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Abstract: Chitosan nanofiber membranes are recognized as functional antimicrobial materials, as they
can effectively provide a barrier that guides tissue growth and supports healing. Methods to stabilize
nanofibers in aqueous solutions include acylation with fatty acids. Modification with fatty acids
that also have antimicrobial and biofilm-resistant properties may be particularly beneficial in tissue
regeneration applications. This study investigated the ability to customize the fatty acid attachment
by acyl chlorides to include antimicrobial 2-decenoic acid. Synthesis of 2-decenoyl chloride was
followed by acylation of electrospun chitosan membranes in pyridine. Physicochemical properties
were characterized through scanning electron microscopy, FTIR, contact angle, and thermogravi-
metric analysis. The ability of membranes to resist biofilm formation by S. aureus and P. aeruginosa
was evaluated by direct inoculation. Cytocompatibility was evaluated by adding membranes to
cultures of NIH3TS3 fibroblast cells. Acylation with chlorides stabilized nanofibers in aqueous media
without significant swelling of fibers and increased hydrophobicity of the membranes. Acyl-modified
membranes reduced both S. aureus and P. aeruginosa bacterial biofilm formation on membrane while
also supporting fibroblast growth. Acylated chitosan membranes may be useful as wound dressings,
guided regeneration scaffolds, local drug delivery, or filtration.
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1. Introduction

Chitosan is considered a promising therapeutic delivery agent due to its biodegrad-
ability, biocompatibility, non-toxicity, and inherent antimicrobial activity [1,2]. Chitosan is
a sugar-based biopolymer derived from exoskeletons of arthropods, e.g., crustaceans and
insects, fungi cell walls, mollusks radulae, fish scales, cephalopod beaks, and lissamphib-
ian skin. Structurally, chitosan is a heteropolymer composed of N-acetyl-D-glucosamine
and D-glucosamine unit connected through (3 (1-4) glycosidic bond. Chitosan has three
reactive functional groups: an amine group at the C-2 position, and primary and secondary
hydroxyl groups at C-6 and C-3 positions, respectively. Chitosan is polycationic at a
pH below six and interacts with negatively charged molecules, such as proteins, anionic
polysaccharides, fatty acids, bile acids, and phospholipids [3]. Chitosan is a versatile
polymer due to its flexibility that allows manufacturing into various forms such as gels,
nanofibers, pastes, films, etc. Electrospun chitosan membranes are of particular interest for
biomedical applications due to their porous nanofibers and high surface area that mimics
the extracellular matrix. Multiple biomedical applications, including wound dressings,
drug delivery, and tissue engineering, involve nanofibrous chitosan membranes [4,5].

Chemical modification of electrospun chitosan membranes can enhance their physico-
chemical properties, further functionalizing the material to allow for a broader range of
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applications. For example, the incorporation of hydrophobic substituents, such as fatty
acids, generates a domain for absorbing and carrying poorly soluble drugs. Literature
supports the potential for fatty acid (FA)-treated chitosan membranes to control the release
of the hydrophobic drug simvastatin [6]. Linoleic and «-linolenic acid-modified chitosan
has demonstrated potential as a multifunctional catheter coating by improving the lubricity
and antimicrobial properties [7]. A study also found that fatty acid incorporated chitosan
can improve mucoadhesive properties in a self-nano-emulsifying drug delivery system [8].
Studies investigated decanoic acid grafted chitosan as a potential carrier of insulin by
combining the mucoadhesive and permeative properties of chitosan and decanoic acid,
respectively [9]. Decanoic, oleic, and linoleic acid-modified chitosan have enhanced wound
healing rates [10,11]. The length of the fatty acyl chain incorporated through O-acylation
can control the chitosan nanofiber’s crystal structure. It also improves its stability in the
moist environment while maintaining its non-toxic property and has shown promise for re-
generating bone in guided bone regeneration (GBR) applications in rodent models [12-14].
A study using buriti oil containing volatile compounds and fatty acids indicated that
chitosan and buriti oil could be combined into a gel to improve chemical properties and
activity against Gram-negative pathogens [15]. In addition to the antimicrobial activity, chi-
tosan gel with buriti showed antioxidant and anti-inflammatory properties, good healing
activity, and an adequate wound retraction rate [15].

Trifluoroacetic acid (TFA) is one of the most commonly used solvents for electrospin-
ning chitosan membranes because it provides adequate viscosity for the polymer solution
to be pulled into nanofibers [6,16]. Despite this benefit, TFA forms a salt with chitosan’s
amino groups, requiring removal without compromising the nanofibrous structure or
deteriorating the membrane’s mechanical properties. One technique to achieve this balance
involves grafting fatty acid (FA) groups to the hydroxyl groups outside of the chitosan
fibers to create a hydrophobic covering to prevent fiber swelling during the washing steps
of TFA ions [13]. FA chains can be attached to any of the three reactive groups; acid
chlorides and methanol crosslinks FAs in the amine position [17,18]. Acylation reactions
may also use a coupling agent, such as 1-ethyl-3-(3-dimethyl-aminopropyl)-1-carbodiimide
hydrochloride (EDC) to improve the reactivity [7]. The TFA salt in the electrospun chitosan
membrane occupies the amine group [16]. Wu et al. developed an O-acylation method in
which the chitosan membrane is acylated by acid anhydride in the presence of a pyridine
catalyst to improve its stability in an aqueous solution [12,14].

The fatty acid 2-decenoic acid (2DA) and its analogs are medium chain FA chemical
messengers naturally produced by bacteria. Studies have shown that the cis form of 2DA
(C2DA) disperses existing biofilm and inhibits biofilm formation [19]. Studies suggest that
2DA could increase microbes” metabolic activity and the bactericidal ability of commonly
used antimicrobials [20]. These properties could make 2DA a potential complementary
therapy for infection. Additionally, 2DA could lessen antibiotic tolerance by improving
the efficacy of these drugs against biofilm infection. Acylating chitosan membranes with
2DA or analogs may provide the advantages of bacterial biofilm resistive materials and the
ability to load with hydrophobic therapeutics for extended release. However, 2-decenoyl
chloride (2DC) is not commercially available. This study investigates a custom synthesis
route for acyl chlorides and their ability to stabilize and functionalize chitosan nanofibers.
Additionally, this study determined physicochemical properties, antimicrobial properties,
and cytocompatibility of acyl-modified chitosan nanofibers [21].

2. Results
2.1. Viscosity Average Molecular Weight

The intrinsic viscosity (1) of the chitosan used for electrospinning membranes was
determined to be 6.249. The calculated viscosity average MW was 664.7 kDa.
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‘ih@rﬁ%%ﬁgﬂéﬁr&%mi@ [W?'Jck of peaks < 1000 cm™! in treated membranes confirms
the removal of TFA salts [14,22].
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Figure 3. FTIR spectra of chloride modified and as-spun nanofibrous chitosan membranes. Trans-

Higjtred 8 VEIRBphpetpaaifioffidshindifindl ifeehatpmnatatofibravoéibiesas ardrdsmmenchinsmiés. Trans-
taneeavaluasdiaes bearedblsehivffededititey¢dnttitatetatiturpretation.

2.4. Contact An le
2.4, Contact An

é&s remained stable on modified membranes for more than 5 min (Flgure

I; remaine st b e oNn.mo ﬁf % embranes for more han n (Figure 4 Ei
ﬂfﬁ) a;gﬁ A evalia
. % }g [E e%sur;g:ne s un anes we%% ot oS eo( }11%)1;2
( & a%lfstg? i ﬁé)sa - ac men NOPISHHETOP
. \Y 1
A afl up%n ]%ranes ere not possibl

due to,dissolution of the chitosan, TEA r%g}ii.quon placemenit Qfthe. drop:

.Q..

M@m@%‘@h 9.10° 134.53° 4+ 2.12° 131.4° + 3.56°

%@Jﬁm@mﬁm@i@%}nodiﬁed chitosan membranes. Values are mean + standard
devi&y 'mmwr%%mwwm o %@aﬁmm

whishhischatpstesistisfaschitpsamhditet o esnsinding s Rggséh

M%&WMM&%M@@&%E%?W%& 5/ /Oéit%%ém@éés

ICH’H: ;‘ “3s I8Rs i ater \V t P BH .‘A SEIER %l 8 n% #%gqmtlall)

AN 52 Y Q ing wit
i 5 o oggg)tal mas

accar

initia (%i?,-’as ess water was bound to hy élrop%ggg%%ve ranes (Figure 5). Non-modifie
chitosan had an initiation (Tp (I)) (°C) temperature of onset of 263.3 °C, where acyl mod
fied membranes had (To (I)) (°C) values of 215.43 °C, 216.6 °C, and 212.34 °C for hexanoic
decanoic-, and 2-decenoic- modified membranes, respectively (Table 1).



100+
80
Mar. Diys 2921,48, %FQR PEER REVIEW Sof13
£ 5o
5
2
106
&0
£ 60 100 200 360\ 400 500
.g) Temperatuce (°C) N\ Universal V4.5A TA Ifstrumen
g
Figyge 5. TGA (10 °C min!, raw data) of chitesan ( 5% DDA), 2DC modified a
spun ghitosan membranes.
—————— Chitosan ) —— .
Table 1. Summary of TGA analysis for HCE}EDC, and 2DC modified chitosan membranes, and-ehitpsan (86.5% DD/
Weight Loss (%) As-epin Weight loss w/o water (%) To (I) (9C) Tp (on:
Sample Water Deg-1 o maining Deg-1 (norm Remaining (norm) Deg-1 inifiation Deg-
rt-150 °C 150—500 °c at 500 °Cc_ 199 150 500°é°O nnnnnnnnnn al%o°ec M0 T Tdgtion 8
Chitosan 11 45 263
HC 4 76 Bre o, 19\ &6‘ rr{?r"{’ ta (C}latt a) o f86hl{c°0 (%C SQC[%BCAT%@?@I@ Wisieh modlf@
San mem
DC 8 69 spun chito membranes75 217
2DC  Table 13Summary of TGA analysis for P{§’, DC, and 2DC mgdified chitosan memb@pes and chitosan (86.5%0PDA). 2

Table 1. Summatw@gﬂ G;ésa%alysm for HC D%lgma@@awd@ﬁe@ ch1tosan mqmb@nes, axgi(@hs’e&))sau)(% 5%TC

Piadle 6 1rjb)gliq%mﬁbﬂ) repR

HC i 150C 150-500 °C. . 28500.°C . \jiR0-500°C at500 °C o
ChitosatPC 113 49 20 40 79 55 21 212
verage chitggan MW (86.5% D =179 x0.865 +2 0.135=184.
I;g ; ZS Chltosa%efs‘ Comf?osed of (Zl?élucosam(me unit (Cg 13NO5) with a molec gligxwelght
(MW) gfé9u ‘ ‘ﬂ’i‘@ %M%ﬁ%zﬁlo i @%§Od%¥és not :
2DC 3 77 used durm C bsen :

avera e 1’1’101’101’1’11' ' W

g o E Chltosawm ﬁ%&g’@%{ T
(1%)%‘/\] of 179 and a N-acetyl glucosamine unit (CsHisNOs) with a MW of 221. 1
used during this process is 86.5% deacetylated (Flgureowl_ekt) >\j_atlon (1) rej

a?/era.ge mom@ er MW.
HM% verage Chlt&sgt}f W%E% DDA) = 4%\“@%

o]

"*The stftface modificatlon dPthitosan with thelvarious modifiers does nc
monomer backbone of chitosan. This allows the theoretical calculation for de;
stitution (DS) per chitosan unit, which is structurally represented in Figure 6

GRT?resf’@st%% Qt?cgﬁ% 0/861%?’?? %l%tge SRARsa" tssgf;f(ffﬁl SPe o%oéiff% At fication
e Eﬁ e esrlll ) Sur é;% Hod fﬁeﬁ’ ”]ﬁi’tosére%ﬁ‘% renead osf)su%s%‘?uﬁ"oﬁ (DS) =

sur chito$ ap dl
r1g ‘surface moditie 1tosan with
e surface modlflcatlon of ch1t w1th {various modlflers S not ct the

L%ﬁ%ﬁ*%?of clgg%i)g fis allo écg%lor itio %ﬁ in 45
kiiting restilts from Eqd'é’tg 1 andeHe fo owu\g:? ns, '% e average o

ing unit M§s¢an be determme



164.7 x 0.55 = 101.6, degraded (2

184.7 x 0.45 = 83.1, remaining (3

>
Mar. Drugs 2021, 19, 556 60f 13

Since fatty acids evaporate with cleavage of the ester linkage at the stage of Deg-1, i

can be assumed that the same amount ((jwe1 ht remams at 500 °C in the ori mal chitosar
From Table 1, at 500 3: ﬁan as egra ed by 55%, which resulte Yo, re-

and modified chitosan-menibrangs.+Lh INGIa qulamg@l@@ﬁmt% é‘eJ;%% Jeer chi
tosan unit for eachresueitagemh¥ fieke FRE{@eH 110) has a MW of 98, DC (Ci0H190) has

MW of 154, and 2DC (CioH17O) had a MW, ef. 192 Fquatioméd) estimates DS for Hg), Equa

tion (5) estimates DS for DC, and Equahlogﬁl 7(6)0.4gt1r§%a}t§esm [a?r% nfgor 2DC. )

Since fatty é&ﬁée?a—p@ﬁx)vﬁkﬂ;@&vag8& therxsteitkage at the stage of Deg-1, it (4
can be assumed that the same amount (weight) remains at 500 °C in the original chitosan
and modified chitosan membranes. The following calculations estimate the DS per chitosan

unit for each sut{Rd ifodlif|&5 (CRBRESaMYY af P§)DC (C1oH190) has a MW of (r:
154, and 2DC (C19H;70) had a MW of 152. Equation (4) estimates DS for HC, Equation (5)
estimates DS for DC, and Equation (6) estimates DS for 2DC.

(184.7+ 1380 xfitd 5834 X b4 @ (€

(184.7 + 154%) x 0.25=83.1, x = 1.0 )
2.6. Antimicrobial Activity (184.7 +152x) x 0.21=83.1, x =14 (6)

The sponge corftrsthisdtaighdifidantly more CFUs counted than all other groups (Fig
ure 7). The CFU co&nt %%ﬁ%%?&r%é‘?@%@?ﬁﬁfﬂ@%ﬁé% Wi Eoé’ﬂﬁjatf‘ﬁﬁlaéltl‘glﬁﬁfm coun

count exanoic trea membranes w compara etot

for the gauze contpod hran gaer cdhelGdldvearatsutotnd ecanaicidreatadnande2relecenoi
treated  membraffdled mepbrgnes veiosigTiiantlyess thiadhe samggeptol the  gauze  contro

0.0004
0.6394 |
0.0007
| 0.0189
| 0.0141
0.3144
4x108 ] 6x104 | 0.0185
0.3144
—
° o
8 i
2 3x10 s
% T g 4x10*
2 g
 2x108 2
E] ©
y 2 of®
w ——
1x108 * . g 2x10%
Bl o 1
o |
P .
0 _-_M_.i._..,.._ = = 2 .JT; 1
Sponge Gauze HC DC  2DC 0 T 1 T T

|
I
Sponge Gauze HC DC 2DC

Figure 7. Scatterplot shows colony forming units (individual points shown with lines representing mean =+ standard

ev1at10127 S @[ reus eft) a}r{d P. aeruéinos t) far the trea ed branes were comE)are with s%n%ﬁafd éauze ti
&lflI'Fs ae rsea A Co%n e(%ygcﬁmes g)rIel Inll)ll% um %: 1vidual pomrts own wi INeEs representing
mean £ standard deviatigp) o &, Aurssdls ARG, b Aerisingss STiahi) fon the dreated membyanes

were compared w1th§p@ﬁg@>a§1é@m&)fwmm@amrﬁ@%wh@wrg@@mm@@w SR Hdames
between groups. 2-decenoic membranes. P. aeruginosa formed abundant EPS on gauze fibers (Figure 8). In
contrast, while P. aeruginosa subsisted on acylated membranes, EPS formation was minimal.
SEM images of biofilm attached to membranes confirmed that some sparse colonie
of S. aureus exist on hexanoic- and decanoic-acylated membranes, with very few observe
on 2-decenoic membranes. P. aeruginosa formed abundant EPS on gauze fibers (Figure 8

In contrast, while P. aeruginosa subsisted on acylated membranes, EPS formation was min
imal.
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FTIR results indicate immobilization of FAs on the fibers. The absorption peak around
1750 cm~! representing the acyl group (C = O) and ester bond formation confirms acylation.
Ester bonds may be particularly advantageous for these materials in infection prevention.
In the presence of acidic environments, such as those found locally at tissue injury sites or in
the presence of bacterial enzymes, such as lipase, they may hydrolyze [19,20]. Environment-
influenced hydrolysis may cause acylated chitosan biomaterials to be less reactive until
interaction with bacteria or damaged tissue. This study did not measure the hydrolysis rate
of fatty acids; future studies will investigate whether conjugated 2DA release is lipase or pH-
sensitive. FTIR spectra broad peaks at 3100-3500 cm ™! represent inter- and intra-molecular
hydrogen bonding of the -NH2 and -OH vibration stretching of chitosan molecules [13]. Of
note, TFA-salt representative transmittance peaks at 720, 802, and 837 cm ! are not present
in any of the modified chitosan biomaterials that confirm the salts are no longer present.

Water contact angle measurements also validate the acylation process that imparts
hydrophobic properties to the hydrophilic chitosan biomaterial. The contact angle results
for this study using acyl chlorides are consistent with prior studies that used acyl anhy-
drides [6,12] in that the contact angle increases with the chain length. Although contact
angle on as-spun membranes was not measured, contact angles for acylated membranes
are higher than those observed for neutralized chitosan films and coatings (80-100°) in
other studies [26,27]. Decanoic acid and 2-decenoic acid have the same chain length, with
2DA having one unsaturated bond. The unsaturated fatty acid should have less hydropho-
bicity than the saturated decanoic acid, which is consistent with the lower contact angle for
2DA-modified membranes. The variability in contact angle observed in this evaluation may
be due to varying degrees of substitution, as well as the rough texture of the nanofibers.
A further limitation is that membrane surfaces were not completely flat, which could
introduce error or variability to the measurements.

Chitosan is known to thermally degrade in two phases under nitrogen atmosphere;
one phase occurs around 300 °C with complete mass loss over 600 °C [28]. As acyl chains
cap the hydroxyl groups, membranes become more hydrophobic with less water associated,
which explains why less mass of water is lost during the initial phase of TGA for acyl-
modified membranes. The earlier initiation and onset temperatures for acyl-modified
membranes are consistent with other studies of ester-modified chitosans [29,30], and
provide additional confirmation that ester linkages are occurring. The larger percentage
of total mass lost after the onset of degradation for acyl-modified membranes are likely
due to the degradation of alkyl chains, also confirming that acylation was successful.
The calculated theoretical degree of substitution for hexanoic-modified membranes is in
agreement with values for similar materials obtained by elemental analysis [12]. The DS
of 2 for hexanoic-modified membranes suggests that, per chitosan unit, both primary
alcohol and secondary alcohol reacted with the hexanoic chloride. The lower degree of
substitution for decanoic- and 2-decenoic modified may be due to steric hindrance of the
additional carbons on the chains. The higher degree of substitution for 2-decenoic-modified
membranes compared with decanoic-modified may be due to the trans-unsaturation point
making the carbonyl more accessible for higher reactivity.

Acylated chitosan membranes demonstrated the ability to inhibit bacterial growth and
attachment (CFUs). In all antimicrobial testing conditions, the acylating nanofibers showed
evidence of reduced biofilm attachment. Surface attachment is a mechanism biofilm uses
to develop and persist. Modified chitosan-nanofibrous membranes have more surface
area for bacteria to attach than chitosan sponge or gauze and still produced better bacteria
inhibition results. These findings support the hypothesis that acyl-modification contributes
to improved antimicrobial properties. Acyl-modified materials seem to inhibit P. aeruginosa
EPS production. Reduction of EPS secretion from P. aeruginosa blocks a primary mechanism
P. aeruginosa uses to form a biofilm, and modified materials may interfere with type IV
pili [31-33]. S. aureus biofilm inhibitory effects may be due to interference with microbial
surface components recognizing adhesive matrix molecules (MSCRAMM). MSCRAMMs
are instrumental in S. aureus attachment and subsequent biofilm formation [34]. The
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differences in bacterial hydrophobicity /hydrophilicity may explain the differing degrees
of response between S. aureus and P. aeruginosa [35,36]. The high variability observed
for CFU counts may be overcome in future studies by using different types of viability
assays, such as luciferase-based luminescence assays. When unattached bacteria remain
in the planktonic state longer, they are more susceptible to antimicrobials and the innate
immune system. In this study S. aureus and P. aeruginosa were chosen as representative
Gram-positive and Gram-negative strains that are common pathogenic strains in bone and
wound injuries. More studies of efficacy of modified membranes against other bacterial
and fungal strains are necessary to understand their broad antimicrobial efficacy.

Balancing bacterial inhibition with cyto- and bio-compatibility is challenging for
many potential antimicrobial biomaterials, drug delivery systems, and tissue regeneration
templates [37-40]. All acyl-modified materials demonstrated cytocompatibility with no
detectable differences between any of the evaluated groups. All modified membranes
met or exceeded the minimum 70% cellular compatibility threshold recommended by the
ISO 10993-5 Biological Evaluations of Medical Devices standard [23]. Future studies will
evaluate the effects of these materials on other cell types, such as immune cells, and will
assess biocompatibility in vivo. While this study did not assess as-spun material as controls
due to the rapid dissolution and acidity of these materials, the acyl-modified materials
performed similarly to previously investigated chitosan-based materials [6,41-43]. There
are no signs of acyl-modified materials adversely affecting cells or any signals that healing
would be negatively affected [10].

In summary, modified chitosan biomaterials possess characteristics that support their
use in infection prevention treatment strategies. These methods allow for functionalization
of chitosan with specific fatty acids. Future studies will evaluate conjugated fatty acid
hydrolysis rate in physiological relevant solutions, including acidic and in the presence of
enzymes such as lipase. Additional future and ongoing studies will characterize the drug
delivery capabilities of acylated nanofiber biomaterials loaded with therapeutics such as
local anesthetics, statins, chemotherapeutics, or antimicrobials.

4. Materials and Methods
4.1. Characterization of Viscosity Average Molecular Weight

The average molecular weight of chitosan (Chitolytic; Toronto, ON, Canada) was
validated using viscosity measurement. To determine the intrinsic viscosity (1), chitosan
was dissolved in various concentrations (0.07, 0.08, 0.13, 0.20 g/dL) 0.25 M acetic acid and
0.25 M sodium acetate and filtered through a 0.45 pum filter. Flow time of the solvent and
different concentrations of CS samples were measured at 25 & 0.1 °C using an Ubbelohde
viscometer [44]. The intrinsic viscosity and average molecular weight of CS were calculated
using the following Mark-Houwink-Sakurada (MHS) equations.

Intrinsic viscosity [1] = KM* (7)

Viscosity average molecular weight M = ([7]/ K)l/ a (8)

where viscometric constant K = 1.57 x 1073 cm3/ g and a = 0.79 [45,46] for a solvent of
0.25 M acetic acid and 0.25 M sodium acetate.

4.2. Fabrication of Electrospun Membranes

Nanofibrous chitosan membranes were electrospun using chitosan (86.5% DDA)
following previous methods [43]. Briefly, Chitosan was dissolved overnight at 5.5% (w/v)
in 70:30% (v/v) TFA and dichloromethane (DCM) purchased from Sigma Fisher (Burlington,
MA, USA). The solution was centrifuged to remove any insoluble chitosan, transferred
to a syringe with a 20-gauge blunt needle, and electrospun at a rate of 15 uL. min~! and
a voltage of 27 kV using a syringe pump onto an aluminum foil covered collector plate
rotating at ~8.4 revolutions per minute, with constant monitoring of the Taylor Cone
to ensure high-quality membranes. The electrospinning apparatus was housed inside a
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ventilated box which was vented to a fume hood. The apparatus was operated at room
temperature and at 40-60% humidity. Membranes were spun from three 10 mL volumes to
obtain a diameter of 15 cm and thickness of approximately 700 um. After membranes were
fabricated, they were sectioned into 10 mm diameter discs for use in experiments.

4.3. Synthesis of 2-Decenoyl Chloride

A reflux reaction was used to synthesize 2-decenoyl chloride based on the method
described by Namazi et al. [47], by first placing 1 M (40 g L™!) of sodium hydroxide (NaOH)
in a covered beaker on ice. The NaOH beaker was connected to a condenser unit in a water
bath set at 35 °C. First, thionyl chloride (150 mmol) was added to a three neck round bottom
flask. Second, while slightly shaking the flask, 2-decenoic acid (100 mmol) was added.
Once both compounds were in the flask, the flask was connected to a condenser system,
sealed, and reacted for five hours. After reaction completion, the synthesized 2-decenoyl
chloride was removed from the flask and stored until later use. Decanoyl chloride (DC)
and hexanoyl chloride (HC) were purchased from Sigma Fisher (USA).

4.4. Acylation Reactions

The direct acylation of chitosan materials by acyl chlorides was achieved by first
making a 5 mg mL~! solution of chitosan material in pyridine. With a ratio of 3:1 (v/v)
pyridine to acyl chloride, the acyl chloride was slowly added while stirring. The solution
reacted for 1.5 h. Once the reaction was complete, the chitosan materials were removed
and placed in 10% acetone solution (1 L), then removed and placed in 70% ethanol solution,
removed and finally placed in deionized water (DI). Each step lasted for at least one hour.
After the final washing step, the chitosan materials were removed from the solution, placed
flat onto a glass surface, and frozen at —80 °C. The frozen materials were lyophilized. After
lyophilization, the materials were stored in a desiccator until further analysis.

4.5. Scanning Electron Microscopy

Images were acquired using SEM (Nova NANOSEM 650 FEI™, Hillsboro, OR, USA) to
determine the effects of acylation on fiber size and surface morphology. Twenty fibers were
randomly selected in each image of as-spun and treated membranes and fiber diameter
was measured using Image].

4.6. FTIR

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectra were
collected with a diamond crystal using an FTIR spectrometer (Frontier, Perkin-Elmer,
Waltham, MA, USA). ATR spectra were collected to confirm the attachment of FA groups
to the chitosan polymer chain and TFA salt removal by the treatments.

4.7. Thermogravimetric Analysis

Thermogravimetry analysis (TGA) was performed with a TGA-Q50 (TA Instruments,
New Castle, DE, USA) under a nitrogen atmosphere. The heating rate was 10 °C/min.

4.8. Contact Angle

Water contact angles of modified membranes were determined using a VCA optima
measurement machine (AST products, INC, Billerica, MA, USA) [14]. Water droplets
(5 uL) were placed carefully onto the membrane surfaces. A digital camera recorded the
photographs of the droplets after approximately one minute. The goniometry software
of VCA OptimaXE calculated the contact angles. For each modification, four different
membranes were tested at three regions.

4.9. Antimicrobial Activity

Pseudomonas aeruginosa (P. aeruginosa, ATCC #27317) and Staphylococcus aureus (S aureus,
UAMS-1, a clinical osteomyelitis strain) grown overnight were diluted to 1:50 and 1:10,



Mar. Drugs 2021, 19, 556

11 0of 13

References

respectively. Diluted bacteria (500 uL) were added to the well containing HC, DC, 2DC
modified membranes, sponge, or gauze, and incubated for 24 h. The membranes, sponges,
and gauzes were taken out of the solution after the incubation period and washed three
times with 500 uL of 1x phosphate-buffered saline (PBS). They were then immersed in
500 pL of sterilized tryptic soy broth (TSB) and sonicated for 5 min to detach the bacteria.
After sonication, the detached bacteria solution was used for colony forming unit (CFU)
counting by plating dilutions.

4.10. Cytocompatibility

NIH 3T3 (American Type Culture Collection, RRID:CVCL_0594) fibroblasts were
seeded at a concentration of 10* cells cm~2 in a 24-well plate in Dulbecco’s Modified
Eagle’s Medium (DMEM) high glucose supplemented with 10% fetal bovine serum (FBS,
Gibco) and 2% (100 ug mL~1) Normocin (InvivoGen, San Diego, CA, USA). Chitosan
membranes were placed into well inserts and then immersed into the wells containing
cells and media. Control wells did not have any materials added (tissue culture plastic).
Plates were incubated at 37 °C with 5% carbon dioxide (CO;). Every 24 h, the inserts
were removed, the wells were bright field imaged, and the media was refreshed. After
48 h, viability was determined using CellTiter-Glo® (Promega, Madison, WI, USA) and
expressed as a percentage of tissue culture plastic controls.

4.11. Statistical Analysis

SigmaPlot and GraphPad Prism 7.2 software (GraphPad Software Incorporation, La
Jolla, CA, USA) was used to perform the statistical analysis. Data were assessed first
by performing Shapiro-Wilk normality test, followed by Brown-Forsythe equal variance
test. If both passed, a one-way analysis of variance (ANOVA) further analyzed the data,
followed by Holm-Sidak post hoc analysis to detect significance between experimental
groups (o« = 0.05). Kruskal-Wallis ANOVA on ranks, followed by Tukey post hoc test,
completed additional analysis if necessary normality and equal variance requirements did
not occur.
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