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Abstract: Conventional chlorhexidine (CHX) formulations provide a short-term antibacterial effect
which necessitates repeated application with compromised patient compliance. There is an unmet
demand for controlling CHX delivery at local infections or operative sites to comply with specific
therapeutic needs. We propose herein CHX-functionalized nanofibers (NFs) fabricated using a series
of poly(ethylene glycol)-poly(caprolactone) (PEGCL) amphiphilic copolymers with different
molecular weight (MW) and hydrophilicity as an approach to sustaining CHX release.
Physicochemical characterization indicated poly(ether-ester-urethane) structures with different MW
(85450-338400), relatively high water uptake capacity (150-230 % at 6 h), biodegradability, and
cytocompatibility. Electrospinning of organic copolymer solutions containing 0.5 % CHX resulted
in NFs with a 263-205 nm mean diameter, 77.3-85.4 % entrapment efficiency, and molecular drug
distribution with no discernible drug-copolymer interaction. Drug release from NFs at pH 7.4 and pH
4.5 took place according to different patterns depending mainly on the copolymer MW,
hydrophilicity, and content of the PEG segment as well as the medium pH. Multi-hour to multi-day
CHX release could be achieved featuring a range of burst and sustained release phases to meet
antimicrobial needs ranging from immediate short-term effects at higher drug concentrations to
sustained antimicrobial effects in longer-term applications.

https://creativecommons.org/lice
nses/by/4.0/

1. Introduction

The increase of antimicrobial resistance (AMR) associated
with reduced effectiveness of antibiotic-based prevention and
treatment of infections is a heavy global health and financial
burden [1]. This created an urgent demand for non-antibiotic
ternatives for antimicrobial biomedical applications. A wide
array of non-antibiotic anti-infectives including synthetic agents
[2], inorganic nanomaterials [3] and natural actives derived from
plant [4], marine [5], and microbial [6] origins are currently
under active investigation.

Among synthetic antibacterials, chlorhexidine (CHX) is a broad-
spectrum and fast-acting anti-infective with documented
bactericidal activity at concentrations used in clinical settings
and the ability to inhibit biofilms formed by different bacterial
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species [7]. Additionally, CHX does not reduce the sensitivity of
common microbes [8]. Owing to the cationic properties of the
CHX bis-biguanide molecule (Figure 1S) at physiological pH, it
interacts with the negatively charged bacterial cells, resulting in
cell membrane damage and leakage of the cytoplasm. As an
effective disinfectant, CHX is widely used in preventing surgical
skin infections and cleaning wounds [9] as well as sterilizing
surgical tools [10, 11]. The drug is the most commonly used anti-
infective agent in operative dentistry and endodontics [12, 13].
Moreover, CHX is widely used in personal healthcare products,
such as hand and mouth washing solutions and related
formulations [14-16].

Conventional CHX formulations usually provide short-term
antibacterial efficacy which necessitates repeated application,
reducing patient compliance. Controlling CHX delivery at the
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required site according to a pattern appropriate for specific
therapeutic needs would support a sustained antimicrobial
action. In this context, CHX delivery systems have been
developed using a wide range of biomaterials such as hydrogels
[16, 17], polymer nanoparticles [18], inorganic nanomaterials
[19, 20], clay nanotubes [21] and foam [16].

In recent years, electrospun nanofibers (NFs) have gained
growing attention as drug delivery and regenerative highly
porous matrices characterized by a large surface area and tunable
physicochemical and mechanical properties [22, 23]. Polymer
NFs greatly advanced the biomedical applications of CHX,
particularly those involving controlled delivery of the drug in
dentistry to fill infected voids as well as other applications [24,
25]. Furthermore, CHX-NFs were used in anti-infective / guided
tissue regeneration and wound healing applications [26, 27].
Several strategies have been adopted to customize CHX release
from NFs as a main determinant of their antibacterial
functionality. These include mainly increasing CHX loading
[28-30], cross-linking [27, 31], engineering NF matrix as bilayer
[32], as well as fusing NF as hydrogels [27, 31]. An alternative
effective approach involves the electrospinning of polymer
combinations either as physical polymer blends or core-shell and
block copolymer structures [33, 34]. However, attempts to
utilize block copolymers as a strategy for modulating CHX
release from NFs are scarce to date [30, 35] and such an
approach would enrich the non-antibiotic NFs platform with
CHX-NFs with different physicochemical properties and drug
release patterns.

Kasbiyan et al. [30] prepared electrospun nanofibers with
antibacterial properties derived from y-polyglutamic acid (y-
PGA) and loaded with CHX and triclosan (TCS) as antibacterial
agents. The morphology of the electrospun nanofibers was
significantly modified after the crosslinking reaction with
cystamine, increasing their diameter and surface roughness
according to the amount of the added crosslinker. Release rates
were clearly dependent on the hydrophilicity of the selected
drug, the characteristics of the release medium, and the
crosslinking degree.

Amphiphilic copolymer-based nanofibers present a versatile
platform for drug delivery, offering advantages such as high drug
loading capacity, controlled and sustained release,
biocompatibility, ease of fabrication, and the potential for
targeting specific sites within the body. These properties make
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them an attractive choice for advancing drug delivery
technologies, especially for complex diseases requiring precise
treatment strategies [34, 36].

The aim of the present study was to utilize a copolymer-based
approach for the development of CHX-functionalized
polyurethane NFs with customizable CHX release for local
antimicrobial applications. The study involves the synthesis and
characterization of a series of amphiphilic poly(ethylene glycol)-
poly(caprolactone) (PEGCL) copolymers with different
compositions and molecular weights for the electrospinning of
antimicrobial CHX-NFs with tunable physicochemical
characteristics and drug release patterns.

2. Materials and Methods
2.1. Materials

All reagents were purchased from EI-Gomhoria Co., Egypt
unless otherwise noted. CHX base was prepared from CHX
acetate followed by double crystallization. Dichloroethane
(DCE) was dried by refluxing over calcium hydride for 4 h and
then distilled under a dry nitrogen atmosphere prior to use.
Toluene was refluxed over sodium and distilled before use. N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), diethyl
ether, and methanol were used as received without further
purification. 1,6-Hexamethylendiisocyanate (HMDI) obtained
from Aldrich Chemical Co., Germany was distilled at reduced
pressure (90 °C/ 1 mm Hg). Tin(ll) octoate, Sn(Oct), (Aldrich
Chemical Co., Germany) was used as received. Poly(ethylene
glycol), PEG, (MW 2000, 3400) and poly(e-caprolactone). PCL-
diol (MW 2000) supplied by Aldrich Chemical Co., Germany
were dried by azeotropic distillation with toluene and dried under
vacuum.

2.2. Synthesis of polyethylene glycol
polycaprolactone copolymers (PEGCL)

The poly(ether ester urethane) copolymers (PEG/CL) were
synthesized by a one-step condensation reaction [36] according
to the synthetic pathway schematically described in Figure 1.
The macrodiol prepolymers PEG (Mw 2000 or 3400) and PCL-
diol (MW 2000) in different ratios (Table 1) were dissolved in
dry toluene under a dry nitrogen atmosphere to obtain a
concentrated solution (15% w/v). Stoichiometric amounts of
HMDI as chain extender and Sn(Oct); as catalyst were added and
the reaction was allowed to proceed for 7 h at 70°C. The
copolymers were obtained in high yields (=95%) by precipitating
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the reaction mixtures using an excess of low-boiling petroleum chemical composition and MW of the macrodiols used in the
ether. For purification, the copolymers were separated, dissolved preparation of PEGCL copolymers and the feed molar ratios
in chloroform, reprecipitated in diethyl ether, and finally dried used in their synthesis are shown in Table 1.

under vacuum at room temperature for at least 48 h. The
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Figure 1. Scheme for the synthesis of PEGCL multiblock copolymer.

2.3. Characterization of polyethylene glycol- (CDCls) as solvent and tetramethylsilane (TMS) as internal

polycaprolactone copolymers standard. Size exclusion chromatography (SEC) analyses were
performed on an Agilent 1100 Series HPLC system (Agilent
Technologies, Waldbronn, Germany) utilizing three PLgel
columns (7.5 x 300 mm, with 5 pm particle size and a 100 A
pore size). The system was equipped with a quaternary pump,
and autosampler, and connected with a diode array detector
(DAD). The mobile phase was THF flowing at a rate of 1.0
ml/min and the calibration curve was constructed by using
mono-dispersed polystyrene standards.

The FT-IR analysis was performed using a Perkin-Elmer
FT-IR spectrometer, from 4000 to 600 cm™. The spectra were
taken as averages of 16 scans at a resolution of 4 cm™. The
samples were prepared as polymer cast films on KBr plates
obtained from slowly evaporated chloroform solutions (0.5%
w/v). The 'H-NMR spectra were recorded on a Varian Gemini
200 spectrometer operating at 200 MHz, using chloroform-d

Table 1. Synthesis of poly(ether-ester-urethane) derived from PEG and PCL-diol with HMDI as a junction unit.

sample Code! PEG PCL-diol HMDI
(Mn) (mmol) (@) (Mn) (mmol) ©) (mmol) )
PEGCL-I-25 2000 1 2.0 2000 3 6 4 0.67
PEGCL-I-50 2000 1 2.0 2000 1 2 2 0.33
PEGCL-I-75 2000 3 6.0 2000 1 2 4 0.67
PEGCL-11-25 3400 1 3.4 2000 3 6 4 0.67
PEGCL-11-50 3400 1 3.4 2000 1 2 2 0.33
PEGCL-1I-75 3400 3 10.2 2000 1 2 4 0.67

1Codes denote the MW of PEG (1=2000, 11=3400) and the mol % of PEG (25, 50, and 75).
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Differential scanning calorimetry (DSC) measurements were
performed using a Mettler TA 4000 instrument under a nitrogen
atmosphere using 10-15 mg samples. These were submitted to a
first heating scan from 30 °C to 100 °C at a heating rate of 10
°C/min and then cooled from 100 °C to -100 °C at a cooling rate
of 10 °C/min, followed by 4 min of isotherm. The second heating
scan was run from -100 °C to 100 °C at a heating rate of 10
°C/min. The melting temperatures (Tm) were taken as the
maximum at the peak of the melting endotherms. Wide angle X-
ray diffraction (WAXD) patterns were recorded using nickel-
filtered Cu Ko, radiation produced by an X-ray 7000 Shimadzu
diffractometer operated at 40 kV and 180 mA in the 26 scanning
mode between 5 and 35 °C. Static contact angle measurements
were performed on polyurethane films spin-coated from
chloroform solutions at 25 + 0.1 °C with a DSA 10 drop shape
analysis system (Kruss, Hamburg, Germany). Contact angles
were measured by placing a 5 ul droplet of Milli-Q water on the
sample surface. The data presented are averages of 10
measurements.

The cytotoxicity of a representative copolymer (PEGCL-1-25)
was assessed using 3T3/A31 fibroblasts and fluid extract of the
copolymer and copolymer-free control [37]. The extract was
obtained by incubating the copolymer specimens 20 mg/ml in
Dulbecco's Modified Eagle Medium (DMEM) for 48 h at 37 °C
and used either undiluted or at 1:2 and 1:4 dilution ratios in
DMEM. A subconfluent monolayer of fibroblasts was
trypsinized using a 0.25% trypsin in a 1mM EDTA solution.
Cells were centrifuged at 1000 rpm for 5 min, then resuspended
in full DMEM media and counted. Dilutions were made to
achieve 3 x 10° cells per 100 pl of media in each well of 96-
microwell plates. Plates were incubated at 37°C in a 5% CO;
environment for 24 h until 60-70% cell confluence was achieved.
The medium was replaced with the copolymer extract. After 24
h of incubation, cells were treated with WST-1 cell proliferation
reagent diluted at 1:10 for 4 h at 37°C in 5% CO,, and the
absorbance was measured at 620 nm using a Benchmark Bio-
Rad Microplate Reader to determine the number of viable cells.
Data was processed using Microplate Manager 11 (Bio-Rad) and
Igor Pro (Wave-metrics), n = 3.

2.4. Plain copolymer (PEGCL) nanofibers
2.4.1. Preparation of plain PEGCL nanofibers

Plain nanofibers (NFs) of the four selected copolymers,
PEGCL-1-25, PEGCL-I-50, PEGCL-11-25, PEGCL-II-50 (Table
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1) were prepared by the electrospinning of an organic solution of
the copolymer using an electrospinning apparatus equipped with
a high voltage DC power supply. The polymer solution was filled
in a 10-ml syringe fitted with a metallic needle with an internal
diameter of 0.88 mm connected to a positive electrode. The
syringe was connected to a syringe pump to control the flow rate.
The needle was horizontally aligned with a copper collector plate
covered with aluminum foil. Fabrication of NFs was performed
at an ambient temperature of ~25 °C and relative humidity <
65%. The collected NFs were dried overnight under vacuum.
The effect of key process and formulation variables on the
electrospinnability of the organic copolymer solutions was
assessed using one-factor-at-a-time experiments.
Electrospinnability was judged by the reproducible formation of
a defect-free mesh of beadless nanoscale continuous and uniform
NFs by scanning electron microscopy (SEM). Formulation
variables included organic solvent composition (DCM, CHCls,
and DCM/DMF blend 4: 1) and copolymer solution
concentration (5 and 10% wi/v) while process variables included
voltage (20, 25, and 30 kV), copolymer solution flow rate (0.125,
0.25 and 0.5 mL/h) and spinneret to collector distance (10, 15
and 20 cm).

2.4.2. Characterization of plain PEGCL nanofibers

The morphology of the plain electrospun PEGCL NFs was
determined by high resolution SEM, (JSM-5300, JEOL, Japan).
Samples of NFs were gold-coated with an ion sputtering coater
(JFC-1100E, JEOL, Japan) and examined with an accelerating
voltage of 25 or 20 kV. Images were also used to measure the
diameter of NFs (100 random measurements) using Digimizer
4® image software.

The water uptake capacity of the PEGCL NF meshes in
comparison with PCL-diol NFs prepared using a 10% wi/v
copolymer solution was determined gravimetrically at 37°C.
The initial weight (Wo) of 2 x 2 cm samples (~ 0.1 g) of the dried
NF meshes was recorded and the samples were immersed in 10
ml distilled water at 37°C. At predetermined time intervals (1, 2,
3, 4, 5, and 24 h), the samples were removed from water, gently
blotted with a filter paper, weighed (Wt), and re-immersed in the
buffer. Water uptake (%) was calculated using the following
formula, equation (1), [38], n = 3:

Wy - Wt

Water Uptake (%) = x 100 Q)
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The hydrolytic degradation of the PEGCL NFs in comparison
with PCL-diol NFs was determined by calculating the weight
loss of NFs upon fully immersing a known weight of dried
samples (Wo, 0.1g approximately) in 10 ml of phosphate buffer
saline (PBS, pH 7.4) in sealed falcon tubes at 37°C in a constant
temperature incubator. At predetermined time intervals (1, 2, 3,
7, 14, 28, and 35 days), samples were removed, rinsed several
times with deionized water, and dried under vacuum for 3 days.
The remaining weight (Wt) was determined, and the % weight
loss was calculated as follows in equation (2):

W, - Wt

Weight Loss (%) = x 100

@

0
In addition, SEM analysis was performed on the degraded
samples at 6 weeks to assess the change in morphological
characteristics.

2.5. Chlorhexidine loaded
PEGCL) nanofibers
2.5.1. Preparation of CHX-PEGCL NFs nanofibers

These were fabricated by electrospinning as described
above. Briefly, the copolymers were dissolved in a DCM/DMF
solvent blend (4: 1) to obtain a 10% w/v solution of PEGCL-I-
25 and PEGCL-I-50 and 5% wi/v solution of PEGCL-I1-25 and
PEGCL-I1-50. The concentration of the CHX base was 0.5% of
the polymer mass. Electrospinning was performed at 20 kV, 0.25
ml/h copolymer solution flow rate, and 10 cm spinneret to
collector distance. The NF mats obtained were stored at ambient
temperature protected from light and humidity.

2.5.2. Characterization of CHX-PEGCL NFs
nanofibers

copolymer (CHX-

The NF morphology was examined by high resolution SEM
and the mean fiber diameter was determined as described above.
The FT-IR scans of samples of CHX, plain PEGCL NFs, and
CHX-PEGCL NFs prepared in potassium bromide (KBr) discs
were obtained in the wave number range 500 to 4000 cm™ as
described under section 2.3. In addition, DCS traces of CHX,
plain PEGCL NFs and CHX-PEGCL NFs and physical mixtures
of the components in amounts equivalent to the ratios present in
the NFs were recorded between 30 to 200 °C, at a heating rate of
10 °C/min (DSC-6, CT, PerkinElmer instruments, USA). Inert
atmosphere was maintained by purging nitrogen at a flow rate of
20 ml/min. A control empty pan was subjected to the same
conditions.
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The entrapment efficiency (EE %) of CHX base was assessed by
determining the drug content of NFs following extraction by
vortex mixing accurately weighed NF samples (26 mg) in 100
ml of acetate buffer pH 4.7 for 5 min. The aqueous drug extracts
were filtered through Whatman filter paper, and the clear
solutions were analyzed for CHX content
spectrophotometrically at Amax 260 nm (n = 3). A similarly
prepared solution using plain NFs was used as blank. The EE%
was calculated as follows in equation (3):

Actual drug loading

EE (%) = 100

(©))

Theoretical drug loading
2.5.3.Chlorhexidine release from PEGCL nanofibers

The release of CHX from NFs was examined in 0.1 M PBS,
pH 7.4 and acetate buffer pH 4.7. Strips of NFs weighing
approximately 0.1 g were immersed in 10 ml of the release
medium in 20 ml-capped vials in a shaking water bath at 37°C.
At predetermined time intervals, 1 ml-sample of the release
medium was withdrawn and replaced with an equal volume of
fresh medium at 37°C. The concentration of released CHX was
measured spectrophotometrically at Amax 260 nm using a
preconstructed calibration graph, n = 3.

2.6. Statistical analysis

Experiments were run in triplicate for each sample. Data
were presented as the mean * standard deviation (SD). Results
were analyzed by Student’s t-test. Values of p< 0.05 indicated
statistical significance.

3. Results and discussion

Figure 1 depicts the schematic synthesis of PEGCL
multiblock copolymers with various compositions (Table 1). The
polymerisation process involves a one-step condensation
reaction between the -NCO groups of the chain extender HMDI
and the main -OH groups of the diols (PEG and PCL), which
results in the production of urethane groups along the polymeric
backbone. Because water can react with HMDI to produce
carbamic acids and hence inhibits polymerisation. the process
was carried out under extremely anhydrous conditions and in a
nitrogen environment. Although no small molecules such as
water or carbon dioxide are removed during polymerisation, the
reaction between diol and diisocyanate to generate linear
copolymers can be identified as condensation polymerisation
[36].
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3.1. Physicochemical characteristics of the
PEGCL multiblock copolymers

Structural characteristics of the copolymers were verified by
FT-IR and NMR spectroscopic analysis (Figure 2A and B,
respectively). FT-IR spectra of three representative PEGCL
copolymers in addition to PEG and PCL are shown in Figure 2A.
The PEG spectrum showed an absorption band at 1107 cm™
attributed to the stretching vibration of the —C-O-C- which
appeared in the spectra of copolymers with increasing intensity
as a function of PEG content and length of the PEG segment as
reported [39]. For PCL, the characteristic C=0 stretching
vibration peak of the ester carbonyl group at 1756 cm™ was
observed in PEGCL spectra at 1732-1696 cm™ indicating
hydrogen bonding between the urethane bond and PCL or PEG
[40].

A PCL diol 2000
) (W
=]
© PEGCL-I-25
e
o
e PEGCL-I-50 .
S W\\\ \ / t /WA Y ONSG
E Ke. \ i/ PV f\"
[ \ f PEGCL-75 | \.’\ .
7]
= PEG 2000
S
l—

The *H-NMR spectrum of a representative copolymer PEGCL-
I-50 (Figure 2B) showed the characteristic peaks of both PEG
(sharp singlet at 3.63 ppm due to CH,CH> protons) and PCL (two
equally intense triplets at 4.05 and 2.30 ppm attributed to the CH,
units) [41]. In addition, *H NMR data for all copolymers were
used to evaluate their composition relative to the feed ratio by
integrating the intensity ratio of the methylene protons (—
OCH2CH2—: 6=3.65) in the case of PEG and the methylene
protons (—(CH) 3—: 6=4.05) in the e—caprolactone unit of PCL.
Compositional data (Table 1S) were generally consistent with
the starting prepolymer feed molar ratios. The table also shows
the weight average molecular weight (MW) and polydispersity
(MW/Mn) of PEGCL copolymers measured by SEC.

¢ d &
PEG —OCH,CH,+O0CH,CH,}-0—
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Figure 2. Copolymer characterization: (A) FT-IR spectra of selected samples and (B) *H-NMR spectrum of a representative

copolymer, PEGCL-I-50.

Solid state properties of the copolymers in comparison to their
PEG and PCL-diol prepolymers including DSC and WXRD
patterns are shown in Figure 3A and B, respectively. The PEG
2000 thermogram (PEGCL-1) showed one peak at 62°C while
PCL-diol showed two melting temperatures (Tm) at 52 °C and 57
°C [42, 43]. The PEGCL copolymers showed only one peak and
Tm values were slightly lower than that of PCL-diol. In addition,
their areas were smaller than that of both soft and hard segments
indicating lower crystallinity of copolymers. In the PEGCL-I

26

series, Tm values varied between 42°C and 51°C and were not
influenced by the change in PEG segment size. On the other
hand, DSC traces of the PEGCL-11 series revealed an increase of
Tm with the increase in PEG segment size.

As indicated by WAXD patterns of PEGCL copolymers (Figure
3B), a crystalline phase of the PEG and PCL blocks was evident
by the appearance of sharp characteristic peaks at 26 of 19.4° and
23.7° for PEG as well as 21.7° and 24.0° 26 for PCL [43].
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Patterns for PEGCL-1-25, PEGCL-1-50, and PEGCL-II-25
indicated enhanced crystallinity of PCL blocks and the
amorphous nature of PEG. On the other hand, PEGCL-I-75,
PEGCL-II-50, and PEGCL-II-75 patterns revealed PEG
crystallization. When comparing PEGCL-I1-50 to PEGCL-I-50,

the lack of PCL crystallization suggested that there was a PCL
MW threshold below which PCL domains could not crystallize
when PEG domains were present, which was consistent with
DSC data [42].

PEGCL-I PEGCL-II
A | PEGCL-L75 P PEGCL-II-75 | :
PEGCL-1-50 PEGCL-II-50 : :
& o P oY Ll
= | PEGCL125 =| PEGCL-II-25 ; 5
= |_PEG 2000 e
T --
= =}
=) =
T 5
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PCL-diol 2000

PEGCL-I-75

Intensity

_,/_—/\ PEGCL-I-50
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_jJ\m PEGCL-II-75
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/ : PEG 2000 / L/ PEG 3400

T T
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T T
2
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Figure 3. Solid state properties of PEGCL copolymers (PEGCL-I and PEGCL-II) based on PEG and PCL macrodiols: (A) DSC

thermograms and (B) WAXD patterns.

Table 2 displays the values of static contact angle 0 (theta)
measured for PEGCL copolymers. The PEGCL-11-75 copolymer
with 75% PEG (MW 3400) has a less hydrophobic surface, with
a contact angle approximating 30 + 1.4°. Copolymers with a
lower 25 and 50% PEG content (PEG (MW 2000 and 3400), had
average contact angle values of 72 + 2.8° and 68 + 2.1°,
respectively. The MW of PEG utilized had no significant effect
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on this composition. In several cases, materials that absorb water
may not necessarily have lower contact angles. Such variances
may be attributed to individual disparities in the surface
roughness of the films, as well as the existence of defects such
as pinholes or microcracks generated during solvent evaporation
[44].
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3.2. Biological activity of a representative PEGCL
copolymer

The cytotoxicity of the representative PEGCL-I-25

copolymer was determined in the form of a fluid extract as
reported [37]. The effect of the extract in three concentrations,
25, 50, and 100 %, was assessed using a 3T3/Balb clone A31
mouse embryo fibroblast cell line following 24 h-incubation. As
shown in Figure 4, cell viability was not significantly affected
by the copolymer extract at all concentrations (p> 0.05),
indicating potential cytocompatibility of the PEGCL
copolymers.
According to data obtained, the synthesized copolymers have
different MW as well as different proportions and MW of PEG
segment, water absorption capacity, biodegradability, and
biocompatibility which justified provisional suitability as
biomaterials for diverse biomedical applications.

3.3. Electrospun copolymer nanofibers

3.3.1. Factors affect nanofibers morphology and

structure

The PEGCL-I-25 and PEGCL-1-50 (10% w/v) and PEGCL-
11-25, and PEGCL-11-50 (5% w/v) copolymers were electrospun
and characterized as plain nanofibrous scaffolds prior to CHX
loading and release. Judging by high resolution SEM imaging of
the NFs (Supplementary Figures 2-5), the processing and
formulation variables known to affect the morphological
properties of NFs [33] were adjusted as follows: 20 kV, 0.125
ml/h flow rate, and 10 cm spinneret-collector distance using
DCM/DMF 4: 1 as solvent. The mean NF diameter ranged from
82 to 117 nm (Table 3).

The optimized copolymer NFs were further characterized for
water uptake and biodegradability at 37 °C. As shown in Figure
5A, water uptake was considerably affected by the copolymer
composition resulting in different water absorption rates prior to

equilibrium which was reached at 6 h approximately in all cases
and maintained throughout the 24 h-study period. Water uptake
by the NFs of the prepolymer PCL-2000 used for comparison
was minimal due to the lack of the soft hydrophilic PEG moiety.
Values for the % water uptake at 6 h reflected bulk hydrophilicity
and the content of PEG segments. For instance, PEGCL-1-25 and
PEGCL-I1-25 NFs displayed lower water uptake (150% and
180%, respectively) because of a lower proportion of PEG
segments leading to limited chain mobility and poorer intrusion
of water molecules into the NFs structure [45]. On the other
hand, PEGCL-1-50 and PEGCL-I1-50 copolymers with a larger
proportion of PEG segments exhibited greater water sorption
(170% and 230%, respectively) attributed to higher bulk
hydrophilicity due to a greater content of PEG segment
hydrophilicity and chain flexibility [46].

Biodegradation of the copolymer NFs expressed as the % weight
loss versus time in PBS pH 7.4 at 37°C is depicted in Figure 5B
for PEGCL-I and PEGCL-IlI copolymers, respectively. The
copolymers with a larger proportion of hydrophilic PEG
segments underwent a greater extent of weight loss irrespective
of their molecular weights corroborating their water uptake and
bulk hydrophilicity data (Figure 5A) and those for other PEG-
based copolymers [46]. In fact, faster intrusion of water
molecules into NFs with larger PEG content enhances
biodegradation which leads to increased NFs porosity and
further matrix degradation [47]. Random hydrolysis of the PEG-
C-PCL in the backbone chain accounts for the weight loss of
these copolymers.

Morphological and structural changes, monitored by SEM at 3
days and 24 days (Figure 6 A and B, respectively) verified
weight loss data. However, copolymer NFs retained partial
structural integrity of relatively large matrix fragments
throughout the degradation study.

Table 2. Static contact angles of PEGCL copolymers spin-coated films (data averaged over 10 measurements).

Copolymer PECL-I1-25 | PECL-I-50

PECL-1-75

PECL-I1-25 | PECL-1I-50 PECL-II-75

Contact Angle () 78+25 72+18

45+3.1

68 +3.1 64+22 30+14
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Figure 4. In vitro cytotoxicity of a representative copolymer (PEGCL-1-25) using 3T3/Balb clone A31 mouse embryo fibroblast cells
following 24 h exposure. Values are the means + SD (n=3).
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capacity; (B) Weight loss (%).
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Figure 6. SEM for the degradation of plain copolymer nanofibers in PBS pH 7.4 at 37°C for: (A) 3 days and (B) 42 days.

3.3.2. Chlorhexidine-loaded copolymer nanofibers

The copolymer NFs were loaded with CHX to generate four
NFs formulations with 5 and 10% w/v copolymer concentration
and containing 0.5% w/w CHX (Table 3). This concentration is
within the range of CHX concentration in NF formulations [29,
48] for potential use in antimicrobial/regenerative applications.
Electrospinning of CHX/copolymer NFs was undertaken under
the adjusted conditions described above. As shown by SEM
imaging at two magnification powers (Figure 7A and B,
respectively), NFs were continuous and junction-free with a
mean diameter ranging from 163 to 205 nm. All NFs exhibited a
smooth surface with no surface-deposited CHX crystals
indicating homogeneous incorporation of the hydrophobic drug
molecules within the NFs, due to CHX solubility in the
DCM/DMF solvent blend. In general, phase separation does not
take place upon jet thinning and solvent evaporation when the
drug is compatible with the polymer and solvent system [46, 49].
The relatively high EE% of CHX by all NFs (77.3 - 85.4 %,
Table 3) verified effective drug incorporation.

Data for solid state properties of CHX-copolymer NFs (CHX-
NFs) in comparison with their CHX and copolymer components
including FT-IR and XRD are shown in Figure 8A and B,
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respectively. The FT-IR spectrum of CHX showed characteristic
absorption bands at 3358.8 cm™ and 3442.7 cm! attributed to N—
H stretching vibration and bands at 1610 cm™ and 1489 cm™
assigned to C = C aromatic bending. Peaks at 1650, 1600, 1550,
and 1500 cm? indicated C = C stretching of the CHX aromatic
moiety [50, 51]. The spectra for PEGCL NFs showed a very
sharp band around 3400 cm assigned to N-H stretching and an
absorption peak around 1720 cm™ due to the C=0 groups in poly
(ester urethane). Other details were discussed under FT-IR
characterization of copolymers (Section 3.1). Spectra of CHX-
NFs showed characteristic peaks of CHX and the copolymers.
However, the disappearance of CHX bands at 3062.8 cm™,
1885.3 cm?, 1395.4 cm?, and 770.51 cm™ as a result of possible
physical interaction between CHX and the copolymer matrices
could be observed.

As illustrated in Figure 8B for DSC data for CHX-NFs and their
components, the CHX curve exhibited two melting points
depicted as a small peak at 122.04 °C and a large peak extending
from 129.7°C (onset) to 138.81°C (endset). Sharp melting
transition of CHX was observed at 133.9°C after which a
sequential thermal decomposition process took place [52]. The
thermograms of plain PEGCL polymeric NFs showed a smooth
curve over the range 30-200°C with a major endothermic peak in
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the range 45-50 °C corresponding to the melting temperature of
the copolymer. The melting peaks of these NFs were in the range
of 47.9 to 50.4°C. Thermograms of plain NFs were similar to
those of their corresponding PEGCL copolymers (Figure 3A)
implying lack of an electrospinning effect on the thermal
behavior of the copolymers. For CHX-copolymer NFs, the
disappearance of the large meting peak of CHX suggested
possible physical interaction preventing melting of the drug and
promoting molecular dispersion of the drug [53]. Slight changes
in the peaks' shape and height-to-width ratio can be attributed to
possible differences in the sample mixture geometry [54].

The FT-IR and DSC characteristics of the CHX-NFs provided
evidence for the lack of chemical interaction between the drug
and polymer matrix, an observation of importance in developing
NF-based polyurethane NFs not impeding CHX release.

3.3.3. Chlorhexidine release

The release of CHX from NFs containing 0.5% of the drug

in PBS pH 7.4 and acetate buffer pH 4.7 at 37°C (Figure 9A and
B, respectively) was investigated for 42 days and 6 hours,
respectively to compare the carrier properties of the four
copolymers and their suitability for different local antimicrobial
applications. The release patterns of CHX were different in the
two-release media, being much faster at the slightly acidic pH
4.7 usually encountered in the acid mantle of the skin surface
[55].
Drug release from copolymer NFs at a certain drug content can
be affected by multiple factors related to the physicochemical
properties of the drug, copolymer matrix and the electrospun
NFs [46, 47, 56]. Drug properties include mainly MW,
crystallinity, compatibility with the polymer matrix, drug-
polymer interactions and solubility in the release medium. The
copolymer matrix may affect drug release via its MW,
crystallinity, proportion and MW of hydrophilic component,
water uptake and biodegradability while the nanofibrous
structure may modulate drug release depending on its thickness,
porosity, specific surface area, entanglement, and NF
orientation. Finally, the release environment including
composition, pH, temperature and added surfactants, solvents or
enzymes may greatly modify release kinetics. As indicated by
characterization data (Figure 5), CHX is physically compatible
with the copolymer matrix with a tendency for localization
within the hydrophobic core of the NFs with no chemical
interaction with the NF matrix.
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The CHX release profiles at physiological pH (Figure 9A) were
generally biphasic, encompassing a relatively fast burst phase
attributed to release of the drug near or deposited on the NFs
surface and a slower sustained release phase of the drug in the
hydrophobic core. The % cumulative CHX release at 2 days was
in the order: PEGCL-1-50 (98%) > PEGCL-11-25 (80%) >
PEGCL-I-25 (63%) > PEGCL-II1-50 (58%). Moreover, CHX
release from PEGCL-I-25 and PEFCL-11-50 was sustained for
more than 40 days. Data for the four copolymer NFs indicated
general dependence of CHX release on the copolymer MW
(Table 3). For copolymers with the same MW of the PEG
segment (2000) and copolymer concentration (10% wi/v),
PEGCL-I-25 vs. PEGCL-1-50, CHX release pattern from the
copolymer with the lower PEG content (PEGCL-1-50) showed a
much-reduced burst effect and more sustained drug release
attaining completion in more than 42 days. Faster release of
CHX from PEGCL-1-25 NFs can be attributed to the lower
copolymer MW as well as higher bulk hydrophilicity and
biodegradability of their polymer matrix (Figure 5 A and B,
respectively). Such factors tend to promote intrusion of water
molecules into the matrix and leaching of the drug into the
release medium [46, 47].

Much faster release of CHX from PEGCL-1-50 than PEGCL-II-
50 NFs despite lower copolymer concentration (5 % w/v) and
higher MW of the PEG segment (4300) of PEGCL-11-50 NFs
can be explained by the lower copolymer MW and greater
hydrophilicity of PEGCL-I-50 (Table 3). A comparison of the
release data for PEGCL-11-25 and PEGCL-11-50 with a similar
polymer concentration (5% wi/v) indicated faster release of the
former despite higher hydrophilicity and biodegradability of the
latter (Table 3), pointing to the major role played by the polymer
MW in drug delivery by NFs.

Burst release, a common drawback of nanofibrous drug delivery
scaffolds, can be addressed by different strategies [57]. In the
present study, modulation of the copolymer MW and
hydrophilicity allowed to achieve a spectrum of multi-hour to
multi-day CHX release profiles suitable for early short-term
effects at higher drug concentrations and more sustained effects,
respectively.

On the other hand, CHX release from NFs at pH 4.4 (Figure 9B)
was generally monophasic and much faster than its release at

physiological pH. Data showed a similar but less obvious
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dependence on copolymer MW and was almost complete during via the more hydrophilic shell. Results pointed to the crucial role
the 6 hour-study period. Results can be explained by the higher of the release medium in relation to drug solubility in addition to
solubility of CHX at a lower pH of the acetate buffer upon the NFs-related properties in modifying drug release kinetics.

penetration into the porous core/shell copolymer NFs structure

]

PEGCL-I-50

25

Figure 7. SEM of chlorhexidine-loaded copolymer nanofibers at two magnifications: (A) x 3500 and (B) x7500.

Table 3. Physicochemical properties of plain and 0.5% chlorhexidine loaded copolymer nanofibers.

Copolymer Plain copolymer nanofibers CHX-copolymer nanofibers
Mean % Water % Wi loss Mean % CHX release
Type MW % wiv diameter uptake, 6 15 davs " | diameter EE% at 2 days at pH
nmz SD hours Y nmz SD 7.4+ SD (n=3)
PEGCL-I-25 212500 10 108+63 150 43 205+11 84.3 43.6+1.98
PEGCL-I-50 85460 10 92+14 170 56 169+44 77.3 98.0+2.48
PEGCL-I1-25 119160 5 117436 180 43 192462 80.0 59.7+1.82
PEGCL-11-50 338300 5 117438 230 56 163168 85.4 42.0+2.41
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Accordingly, the synthesized amphiphilic block copolymers as
electrospinning matrices allowed the delivery of entrapped CHX
at different rates in response to the copolymer composition and

4. Conclusion

Amphiphilic biodegradable polyurethane copolymers as
electrospinning polymer matrices for sustaining the delivery
were synthesized chlorhexidine in diverse biomedical
applications. A series of chlorhexidine-based antimicrobial
nanofibers with customizable physicochemical and drug-release
properties were developed. Interplay of the molecular weight of
the copolymers and their uptake capacity and
biodegradability as well as molecular distribution of the drug in
the hydrophobic segments of NFs without chemical interaction
proved to be the key determinants of CHX release patterns and
their responsiveness to the medium pH. A major outcome of the
study was the modulation of CHX release to generate a relatively
wide spectrum of release profiles at physiological pH featuring
fast burst release with relatively short term multi-hour sustained
effect as well as reduced burst associated with a considerably
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