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ABSTRACT: Chitosan and pectin are abundantly found biopolymers in
nature that are derived from renewable resources. On the other hand, the y A
chemical structure of these biopolymers creates problems during the Sy
production of their nanofibrous films by the electrospinning technique. In > M
this study, the electrospinning of the chitosan/pectin blend system was . :
facilitated using natural, starch-derived cyclodextrin (hydroxypropyl-y-cyclo-
dextrin (HPyCD)) molecules and nanofibrous films were generated with a
green approach in which there was no use of a carrier polymer or toxic solvent.
The nanofibrous films obtained with different chitosan/pectin ratios showed
high swelling (water uptake) property (~1340 to 1510%), which suggested the
hydrogel-forming capacity of these electrospun films. Here, the HPyCD
molecules were further utilized and curcumin, a well-known Dbioactive
compound, was encapsulated into HPyCD cavities by inclusion complexation.
This time, HPyCD—curcumin inclusion complexes (ICs) were mixed with chitosan/pectin blends using the predetermined ratios,
and freestanding nanofibrous films were successfully produced having an ~89% curcumin loading efficiency. The ultimate
nanofibrous films demonstrated a pH-responsive release profile of curcumin in pH 5.4 and 7.4 media besides their high swelling
feature. Briefly, chitosan/pectin/CD-IC nanofibrous films can be a promising alternative to biomaterials produced with synthetic
sources by holding the unique properties of biopolymers, CD, and nanofibers.
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Bl INTRODUCTION utilization from the residuals of industrial activities possible.
These biopolymers have been already used as gelling,
thickening, filling, or emulsifying agents in the pharmaceutical
and food industries.””® However, the conversion of these

The development and manufacturing of biobased products is a
weighty matter of today’s world due to the disastrous
consequences of the ever-growing consumption of nonrenewal

fossil-based resources."”” The production of biomaterials based renewable biopolymer sources into high added-value products
on eco-friendly sources has indeed become a cruciality to can be one of the main breakthroughs of their sustainability.
remove the destructive impact of petroleum-based products on Chitosan consists of randomly distributed 3-(1—4)-linked p-
the environment."”” A large number of biopolymers from glucosamine (deacetylated) and N-acetyl-D-glucosamine (ace-
natural and renewable sources have been recently positioned tylated) units. On the other hand, pectin includes (1 — 4)-a-
for various purposes in biomedical, pharmaceutical, environ- D-galacturonic acid residues branched with different neutral
mental, food, and agricultural areas due to their biocompat- sugars (Figure 13)_5’6 The chemical composition of these
ibility, biodegradability, and low toxicity.” Herein, natural polysaccharides establishes their functionalities for potential
biopolymers, polysaccharides have risen to prominence among biomedical and pharmaceutical applications.”® The unique

others by possessing a wide range of mechanical and
physicochemical properties. Polysaccharides are one of the
most abundantly found biopolymer types, which can be
acquired from plants, animals, and microorganisms.” As a well-
known polysaccharide, chitosan is a sustainable raw material
obtained by partial deacetylation of chitin that can be extracted
from the exoskeletons of arthropods.” Pectin is also another
abundantly found polysaccharide type that can be extracted
from the citrus peel, sugar beet pulp, and apple pomace.6 In
other words, both chitosan and pectin can render the

cationic nature of chitosan and the adjustable ionic structure of
pectin under different pH conditions ensure biological
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Figure 1. (a) Chemical structure of chitosan, pectin, and hydroxypropyl-y-cyclodextrin (R: —H or —CH,CHOHCHj,). (b) The schematic
representation of inclusion complex (IC) formation between cyclodextrin (CD) and curcumin (Cur). (c) The schematic representation of the

electrospinning of the chitosan/pectin/CD—Cur-IC nanofibrous film.

activities including antimicrobial, antioxidant, antifungal, and
antitumor, along with partlcular physicochemical properties
such as forming hydrogels.>® Accordingly, the use of chitosan
and pectin in the form of nanofibrous films might suggest a
powerful platform that combines the high surface area,
porosity, flexibility, and lightweight features of nanofibers
with the inherent benefits of these biopolymers. The high
swelling (water uptake) property of these biopolymers may
even enable the generation of hydrogel nanofiber systems,
which is recently quite attractive for wound healing
applications.”®

Electrospinning is one of the simplest and most promising
ways of generating nanofibrous films from a variety of polymers
that also facilitate the simultaneous encapsulation of different
types of active compounds with high efficiency for various
application purposes.””"> On the other hand, there is a
challenge arising out of the chemical structures of chitosan and
pectin and creating trouble during their electrospinning. Here,
the branchy, rigid, and ionic structure of chitosan and pectin
can impede the preparation of electrospinning solutions having
the proper level of viscosity and electrical charges, which are
essential to ensure jet stability during the process for the
uniform fiber formation.”"*™'® Moreover, derivation of these
biopolymers from different batches of natural sources can
adversely affect the reproducibility of the process. As a typical
approach, chitosan and pectin have been blended with the
other carrier polymers such as poly(ethylene oxide) (PEO),
poly(vinyl alcohol) (PVA), poly(ethylene terephthalate)
(PET), polycaprolactone (PCL), poly(lactic acid) (PLA),
zein, and gelatin to be electrospun into freestanding nano-
fibrous films.”'*~"7 Here, the solvent type used for the
electrospinning of nanofibers has been chosen properly for the
carrier polymer types in general. To the best of our knowledge,
there has been no reported study in the literature about the
electrospinning of neat pectin nanofibers. On the other hand,
the neat chitosan nanofibers have been generated without
using a carrier polymeric matrix.'”'”'® In these related studies
where pure chitosan was electrospun into nanofibers, the
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highly toxic and corrosive solvent trifluoroacetic acid (TFA)
and its mixture with dichloromethane (DCM) were found to
be the most proper solvent systems for the efficient
electrospinning of neat chitosan nanofibers.">'”"® Develop-
ment of alternative and “green” ways for the electrospinning of
these two biopolymer types would be particularly attractive
and essential for promoting their biomedical administration. In
one of the related studies, Burns et al. have earlier reported the
use of small molecules, cyclodextrins, to facilitate the fiber
formation of chitosan in an acetic acid solution instead of using
an additional carrier polymer."

As a type of oligosaccharides, cyclodextrins (CDs) have
drawn great attent1on of the global market of pharmaceutical
and food trades.”””' Since they are classified as Generally
Recognized as Safe (GRAS) by the U.S. Food and Drug
Administration, they have been already widely used in the
formulation of drugs. These starch-derived molecules can form
noncovalent interactions with a variety of active agents, and
this makes them the main source of attention as an
encapsulation agent. As a result of inclusion complexation
with CD, the aqueous solubility, stability, and bioavailability of
bioactive compounds can be enhanced noticeably.””*' Even
the highly water-soluble hydroxypropylated derivative of CDs
and their inclusion complexes can be electrospun into
freestanding nanofibrous films without using an additional
polymeric matrix or toxic chemicals.””~ In this study, highly
water-soluble hydroxypropyl-y-CD (HPyCD) (>500 mg/mL)
was used as a carrier matrix to generate nanofibrous films from
chitosan and chitosan/pectin blend systems. HPyCD is a
hydroxypropylated version of native yCD, and it has been
approved by the U.S. Food and Drug Administration (FDA) as
an inert excipient that can be used in topical products.”® Here,
nanofibrous films were prepared with different ratios of
biopolymers to evaluate the potential polyelectrolyte complex
formation between the polar functional groups of chitosan and
pectin by intermolecular interaction. Afterward, HPyCD/
curcumin inclusion complexes were generated and then
mixed with the chitosan/pectin blends using the determined
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polymer ratios for the further pH-responsive release analysis
(Figure 1b,c). Curcumin is a well-known bioactive compound
that is extracted from the rhizome of turmeric (Curcuma
longa) and holds numerous pronounced properties including
anti-inflammatory, antimicrobial, antidiabetic, antioxidant,
etc.”” CD inclusion complexation is one of the most effective
ways to improve the aqueous solubility, and so the
bioavailability of this non-water-soluble active compound and
HPyCD was chosen depending on our previous results in
which HPyCD provided significantly higher aqueous solubility
compared to other hydroxypropylated derivatives of SCD.>
Briefly, we have adopted a green approach in which high-
valued nanofibrous biomaterials were obtained using com-
pletely sustainable and biocompatible sources of chitosan,
pectin, cyclodextrin, and curcumin. This approach does not
involve toxic chemicals or processes to reach the pH-
responsive and hydrogel formation features, which suggest
the high potential to be used in biomedical applications.

B EXPERIMENTAL METHODS

Materials. Hydroxypropyl-y-cyclodextrin (HPyCD) (Cavasol W8
HP, DS: ~0.6) was kindly gifted by Wacker Chemie AG for scientific
research. Chitosan, (85% deacetylated, MW 300,000—500,000 g/mol,
Alfa Aesar), pectin citrus (Alfa Aesar), curcumin (>98%, Acros
Organics), acetic acid (Glacial, GR, ACS, Merck), dimethyl sulfoxide
(DMSO, >99.9%, Sigma-Aldrich), phosphate-buffered saline tablet
(Sigma-Aldrich), sodium acetate (anhydrous, ACS, 99%, Alfa Aesar),
and deuterated dimethyl sulfoxide (de-DMSO, 99.8%, Cambridge
Isotope) were used as received. High-quality distilled water was
provided by Millipore Milli-Q ultrapure water system (Millipore).

Preparation of the Solutions for Electrospinning. The
electrospinning systems were prepared to have different combinations
(%, w/v (with respect to solvent volume)) of polymers (chitosan and
pectin) and HPyCD. From this point on, HPyCD will be called with
the abbreviation of CD in case of sample naming. The clear solutions
of chitosan (3%), chitosan (3%)/pectin (1%), chitosan (2%)/pectin
(2%), chitosan (2%)/pectin (2%)/CD (20%), chitosan (3%)/CD
(30%), chitosan (3%)/pectin (1%)/CD (30%), and chitosan (2%)/
pectin (2%)/CD (30%) were prepared in the solvent mixture of acetic
acid/water (9/1, v/v). The solution properties of viscosity and
conductivity were verified for each system using a rheometer (AR
2000 rheometer, TA Instruments) (cone/plate spindle (20 mm
diameter and 4° cone angle), shear rate range: 0.01—1000 s™' (21
°C)) and a conductivity-meter (FiveEasy, Mettler Toledo),
respectively. Afterward, electrospinning equipment (Spingenix,
model: SG100, Palo Alto) was employed to produce nanofibrous
films. For this, each solution was loaded in a plastic disposable syringe
fixed with the metallic nozzle (21 G) and fed through this nozzle with
a flow rate of 0.5 mL/h. A high voltage (15 kV) was applied to the
nozzle for the formation and deposition of nanofibers on the
stationary metal collector (15 cm away from the nozzle) as a film. The
freestanding nanofibrous film was efficiently obtained at ambient
conditions recorded to be 20 °C with a relative humidity of 35%.

On the other hand, the inclusion complex of curcumin and HPyCD
was synthesized using the freeze-drying method. For this, curcumin
and HPyCD having a molar ratio of 4:1 (CD/guest) was stirred at SO
°C for 24 h. Afterward, the mixture was frozen at —20 °C and then
kept in a freeze-dryer for 2 days to obtain powder form of HPyCD—
curcumin inclusion complexes (CD—Cur-IC). For control, CD—Cur
physical mixture (PM) was also prepared using the same molar ratio
of 4:1 (CD/guest) by blending two components until a homogeneous
mixture was obtained. The CD—Cur-IC was incorporated into
chitosan (3%)/pectin (1%) and chitosan (2%)/pectin (2%) systems
with 30% (w/v) just like pure HPyCD. First, polymers were dissolved
in acetic acid/water (9/1, v/v) and then CD—Cur-IC powder was
dispersed in these polymer solutions at room temperature. For
control, the curcumin powder was also mixed into clear solutions of
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chitosan (3%)/pectin (1%)/CD (30%) and chitosan (2%)/pectin
(2%)/CD (30%) systems for following the effect of incorporation of
the inclusion complex on electrospinning. Electrospinning of the
curcumin-included system was also conducted using the same
protocol as mentioned above. All collected nanofibrous films were
thermally treated at 120 °C for 1 h.

Morphological Analysis. The morphology of nanofibrous films
was examined using a scanning electron microscope (SEM, Tescan
MIRA3, Czech Republic). Prior to the measurements, samples were
fixed on the SEM stubs and sputtered with the thin layer of Au/Pd to
moderate the charging problem. SEM imaging was performed under
high vacuum by applying an accelerating voltage of 10 kV and with a
working distance of 10 mm. The average diameter (AD) of nanofibers
(n = ~100) was verified by Image] software and given as average
diameter + standard deviation.

Structural Analyses. An attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectrometer (PerkinElmer) was
used to record the FTIR spectra of samples. Each spectrum was
obtained in the range of 4000—600 cm™' upon 32 scans at a
resolution of 4 cm™'. A thermogravimetric analyzer (TGA, QS00, TA
Instruments) was operated to evaluate the thermal profile of the
samples. A heating rate of 20 °C/min was used to increase the
temperature from room temperature to 600 °C under the inert
atmosphere (N,).

The powder CD—Cur-IC was additionally analyzed using further
techniques. The X-ray diffraction patterns of curcumin, HPyCD,
CD—Cur-IC, and CD—Cur-PM were identified by an X-ray
diffractometer (XRD, Bruker D8 Advance ECO). The XRD graphs
were recorded in the range of 28 = 5—30° by Cu Ka radiation (40
kV and 25 mA). The thermal profile of curcumin, HPyCD, CD—Cur-
IC, and CD—Cur-PM was also checked using a differential scanning
calorimeter (DSC, Q2000, TA Instruments). The samples placed in
the Tzero aluminum pan were heated using a heating rate of 10 °C/
min from 0 to 240 °C (N,). A nuclear magnetic resonance
spectrometer (Bruker AVS500 with autosampler) was used to calculate
the molar ratio of CD—Cur-IC. For this, the powder forms of
curcumin, HPyCD, and CD—Cur-IC were dissolved in d;-DMSO at a
sample concentration of 70 g/L. The proton nuclear magnetic
resonance ("H-NMR) spectra were obtained upon 16 scans, and
Mestranova software was run to calculate the integration of chemical
shifts (8, ppm). The molar ratio (CD/guest) of CD—Cur-IC powder
was calculated taking into account the —CHj; peak of HPyCD at 1.03
ppm and protons of curcumin between 6.50 and 8.00 ppm.

Disintegration, Swelling, and Degradation Tests. For
dissolution test, the thermally treated and nontreated nanofibrous
films of chitosan (3%)/CD (30%), chitosan (3%)/pectin (1%)/CD
(30%), and chitosan (2%)/pectin (2%)/CD (30%) having a
dimension of ~1.5 cm X 1.5 cm were located into plastic Petri
dishes and then 3 mL of water was poured onto samples. A video was
recorded at the same time to follow the disintegration profile of
samples (Videos S1—S3). The degradation and the swelling profiles of
the thermally treated nanofibrous films were examined using the PBS
(pH 7.4) and acetate (pH S5.4) buffer media at 37 °C. First, ~4 mg of
sample was immersed in 4 mL of buffers and shaken on the incubator
shaker for 24 h at 37 °C. Afterward, swollen nanofibrous films were
taken from the liquid medium and weighted using analytic balance
after removing the excess amount of liquid medium from the surface
of the samples. For degradation profile, the samples swollen in buffers
were placed in the fume hood to dry till they reached a stable weight.
The swelling degree (%) and degradation degree (%) of each sample
were calculated by the following formulas

swelling degree (%) = (W — W,)/W, X 100 (1)

(2)

where W, Wy, and W are the weight of initial, dried, and swollen
nanofibrous films, respectively.

Loading Efficiency Test. Since nanofibrous films of 3%Chit/30%
CD—Cur-IC and 2%Chit/2%Pect/30%CD—Cur-IC are not being
completely dissolved in solvent systems, samples were immersed in

degradation degree (%) = W,/W, X 100
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Figure 2. (i) Photos, (ii) SEM images, and (iii) fiber diameter distributions of (a) 3%Chit/30%CD NF, (b) 3%Chit/1%Pect/30%CD NF, and (c)

2%Chit/2%Pect/30%CD NF after thermal treatment.

dimethyl sulfoxide (DMSO) to extract curcumin molecules from
samples. The loading efficiency value was determined by ultraviolet—
visible (UV—vis) spectroscopy (PerkinElmer, Lambda 35) measure-
ments (435 nm) of extraction aliquots. The calibration curve of
curcumin in DMSO indicated acceptability with R* > 0.99. Three
replications were performed for each sample, and the results were
given as mean values + standard deviations. The following formula
was used to calculate the loading efficiency (%)

loading efficiency (%) = Ce/Ct X 100 3)
where Ce and Ct are the concentration of the loaded curcumin and
the initial concentration of curcumin, respectively.

In Vitro Release Test. The time-dependent release test of 3%
Chit/30%CD—Cur-IC and 2%Chit/2%Pect/30%CD—Cur-IC nano-
fibrous films was conducted in two different liquid media having pH
values of 7.4 and 5.4. For this, 10 mg of sample was immersed in 10
mL of buffer/ethanol (7/3, v/v) system at 37 °C. While the systems
were being shaken on the incubator shaker at 150 rpm, 0.75 mL of
aliquot was withdrawn and the fresh one was readded to the systems
at certain time intervals. The UV—vis spectroscopy measurements
(430 nm) were carried out to verify the amount of curcumin released
from nanofibrous films. The calibration curve of curcumin in buffer
solutions showed R* > 0.99 linearity, and the amount of curcumin
released was calculated by converting the absorbance intensity of
aliquots into %. Triplicate tests were performed for each sample
(mean values + standard deviations), and release kinetics were
examined using different kinetic models (see the Supporting
Information).
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Statistical Analyses. The statistical analyses were performed
using the one-way/two-way analysis of variance followed by Tukey’s
test (ANOVA). OriginLab (Origin 2021) was used for all of these
ANOVA tests (0.05 level of probability).

B RESULTS AND DISCUSSION

Morphology of Nanofibrous Films. Electrospinning
conducted in the absence of HPyCD revealed no fiber
formation for all three systems including 3%Chit, 3%Chit/
1%Pect (w/v), and 2%Chit/2%Pect (w/v) (Figure Sla—c).
On the other hand, the same polymeric systems were
electrospun into homogeneous nanofibers by the addition of
HPyCD (Figure 2). This finding revealed that HPyCD
enhanced the fiber formation from chitosan and pectin
solutions. Here, the beaded nanofibers were obtained with a
lower HPyCD content of 20% (w/v) for the 2%Chit/2%Pect
(w/v) system (Figure S1d). Therefore, the HPyCD concen-
tration was increased to 30% (w/v) for generating uniform
nanofiber structures. The comparable finding has also been
reported by Burns et al. in one of the related studies where the
electrospinnability of chitosan in acetic solution was improved
with the HPACD addition.'” In this related study, it has been
indicated by the systematic rheological measurements that
HPBCD promoted the association and entanglement of
chitosan polymer chains in the electrospinning solution,
which is essential to form nanofibers.'” Here, the addition of
30% of HPyCD (w/v) facilitated the electrospinning of all
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Figure 3. (a) Disintegration profile of (i) 3%Chit/30%CD (BT) NF and 3%Chit/30%CD NF. (ii) 3%Chit/1%Pect/30%CD (BT) NF and 3%
Chit/1%Pect/30%CD NF, and (iii) 2%Chit/2%Pect/30%CD (BT) NF and 2%Chit/2%Pect/30%CD NF. (b) Swelling and (c) degradation profile
of 3%Chit/30%CD NF, 3%Chit/1%Pect/30%CD NF, and 2%Chit/2%Pect/30%CD NF.

three systems; 3%Chit, 3%Chit/1%Pect, 2%Chit/2%Pect, and
freestanding nanofibrous films (NFs) were obtained having
mechanical integrity (Figure 2a,b,c-i). SEM images of 3%Chit/
30%CD NF, 3%Chit/1%Pect/30%CD NF, and 2%Chit/2%
Pect/30%CD NF showed the homogeneous fiber formation
with no observable defects (Figure 2a,b,c-ii). The respective
average fiber diameter (AFD) was 390 + 490, 600 + 525, and
490 + 400 nm for 3%Chit/30%CD NF, 3%Chit/1%Pect/30%
CD NF, and 2%Chit/2%Pect/30%CD NF, respectively
(Figure 2a,b,c-iii). The results of statistical calculations showed
that the mean diameter of 3%Chit/1%Pect/30%CD NF is
significantly different from that of 3%Chit/30%CD NF (p <
0.05), while the mean diameter of 2%Chit/2%Pect/30%CD
NF has no significant differences compared to the other two
samples (p > 0.05).

Here, enhancing the electrospinning of chitosan and
chitosan/pectin blend into freestanding nanofibrous films by
the incorporation of HPyCD was clarified by the viscosity and
conductivity measurements.””” Table S1 summarizes findings
of the viscosity and conductivity measurements. For the
HPyCD-free systems, the conductivity of solutions was found
to be at around ~450 uS/cm, and the viscosity values were,
respectively, detected at ~0.5 and ~0.2 Pa-s for 3 and 2% (w/
v) chitosan concentrations. It is obvious that the chitosan
concentration is quite influential on the viscosity of the
solutions due to its high molecular weight (M, 300,000—
500,000 g/mol). By the addition of 20% (w/v) HPyCD in the

4762

solution, the viscosity values increased to 0.462 from 0.209 Pa-
s for 2% chitosan/2% pectin-based system, while conductivity
decreased from 453.1 to 168.6 uS/cm (Table S1). These
variations enabled the partial stretching of the electrospinning
jet into beaded fiber structures (Figure S1d). For each system,
30% (w/v) HPyCD content in the solutions provided the
essential higher viscosity and lower conductivity values that
ensured a stabilized stretching for the jet and so uniform fiber
formation.” Here, the enhanced viscosity contributed to the
association of polymer chains by initiating the higher degree of
entanglement that is crucial for fiber formation. The increase of
solution viscosity values by the addition of CD can be
principally considered quite enough to reach the required
stretching during the electrospinning process. However,
solution conductivity is the other most prominent element
influencing the morphology of samples.” Such that, the highly
conductive solutions can deplete the electrostatic repulsion
since the surface charges cannot be collected on the jet and this
can lead to trouble during the Taylor cone formation.”
Therefore, the conductivity of solution also needs to be in the
proper range to generate uniform nanofibers. Based on this, the
diminishing of the solution conductivity values from ~450 to
~100 uS/cm ranges by the addition of CD might have
eliminated the jet instabilities, which increased from the highly
charged nature of chitosan and pectin in acetic solution.
Structural Analyses of Nanofibrous Films. Fourier
transform infrared (FTIR) spectra are given in Figure S2. For
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the FTIR spectrum of HPyCD, the absorption band at 1645
em™! is attributed to H—O—H deformation.”’ On the other
hand, chitosan has the C=0 stretching vibration of amide I at
1648 cm™' and the NH bending of amide II at 1590 cm™.*?
The shifting of the absorption band of chitosan from 1590
cm™ to a lower frequency (1564 cm™) is evidence for the
electrostatic interaction between the hydroxyl groups of
HPyCD and —NH;* of chitosan in 3%Chit/30%CD NF
before thermal treatment.”” After the thermal treatment at 120
°C for 1 h, the pattern of the same region further changed and
the peak at 1564 cm™" was lost, while the peak at 1645 cm™
increased in strength (Figure S2a). This can be associated with
the dehydration reaction, which might have led to the
formation of stronger interaction between HPyCD and
chitosan.’* In the FTIR spectra of pectin, the absorption
bands related to the carboxyl group and C=O stretching of
the methyl ester group are, respectively, observed at 1623 and
1734 cm™ (Figure S2b,c).”” By the addition of pectin, the
peak at 1564 cm™' was diminished and a broader shoulder
appeared at the similar region of the spectrum (1595—1525
cm™') of thermally untreated 3%Chit/1%Pect/30%CD NF
and 2%Chit/2%Pect/30%CD NF. This is evidence of the
polyelectrolyte complex formation by more favorable and
effective ionic interaction between positively charged amino
groups of chitosan and negatively charged carboxyl groups of
pectin compared to that occurred in the case of the HPyCD
only.”” After the thermal treatment, a similar pattern was
observed in pectin-included NF (Figure S2b,c) like the pectin-
free one (Figure S2a) with the increasing strength of the 1650
cm ™! peak and the loss of the shoulder at 1595—1525 cm™".
This is due to the partial formation of an amide-type bond
between pectin and chitosan in addition to the potential
interaction that occurred between HPyCD and chitosan within
the sample structure.””*> Even in the related study of Bernabé
et al,, it was revealed that the thermal treatment of the pectin/
chitosan membrane enabled us to obtain insoluble membranes
by the conversion of —NH;* "OOC— ionic bonds into amide
bonds.” On the other hand, the peak at 1734 cm™
corresponded to the methyl ester group of pectin was kept
on observing in the spectrum with increasing intensity for 2%
Chit/2%Pect/30%CD NF (Figure S2c) compared to that for
3%Chit/1%Pect/30%CD one (Figure S2b). This demonstra-
ted that the ester group did not take place in the interactions in
the sample.*®

The TGA thermograms of HPyCD, chitosan, and NF before
and after thermal treatment are given in Figure S3 with their
derivatives (DTG). In the case of pristine HPyCD and
chitosan, there are two main weight losses: (i) the dehydration
of water until ~130 °C and (ji) the main degradation of
HPyCD and chitosan at 351 and 300 °C, respectively. On the
other hand, the DTG of 3%Chit/30%CD NF reduced in
intensity, became wider, and shifted slightly to the lower
temperature (348 °C) compared to pristine HPyCD DTG due
to the incorporation of chitosan (Figure S3a-ii). For pristine
pectin, there are three steps of weight losses corresponding to
the dehydration of water (until 120 °C), degradation of lateral
chains (220 °C), and breakdown of the backbone of polymer
(320 °C).*” The incorporation of pectin slightly decreased the
intensity of the DTG and induced the appearance of a shoulder
at around 335 °C. This shoulder became more prominent for
2%Chit/2%Pect/30%CD NF (Figure S2b-ii) compared to that
for 3%Chit/1%Pect/30%CD NF (Figure S2c-ii) due to a
higher amount of pectin within the sample. As seen in Figure
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S3, the thermal treatment of the sample did not significantly
change its thermogram profile.

Disintegration, Swelling, and Degradation Profiles.
First, the disintegration profile of NF was investigated in water
(Videos S1—S3) over a short time (~10 s). Here, thermally
untreated 3%Chit/30%CD NF rapidly disintegrated with the
addition of water, with small remnants of sample (Figure 3a-i).
On the other hand, it became stable and remained in water
along with a hydrogel feature after thermal treatment (120 °C
for 1 h) (Figure 3a-i). In addition to the FTIR findings, this
observation also proved the formation of a more durable
interaction type between HPyCD and chitosan after thermal
treatment compared to the untreated one. For the thermally
treated and pectin-incorporated NFs, a similar profile was
observed, and 3%Chit/1%Pect/30%CD NF and 2%Chit/2%
Pect/30%CD NF maintained their substrate feature in the
thermally untreated 3%Chit/1%Pect/30%CD NF was also in
tendency to disintegrate in water (Figure 3a-ii). Even 3%Chit/
1%Pect/30%CD NF (Video S2) disintegrated faster than 3%
Chit/30%CD NF (Video S1), which can be due to the
increased amount of hydrophilic functional groups such as
carboxyl and hydroxyl in addition to amino within the sample
matrix by the incorporation of pectin.’*** However, the
thermally untreated 2%Chit/2%Pect/30%CD NF did not
disintegrate immediately upon the addition of water and
indicated higher stability compared to others (Figure 3a-iii and
Video S3). This can be attributed to the greater number of
ionic interactions that occurred in the case of the component
ratio of 2:2 chitosan/pectin (%, w/v) when compared to that
of 3:1 chitosan/pectin (%, w/v). In one of the related studies,
Cabello et al. reported the effect of different chitosan:pectin
ratios on the hydrophilicity of the membrane.”” Our results are
correlated with theirs in which they showed that the blend
membrane with a content of 50:50 (w/w, chitosan:pectin) had
the lowest water uptake and so hydrophilicity compared to that
of others (100:00, 80:20, and 60:40). This was based on the
higher number of ionic complex formations in the case of the
50:50 combination that reduced the channel hydrophilicity.*’

The thermally treated samples subsequently underwent
swelling and degradation tests in PBS (pH 7.4) and acetate
(pH S5.4) buffers for a longer duration (24 h) (Figure 3b,c). It
was observed that all NFs completely degraded in the given
conditions of the acidic medium (pH 5.4); therefore, swelling
and degradation profiles could only be depicted for the PBS
medium. Here, a higher swelling percentage was observed in
the case of 3%Chit/1%Pect/30%CD NF (1511.7 + 108.3%)
compared to that in the 3%Chit/30%CD one (1339.6 +
89.8%) (Figure 3b). This can be once again attributed to the
higher content of hydrophilic groups in the NF matrix
increased by the addition of pectin.””*’ The opposite trend
in the case of 2%Chit/2%Pect/30%CD NF (1434.1 + 76.5%)
can be again due to the increased interactions between
chitosan and pectin, reflecting the balance between the charges
of polymers.””*’ Thus, the matrix of 2%Chit/2%Pect/30%CD
NF becomes slightly more compact and less hydrophilic
compared to the 3%Chit/1%Pect/30%CD NF-based sample.
Even so, both pectin-incorporated NF demonstrated a higher
swelling ratio than 3%Chit/30%CD NF. This can be due to the
higher gellable polymer content in the case of 3%Chit/1%
Pect/30%CD NF- and 2%Chit/2%Pect/30%CD NEF-based
samples (~11.8%, w/w) compared to that of 3%Chit/30%CD
NF (~9.1%, w/w). The statistical analysis revealed that the
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Figure 4. (i) Photos, (ii) SEM images, and (jii) diameter distributions of (a) 3%Chit/30%CD—Cur-IC NF and (b) 2%Chit/2%Pect/30%CD—

Cur-IC NF.

mean swelling ratio of 3%Chit/30%CD NF and 3%Chit/1%
Pect/30%CD NF is significantly different from each other (p <
0.05), while there is no significant difference between 3%Chit/
30%CD NF and 2%Chit/2%Pect/30%CD NF (p > 0.05).

When the previous studies were inspected, Koosha et al*!
and Sazegar et al.** reported ~400 and ~3356% swelling ratios
for the electrospun NF of chitosan/poly(vinyl alcohol) (PVA)
blends, respectively, which were cross-linked using different
cross-linkers. On the other hand, Chee and co-workers claimed
a 400—600% swelling ratio for the PVA/polyacrylic acid
(PAA) bilayer NE.** In another study, Miranda et al. used the
PVA/polyaniline (PANI) blend to produce hydrogel NF and
reported a swelling ratio of ~600%."" As observed, the swelling
ratios that we found in our study are correlated with the
previous ones in which highly hydrophilic polymer types were
used to generate electrospun hydrogel-featured NFs and this
suggested the hydrogel-forming capability of our samples.*' ~**
For degradation tests in PBS buffer (pH 7.4), each sample
independent of their compositions degraded >87% (p < 0.0S:
significantly different) (Figure 3c). The percentages for the
thermally treated samples implied that the high concentration
of HPyCD within the NF (~88 to 91%, w/w) had the most
influence on degradation of the samples due to a significantly
high aqueous solubility of HPyCD (>500 mg/mL)."> On the
other hand, the weakness of amine and carboxyl groups in
acidic conditions can be a reason for the full degradation of
nanofibrous films at pH 5.4.°%*

Characterization of Cyclodextrin—Curcumin Inclu-
sion Complex (CD—Cur-IC). Figure S4a displays the XRD
profiles of CD—Cur-IC, curcumin, and HPyCD powders. The
XRD pattern of the CD—Cur physical mixture (PM) was also
examined for comparison. The crystalline curcumin powder
indicated distinctive diffraction peaks at 8.9 and 17.4°.>° On
the other hand, the hydroxypropylated CD is amorphous in
structure; therefore, a broad halo XRD pattern was observed
due to its nature.”” The CD—Cur-IC powder possessed a
similar amorphous XRD pattern with pure HPyCD, suggesting
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that curcumin was completely in the inclusion complex state.
Despite the CD—Cur-PM having the same amount of
curcumin as CD—Cur-IC, the crystalline peaks were obvious
in the case of the physical mixture because of the uncomplexed
state of curcumin (Figure S4a). The inclusion complex
formation was further examined by DSC analysis. Here, DSC
thermograms of curcumin indicated its crystalline nature by a
melting peak at 177 °C. On the other hand, HPyCD did not
show any melting peak due to its amorphous structure (Figure
S4b). The endothermic peak at 30—140 °C corresponds to the
dehydration of HPyCD molecules. For CD—Cur-IC powder,
the melting peak of curcumin was not detected, validating the
complete complex formation within the sample (Figure S4b).
However, the melting peak of curcumin is rather obvious at the
DSC thermogram of CD—Cur-PM (177 °C), proving the
uncomplexed state of curcumin. Briefly, XRD and DSC
findings are in good agreement with each other. The diffraction
peaks and melting points can typically disappear in the case of
inclusion complexes since guest molecules separated from each
other cannot form the crystal structure over again.** CD—Cur-
IC was prepared to have an initial molar ratio of 4:1 (CD/
curcumin), which was found to be an efficient one for
curcumin and HPyCD system in our previous study.25 Here,
"H-NMR measurements were conducted to determine the
molar ratio between curcumin and HPyCD in CD—Cur-IC
powder, and Figure S4c depicts the "H-NMR spectra of CD—
Cur-IC, HPyCD, and curcumin. The molar ratio HPyCD:cur-
cumin was determined as ~4:1 from the integration of 'H-
NMR peaks. This finding revealed that curcumin was
efficiently complexed with the HPyCD cavity by preserving
the initial molar ratio during the whole process.
Characterization of CD—Cur-IC-Incorporated Nano-
fibrous Films. The electrospinning of CD—Cur-IC-included
NF was carried out using the polymer concentrations of 3%
chitosan (w/v) and 2% chitosan/2% pectin (w/v). The CD—
Cur-IC was added to the electrospinning solution using the
same concentration of 30% (w/v); therefore, samples are
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Figure S. (a) Full and expanded in vitro release profiles of 3%Chit/30%CD—Cur-IC NF and 2%Chit/2%Pect/30%CD—Cur-IC NF in a liquid
medium having pH values of 7.4 and 5.4. (b) Swelling and (c) degradation profiles of 3%Chit/30%CD—Cur-IC NF and 2%Chit/2%Pect/30%
CD—Cur-IC NF before and after release tests (samples labeled with ns: p > 0.0S; there is no significant difference).

called as 3%Chit/30%CD—Cur-IC NF and 2%Chit/2%Pect/
30%CD—Cur-IC NF. Here, 2% chitosan/2% pectin blend
having a higher amount of pectin compared to 3% chitosan/1%
pectin was chosen as the control system to investigate the
potential difference that might occur during release perform-
ance more apparently. Additionally, the proximate swelling/
degradation values of 2%Chit/2%Pect/30%CD NF and 3%
Chit/30%CD NF are the other reasons to be preferred for
further study (Figure 3b,c). The electrospinning of 3%Chit/
30%CD—Cur-IC NF and 2%Chit/2%Pect/30%CD—Cur-IC
NF also yielded freestanding and flexible nanofibrous films
(Figure 4a,b-i). Differently from the HPyCD-included samples,
CD—Cur-IC-incorporated NF exhibited a yellow hue due to
the characteristic color of curcumin. SEM imaging revealed the
defect-free fiber morphology of 3%Chit/30%CD—Cur-IC NF
and 2%Chit/2%Pect/30%CD—Cur-IC NF having AFDs of

According to statistical analysis, the difference of the mean
diameter values is not significant (p > 0.05). The electro-
spinning of 3%Chit/30%CD—Cur-PM and 2%Chit/2%Pect/
30%CD—Cur-PM was also performed for comparison. Here,
the crystalline curcumin powder was physically mixed with the
3% chitosan/30% HPyCD (w/v) and 2% chitosan/2% pectin/
30% HPyCD (w/v) solutions; however, it could not be
homogeneously dispersed in the electrospinning system
because of its poor solubility. Consequently, the electro-
spinning process was terribly affected by this incorporation
such that inconsistent fibers and splashed areas were generated
on the collector, which could not be peeled from the Al foil as
a freestanding substrate (Figure S5). This finding revealed the
importance of inclusion complex structures to sustain the
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stability during the electrospinning and so the formation of
uniform and freestanding NF.

FTIR analysis was further conducted to ascertain the
existence of curcumin and inclusion complex formation in
the NF. Figure S6 displays the FTIR spectra of both pure
HPyCD and CD—Cur-IC-incorporated samples. Curcumin has
distinct peaks at 1625, 1601, 1505, and 1427 cm™*
corresponding to C=0O stretching, aromatic C=C stretching,
benzene ring vibration, and in-plane O—H deformation,
respectively (Figure S6).*” The same absorption bands are
also obvious at the FTIR spectra of 3%Chit/30%CD—Cur-IC
NF and 2%Chit/2%Pect/30%CD—Cur-IC NF. This result
confirmed the loading of curcumin in the electrospun NF.
Curcumin and HPyCD form inclusion complexes by the
encapsulation of benzene rings of curcumin molecules into
HPyCD cavities.”® The hydrogen bonds, van der Waals forces,
and/or hydrophobic interactions occurring during this
complexation can cause wavenumber shifts of the curcumin
characteristic peaks.*® Our results indicated that there is a shift
at the given peaks of curcumin from 1625, 1601, 1505, and
1427 cm™" to 1628, 1603, 1513, and 1429 cm™!, respectively.
The relevant peaks belong to the benzene moiety of curcumin
molecules, so the shifts observed in this region proved the
inclusion complex formation between HPyCD and curcumin
upon the entry of aromatic rings into the HPyCD cavity in the
NFs (Figure S6).

In Vitro Release, Swelling, and Degradation Profiles.
In this study, the loading efficiencies of 3%Chit/30%CD—Cur-
IC NF and 2%Chit/2%Pect/30%CD—Cur-IC NF were,
respectively, determined as 88.1 + 0.4 and 88.5 + 1.9%. The
curcumin release from electrospun NF at a temperature of 37
°C in the PBS (pH 7.4) and acetate (pH $.4) buffer solutions
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is shown in Figure 5a. In the first 30 min, the cumulative
release at pH 7.4 reached 46.6 + 2.9 and 47.7 + 1.8% for 3%
Chit/30%CD—Cur-IC NF and 2%Chit/2%Pect/30%CD—
Cur-IC NF, respectively. At pH 5.4, approximate release
percentages of 46.2 + 3.1 and 49.5 + 5.8% were detected for
3%Chit/30%CD—Cur-IC NF and 2%Chit/2%Pect/30%CD—
Cur-IC NF, respectively. It is obvious that there is no
significant variation between the release rate of samples till 30
min; however, the release profile started to differentiate
beyond this time point (Figure Sa). All the same, the release
profile of these two NFs was almost identical to each other
throughout the rest of the test for the pH 7.4 environment.
Ultimately, 86.6 + 4.4 and 88.4 + 2.4% cumulative releases
were achieved for 3%Chit/30%CD—Cur-IC NF and 2%Chit/
2%Pect/30%CD—Cur-IC NF, respectively, after 3 days. On
the other hand, the curcumin release percentage was found to
be 56.2 + 4.3% after 1 h from 2%Chit/2%Pect/30%CD—Cur-
IC NF under acidic conditions (pH 5.4) (Figure Sa). Here, 2%
Chit/2%Pect/30%CD—Cur-IC NF became swollen and then
disintegrated into tiny pieces in the acidic medium in 1 h, and
the release depicted a plateau profile from 1 h to the end of the
test (3 days). In comparison with the burst release profile of
curcumin from 2%Chit/2%Pect/30%CD—Cur-IC NF in pH
5.4, 3%Chit/30%CD—Cur-IC NF indicated a slower and
higher release of curcumin, which eventuated in 100.1 + 3.9%
in the same medium by S days. The statistical analysis
indicated that the release profile of 2%Chit/2%Pect/30%CD—
Cur-IC NF in pH 5.4 is significantly different from that in pH
7.4 and also from the release profile of 3%Chit/30%CD—Cur-
IC NF in pH 7.4 (p < 0.05).

Here, the swelling profile of NFs was investigated before and
after the release test (Figure Sb). The swelling ratios of 3%
Chit/30%CD—Cur-IC NF and 2%Chit/2%Pect/30%CD—
Cur-IC NF before the release test were determined as
12204 + 2469 and 1257.2 + 190.7%, respectively, in the
PBS buffer (pH 7.4). After the release test, the values were
detected as 1892.5 + 78.2 and 2343.2 + 95.1% for 3%Chit/
30%CD—Cur-IC NF and 2%Chit/2%Pect/30%CD—Cur-IC
NF, respectively. Nevertheless, the degradation percentages of
CD—Cur-IC-included samples before (~86% (w/w)) and after
(~89% (w/w)) release tests in the PBS buffer are similar to the
HPyCD-included ones (>88% (w/w)) (Figure Sc). Even so, a
similar trend was observed, where the 2%Chit/2%Pect/30%
CD-based system had a relatively higher swelling ratio
compared to the 3%Chit/30%CD-based one. The difference
between the swelling ratios of samples became more apparent,
especially after the release tests in which higher swelling ratios
were observed compared to those detected at swelling analysis.
However, this difference between the swelling ratio did not
influence the release of curcumin, and 3%Chit/30%CD—Cur-
IC NF and 2%Chit/2%Pect/30%CD—Cur-IC NF showed an
identical release profile in pH 7.4 medium where an initial
burst release had arisen within the first 30 min, followed by a
sustained release before reaching a plateau after 2 days (Figure
5a).

Unlike 2%Chit/2%Pect/30%CD—Cur-IC NF, 3%Chit/30%
CD—Cur-IC NF became swollen and protected its substrate
integrity in pH 5.4 medium. Therefore, we were able to
determine both swelling and degradation profiles of 3%Chit/
30%CD—Cur-IC NF before and subsequent to the release test
conducted in acetate medium (pH 5.4). Here, the swelling and
degradation ratios were, respectively, detected as 5202.9 +
218.8 and ~92% (w/w) before the release test and 10725.8 +
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97.9 and ~93% (w/w) after the release test for 3%Chit/30%
CD—Cur-IC NF (Figure Sb,c). The dramatically high swelling
ratio of 3%Chit/30%CD—Cur-IC NF in acetate buffer was due
to the protonation of chitosan chains under acidic conditions.
This led to the expansion of polymer chains by the electrostatic
repulsion, so the NFs swelled to a larger extent by absorbing a
higher amount of liquid medium, and this also promoted
curcumin release (Figure 5a).°° As mentioned previously, the
weakness of amine and carboxyl groups in acidic conditions
could render these samples more tender in pH 5.4 medium
compared to that in pH 7.4 one. Here, the degradation of 2%
Chit/2%Pect/30%CD—Cur-IC NF in ~1 h or the extremely
high swelling profile of 3%Chit/30%CD—Cur-IC NF can be
attributed to this action. Besides, the better stability of 3%
Chit/30%CD—Cur-IC NF in the acetate medium can be
attached to the absence of pectin, which increases the intensity
of carboxyl groups within the sample structure. It is also
noteworthy to mention that the varied swelling ratios and
degradation profiles of nanofibrous films compared to those of
previously analyzed 3%Chit/30%CD NF- and 2%Chit/2%
Pect/30%CD NEF-based samples can be due to the inclusion
complex state of HPyCD. The higher swelling ratios of Cur-
CD-IC-incorporated NF detected after the release test
compared to those of swelling tests (1 day) are unsurprisingly
due to the longer duration of testing.

The release behavior of NF was further examined by fitting
release data to five different kinetic models (zero-order, first-
order, Higuchi, Korsmeyer—Peppas, and Hixson—Crowell).
The applied formulations and the correlation coefficients (R?)
are summarized in the Supporting Information (Table S2). As
indicated in Table S2, the release kinetics of samples did not fit
with the zero-order kinetics in both buffer medium having pH
values 5.4 and 7.4. Except for the release profile of 2%Chit/2%
Pect/30%CD—Cur-IC NF at pH 5.4, the comparison of R
values depicted that the curcumin release can be much better
described by first-order and Higuchi models compared to that
of the zero-order model, suggesting the diffusion-controlled
release in a time-dependent manner (Fick’s first law).”">>
Here, it is noteworthy to state that the highest R* value
(0.9485) was obtained for 3%Chit/30%CD—Cur-IC NF at pH
5.4, confirming the more sustained release of curcumin
compared to other release cases. On the other hand, relatively
higher R* was found with the Korsmeyer—Peppas model
compared to that with other models for 2%Chit/2%Pect/30%
CD—Cur-IC NF at pH 5.4. This confirmed the erosion-
controlled release of curcumin from this sample where the
progressive disappearance occurred after 1 h in the aqueous
medium. For the Korsmeyer—Peppas model, all R* values
approximated each other. This finding established that the
erosion/diffusion-based release behavior is somehow influen-
tial for all cases, and this matched with degradation study
results. Additionally, diffusion exponent (1) values determined
<0.45 for all cases, suggesting the dominant mechanism of
Fickian diffusion (Table S2).°" 7> Here, the release kinetic of
curcumin from 3%Chit/30%CD—Cur-IC NF at pH 5.4 can
also be described by Hixson—Crowell with an R* value of
0.9574. The Hixson—Crowell model is related to the change in
the surface area with the progressive disintegration of matrix as
a function of time.* This confirmed the swelling and
degradation behavior of 3%Chit/30%CD—Cur-IC NF in the
acetate medium in a progressing time, which gave rise to more
curcumin release in a further controlled manner. According to
all of these findings, it can be said that the curcumin release
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from the NF of the CD-IC-incorporated chitosan/pectin blend
system can be achieved in a pH-responsive manner. Here, the
drug release of curcumin was tested at both pH 5.4 and pH 7.4
to simulate the microenvironment of normal skin and wound.
The variety of release profiles can be associated with the
swelling behavior of nanofibrous films at different pH values,
and this can meet the needs during the different stages of the
wound healing process. Additionally, as it is known,
maintaining the body fluid, wound exudates, and metabolites
are crucial features of wound dressing patches.>® Therefore, the
hydrogel-forming capacity of our sample by swelling in high %
can also suggest the acceptable efficiency for the absorption of
wound exudate during the treatments.

Bl CONCLUSIONS

Electrospinning technique can offer a green way to develop
functional nanofibrous films of biopolymers derived from
natural sources. In this study, the most abundantly found
polysaccharide types of chitosan and pectin were rendered into
freestanding and flexible nanofibrous films due to the
incorporation of cyclodextrin (CD) molecules. For this
purpose, highly water-soluble hydroxypropyl-y-cyclodextrin
(HPyCD) (30%, w/v) was mixed with different ratios of
chitosan/pectin blends (3/0, 3/1, and 2/2%, w/v), and this
enabled and facilitated the fiber formation from these
sustainable biopolymers. Here, it was detected that the
increased viscosity and decreased conductivity values of the
electrospinning solutions by the incorporation of CD enabled
the generation of uniform fibers during the process. The
altered chitosan/pectin ratio resulted in different disintegration
behaviors in the aqueous medium depending on the strength
of the polyelectrolyte complex formed between the polar
functional groups of chitosan and pectin. However, the stability
of nanofibrous films in the aqueous medium was enhanced by
a mild thermal treatment (1 h at 120 °C) and they gained
hydrogel-forming capability in a particular pH environment by
different swelling ratios (%). Using CD as the carrier matrix
during the electrospinning process accompanied several
advantages unlike the common way of using the polymeric
matrix. First, there was no need for toxic organic solvents to
prepare the electrospinning solutions, and the GRAS solvent of
acetic acid was used to dissolve all components. Second, the
concentration of CD (30%, w/v) applied for the process
enabled the production of nanofibrous films with a higher
deposition efficiency compared to that of the polymeric system
in which the electrospinning solutions are usually prepared
using lower solid polymer contents (3—15%, w/v). Above all,
the unique inclusion complexation feature of CD made
possible further encapsulation of curcumin within the nano-
fibrous films without disturbing the fiber formation process
and by ensuring an enhanced aqueous solubility for this non-
water-soluble bioactive compound. Here, the CD—curcumin
inclusion complex (CD—Cur-IC) powder produced with a
molar ratio of 4:1 (CD/guest) was incorporated into chitosan/
pectin solutions having the predetermined blend ratios (3/0
and 2/2%, w/v). The freestanding and homogeneous nano-
fibrous films were obtained with an ~89% loading efficiency of
curcumin. The in vitro release tests conducted in two different
pH values representing the microenvironments of normal skin
(pH 5.4) and wound (pH 7.4) demonstrated the pH-
responsive release potential of nanofibrous films. Here, the
varied compositions and so the swelling ratios of nanofibrous
films provided different release profiles from burst to sustained,
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which might be attractive for the various phases of wound
healing. Briefly, the nanofibrous films generated by a green
process, in which the renewable biopolymers of chitosan and
pectin and the nontoxic starch-derived product of CD were
used, might hold a high potential as a new-generation
biomaterial. In this way, biopolymers extracted from the
residuals of industrial activities can be utilized for the
development of high-valued products. This sustainable
approach can be another step contributing to the elimination
of environmental and health loadings raised from the use of
petroleum-based products.
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