Additionally, all samples only
released less than 20% of the C2DA payload.

3.7 Antimicrobial Activity

3.7.1 S. aureus

Results from the S. aureus planktonic analysis showed
all groups had significantly lower growth compared to bac-
teria control within the first 24 hours (Fig. 8). By the sec-
ond day, only groups loaded with both C2DA, and bupiva-
caine had significantly lower planktonic growth compared
to control. As for the biofilm associated on the wells of
the plates, control groups were similar to untreated bacteria,
while experimental groups show high variability within the
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Fig. 5. X-ray photoelectron spectroscopy (XPS) results for electrospun chitosan and the decanoic anhydride treated group.
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first 24 hours. Significant differences over the control were
detected for decanoic + C2DA by 24 hours, by 48 hours,
all groups showed similar growth rates to that of the bac-
teria control outside from gauze. Biofilm associated with
membranes showed both chitosan sponge at 24 hours and
48 hours significantly higher than the rest of the groups.
Additionally, all the ESCM resulted in the least amount of
S. aureus biofilm viability at both 24 and 48 hours. Im-
ages of the samples’ surfaces were taken via SEM showing
more colonies present on the surface of the samples within
the first 24 hours (Fig. 9).

3.7.2 A. baumannii

Results from the 4. baumannii planktonic analysis
showed all groups to be similar to that of the bacteria con-
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trol at 24 hours (Fig. 10). At 48 hours, the groups loaded
with the combination of C2DA and bupivacaine were the
only groups significantly lower to the bacteria control. This
was also the case for the biofilm plate analysis at 24 hours,
where the combination of therapeutics inhibits the most
growth compared to the other loaded or unloaded groups.
By the end of 48 hours, all groups were similar to that
of the bacteria control. The biofilm associated with the
membranes showed that the chitosan sponge and gauze was
significantly higher than all the other groups within the
first 24 hours. Within 48 hours, Decanoic ESCM loaded
with bupivacaine showed a significant decrease in viabil-
ity compared with gauze and Decanoic ESCM. The chi-
tosan sponge loaded with C2DA and bupivacaine showed a
significant decrease in viability compared with gauze, De-
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Fig. 8. S. aureus viability at 24 and 48 hours. (A) Planktonic viability, (B) biofilm found in the wells, and (C) biofilm found on samples.
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canoic ESCM, and Decanoic loaded with C2DA. Images of
the sample’s surface were taken via SEM showing contin-
ual growth at 24 hours, as seen with the biofilm growth on
the membranes (Fig. 11).

3.7.3 P, aeruginosa

P, aeruginosa planktonic analysis for 24 hours showed
all groups having growth similar to that of the control.
By 48 hours, the chitosan sponge had significantly higher
growth than the control (Fig. 12). Biofilm plates were
later analyzed and results for 24 and 48 hours showed
similar results to the bacteria control. Biofilm growth
on the plates showed signs of decreased growth by the
end of the 48 hours. Lastly the samples were analyzed

for potential biofilm, results from the 24-hour analysis
showed significant differences for chitosan sponge and chi-
tosan sponge loaded with C2DA and bupivacaine, show-
ing higher growth compared with Decanoic ESCM loaded
with C2DA and Decanoic ESCM loaded with C2DA and
bupivacaine. In addition to the 24-hour analysis, signif-
icantly higher growth was seen for gauze in comparison
with Decanoic ESCM loaded with C2DA. The 48-hour
analysis showed significantly higher growth for Decanoic
loaded with C2DA against all other groups besides De-
canoic ESCM and Decanoic loaded with C2DA and bupi-
vacaine. Images of the samples’ surfaces taken via SEM
showed high growth within the first 24 hours as well as
biofilm formation (Fig. 13).
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Fig. 9. SEM images of S. aureus (yellow) bacteria on samples at 24 hours at 2500 x magnification. Letters on images represent (A)
Sentrex sponge, (B) DA-treated ESCM, (C) Sentrex sponge loaded with C2DA and Bupivacaine, and (D) DA-treated ESCM loaded with
C2DA and Bupivacaine. Images were taken at random with a magnification of 2500 x and a spot size of 1. DA, decanoic anhydride.
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indicates significant difference from all groups. Significant differences were determined by one-way ANOVA, followed by Dunnett C

for figures with controls and Kruskal-Wallis ANOVA on ranks, followed by Tukey post-hoc test for figures with no controls (n = 5).
BUP, Bupivacaine.

4. Discussion Furthermore, local delivery of anesthetics from ESCMs
would have the potential to alleviate the unfavorable depen-
dency that follows the use of systemic opioid use and man-
agement [18,19] for pain symptoms, while C2DA delivery
may prevent infection post-burn. With minimal swelling of
anhydride-treated fibers between the experimental groups,

Overall results of these studies indicate that anhydride
modified ESCMs show promising potential to serve as a
wound dressing for burn injury applications. Loading ES-
CMs with therapeutics via ethanol evaporation makes them
readily useable in the context of combat-related wounds.
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(A) Sentrex sponge, (B) DA-treated ESCM, (C) Sentrex sponge loaded with C2DA and Bupivacaine, and (D) DA-treated ESCM loaded
with C2DA and Bupivacaine. Images were taken at random with a magnification of 2500 and a spot size of 1.
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we can further tailor ESCMs to be more stable and main-
tain biological active loading capabilities [32]. Washing
ESCMs after treatment successfully removed TFA salts, al-
lowing for a decrease in cytotoxic effects while maintain-
ing hydrophobic properties [24,34]. The DOS calculation
showed all of the experimental groups resulting in values
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less than 2 indicating more viable functional groups avail-
able on chitosan, possibly due to steric hindrance making
it harder for anhydrides with longer carbon chains to react
and bind to chitosan. In return, this allows for the poten-
tial loading of more or other therapeutics to further develop
this novel burn wound dressing. The degree of substitution
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Fig. 13. SEM images of P. aeruginosa (green) bacteria on samples at 24 hours at 2500 x magnification. Letters on images represent
(A) Sentrex sponge, (B) DA-treated ESCM, (C) Sentrex sponge loaded with C2DA and Bupivacaine, and (D) DA-treated ESCM loaded
with C2DA and Bupivacaine. Images were taken at random with a magnification of 2500 and a spot size of 1.

indicates how many carbon tails are attached to the electro-
spun membranes. Therefore, a higher degree of substitution
correlates to higher hydrophobicity and larger capacity to
encapsulate the drugs loaded. Unlike materials such as the
chitosan sponge, the nanofibrous morphology of ESCMs
resemble the extracellular matrix with high surface area to
volume ratio with pores between the fibers to allow for the
excretion of fluids from burn wounds, and reducing the risk
of infection [35,36]. Furthermore, it was reported that the
electrospun material stimulates extracellular matrix which
promotes epithelialization and angiogenesis [36].

Additionally, the intrinsic biofilm inhibitory proper-
ties and release of antimicrobial and anti-inflammatory
agents may act as a potential burn wound dressing that cuts
down on healing time and physiological scarring.

The release of bupivacaine from the dual-loaded ex-
perimental ESCMs was similar to another study in which
ESCMs treated with hexanoic anhydride (different load-
ing concentrations) resulted in a burst release [25]. Later
the study inferred that this burst release is possibly due
to excess bupivacaine drying on top of the membranes
rather than being loaded in between the acylated fibers
[25]. The reduced cumulative release of bupivacaine in
control groups compared to experimental suggests that the
hydrophobic carbon tails on modified chitosan allow it to
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capture and hold the hydrophobic drug within the struc-
ture. This extended release may provide the patient with
pain relief for a longer amount of time and allow for an in-
crease in time between dressing change in dire situations.
Although the dual-loaded experimental ESCMs do not re-
lease their full payload, for a patient with a compromised
immune system, this release may provide a more guided
growth not hindered by high concentrations affecting im-
mune/skin cells during the healing process than the release
kinetics observed by the control groups.

C2DA release from all groups exhibited a burst release
within the first 3 hours, but only the experimental groups
eluted through the 24-hour time point suggesting that the
hydrophobic interactions from the carbon chains resulted in
the drugs being tightly bound within the modified matrix.
Furthermore, the absence of C2DA at 12 hours could be
attributed to the hydrophobic drugs having low solubility
in aqueous environments such as PBS and bovine growth
serum as the hydrophilic media outside the hydrophobic
nanofibers impedes the diffusion of drugs. These results
may be confirmed in future studies using another detection
method, such as LC/MS. Our work, though somewhat con-
trary to similar studies of acylated chitosan membranes, is
similar to another local drug delivery system that loaded
C2DA onto phosphatidylcholine coatings, resulting in a
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burst release at first then tapering concentrations afterward
[15]. The cumulative release of C2DA in all groups was less
than the total loaded amount, suggesting that the samples
are holding onto C2DA more tightly, possibly due to the
chain length and configuration of the anhydride treatment
on the hydroxyl group of chitosan allowing for attachment
of long carbon chains dictating its time-dependent release.
The long-tail carbon chains associate with the hydrophobic
portions of the loaded drugs. Hydrophobic molecules ag-
gregate in aqueous environments which restricts their con-
tact with water and encapsulates the hydrophobic molecules
within the chitosan matrix [37]. The retention of the drugs
inside the matrix allows for a slower, controlled release as
the drugs have to overcome the strong hydrophobic inter-
actions to diffuse out [24].

Future studies will be performed to measure the C2DA
within the samples more accurately via HPLC detection af-
ter chemically/physically destroying the samples for detect-
ing therapeutics that may reside within the fibers. Addition-
ally, although not fully understood, the synergistic effect
[14] from loading C2DA with bupivacaine may play a role
in release kinetics.

Activity against strains prevalent in burn injuries sug-
gests these biomaterials would be useful in burn injury in-
fection prevention. Similar antimicrobial activity against S.
aureus was reported in a study performed by Harrison et al.
[25], where the same therapeutics and method of delivery
were used, but at much higher concentrations. In this study,
nearly all groups had decreased growth within 24 hours,
even groups not loaded with any therapeutic [25], indicat-
ing that materials themselves were inhibitory to bacteria,
but not bactericidal at these concentrations. In contrast, our
study looked at the response by 48 hours, where the only
biomaterials with significant antibacterial properties were
those loaded with both therapeutics, which suggests that
the combination of therapeutics may have additive or syn-
ergistic effects for inhibition of biofilm. The absence of dif-
ferences between the modified chitosan and control groups
against planktonic 4 baumannii may be due to the lower
susceptibility of this strain to both bupivacaine and C2DA.
This is further confirmed by the reduced growth of plank-
tonic bacteria at 48 hours only in the groups that received
both drugs. The reduction however was not observed in P,
aeruginosa planktonic data suggesting that the combination
and concentration of both therapeutics seems to be more ef-
fective at inhibiting S. aureus and A. baumannii planktonic
bacteria compared with planktonic P. aeruginosa. The de-
creased efficacy of the drugs is likely due to P. aerugi-
nosa being one of the gram-negative strains that become
harder to treat as time increases in comparison with other
skin related infections from burn wounds [38]. Reports of
high concentrations of C2DA have found that this agent in-
creases cell membrane permeability [39], and P. aeruginosa
among other strains produce and utilize these DSFs [12],
which would explain the lack of inhibition of P. aeruginosa
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at such concentrations compared to that of other strains. It
is likely that the antimicrobial activity exhibited by gauze
is due to the processing method of the gauze, as they are
bleached for color and sterility purposes. The lack of an in-
hibitory effect against the gram-negative strains may also
be explained by the burst release seen in the elution studies,
where a burst release of C2DA is followed by tapering con-
centration within the first day. The reduction of S. aureus
and P. aeruginosa’s biofilm in the wells, below the samples,
at 48 hours may be due to the increase in time resulting in
more available therapeutics in the wells. In addition to more
therapeutics being released, it is also important to note that
most of these samples are hydrophobic and float within the
TSB media, resulting in an increase of therapeutics reach-
ing the bottoms of the wells via diffusion over time. The
higher growth of S. aureus and 4. baumannii biofilm on the
chitosan sponge suggests that the material alone was not
able to reduce the viability of biofilm for both time points
as opposed to the experimental groups such as the decanoic
anhydride modified ESCM, indicating it may have an in-
hibitory effect on its own. Groups loaded with both thera-
peutics reduced P. aeruginosa biofilm growth at 48 hours,
which suggests that Bupivacaine and C2DA might have an
additive effect on some strains of bacteria.

Future studies for this project entail a reconsideration
of loading concentrations, in vivo studies, and exploring dif-
ferent loading strategies. Additional future studies include
cytocompatibility studies using human dermal fibroblasts
and keratinocytes. Other synthetic analogs of C2DA have
been developed as well as new procedures for measuring
therapeutics, so future studies may include incorporation
of these analogs into chitosan membranes and evaluation
of their potential to prevent and eradicate biofilm more ef-
fectively than C2DA. Although ESCMs loaded with C2DA
and bupivacaine seem promising, there are still limitations;
the antimicrobial efficacy of ESCMs modified with differ-
ent chain lengths and the effects of different treatment meth-
ods on the DOS were not explored. Furthermore, different
loading strategies to increase drug encapsulation capacity,
and in vivo studies are needed to evaluate how the use of
ESCMs as wound dressings could be translated to clinical
use.

5. Conclusions

These in vitro evaluations investigated combination
and individual loading of therapeutics for control and ex-
perimental groups to aid in pain relief and infection pre-
vention as a burn wound dressing application. In austere
locations or combat settings, where medical attention may
be delayed, an antibacterial wound dressing may be ad-
vantageous for minimizing infections from further contam-
ination as well as potential biofilm growth within the first
24 hours of administration, with local anesthetics remain-
ing active over the course of 72 hours, until further care
is available. Extending the alkyl chain length in modified
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ESCMs by using anhydrides with longer chains such as de-
canoic anhydride could increase hydrophobicity, promote
better biocompatibility, and improve chemical and mechan-
ical stability. Longer carbon chains also facilitate sustained
drug release since they provide a diffusion barrier. Based
on findings from the bacterial studies it is suggested that
the combination of therapeutics play a major role in biofilm
prevention for select strains such as S. aureus, A. bauman-
nii, and P. aeruginosa, whether that is from direct contact
or diffusion in aqueous solutions. To conclude, this in vitro
study denotes the potential of varying acylated ESCMs, es-
pecially decanoic-modified, to be used as a burn wound
dressing by releasing hydrophobic therapeutics for preven-
tion of bacterial/biofilm growth and pain relief.
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