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ABSTRACT: Quercetin, recognized for its antioxidant, anti- .
inflammatory, and antibacterial properties, faces limited biomedical

application due to its low solubility. Cotton, a preferred wound "™y -~

dressing material over synthetic ones, lacks inherent antibacterial Inthiaion Gomplexation

and wound-healing attributes and can benefit from quercetin

features. This study explores the potential of overcoming these P

challenges through the inclusion complexation of quercetin with .
cyclodextrins (CDs) and the development of a nanofibrous coating
on a cotton nonwoven textile. Hydroxypropyl-beta-cyclodextrin
(HP-$-CD) and hydroxypropyl-gamma-cyclodextrin (HP-y-CD)
formed inclusion complexes of quercetin, with chitosan added to
enhance antibacterial properties. Phase solubility results showed e
that inclusion complexation can enhance quercetin solubility up to

20 times, with HP-y-CD forming a more stable inclusion complexation compared with HP-$-CD. Electrospinning of the nanofibers
from HP-f-CD/Quercetin and HP-y-CD/Quercetin aqueous solutions without the use of a polymeric matrix yielded a uniform,
smooth fiber morphology. The structural and thermal analyses of the HP-$-CD/Quercetin and HP-y-CD/Quercetin nanofibers
confirmed the presence of inclusion complexes between quercetin and each of the CDs (HP-3-CD and HP-y-CD). Moreover, HP-f3-
CD/Quercetin and HP-y-CD/Quercetin nanofibers showed a near-complete loading efficiency of quercetin and followed a fast-
releasing profile of quercetin. Both HP-f-CD/Quercetin and HP-y-CD/Quercetin nanofibers showed significantly higher antioxidant
activity compared to pristine quercetin. The HP-$-CD/Quercetin and HP-y-CD/Quercetin nanofibers also showed antibacterial
activity, and with the addition of chitosan in the HP-y-CD/Quercetin system, the Chitosan/HP-y-CD/Quercetin nanofibers
completely eliminated the investigated bacteria species. The nanofibers were nontoxic and well-tolerated by cells, and exploiting the
quercetin and chitosan anti-inflammatory activities resulted in the downregulation of IL-6 and NO secretion in both immune as well
as regenerative cells. Overall, CD inclusion complexation markedly enhances quercetin solubility, resulting in a biofunctional
antioxidant, antibacterial, and anti-inflammatory wound dressing through a nanofibrous coating on cotton textiles.
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1. INTRODUCTION pharmaceutical fields.” Besides the mentioned attributes, the
With the skin being the body’s largest organ, it is particularly physical characteristics of cotton, including its intricate
vulnerable to injury and wound development." In wound structure, moisture retention capability, and comfort proper-

management, the use of dressings is a common approach to
serve as a physical barrier against external elements. These s
dressings not only shield wounds from external factors but also wound dressing.

ties, have established its status as the most commonly utilized

play a crucial role in regulating wound moisture, absorbing

exudate, and facilitating air transmission to the wound Received: June 4, 2024
environment.” Cotton as the most dominant cellulosic natural Revised:  July 21, 2024
fiber stands out as the most prevalent traditional wound Accepted:  July 23, 2024
dressing used to protect the wound environment. The inherent Published: August 4, 2024
natural properties of cotton make it a biocompatible and

sustainable material to be applied in biomedical and
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Figure 1. (A) Chemical structures of HP-f-CD, HP-y-CD, quercetin, and chitosan. Schematic depictions of (B) the formation of inclusion
complexes between quercetin and cyclodextrins (HP-$-CD and HP-y-CD), and (C) the electrospinning fabrication of nanofibers with or without
chitosan as a biofunctional nanofibrous coating onto cotton for wound dressing.

However, wound healing is a complex process consisting of
multiple stages that can be interrupted due to factors such as
infection, severe inflammation, oxidative stress, and precondi-
tions like diabetes.”® Therefore, a suitable wound dressing
should also prevent infection and oxidative stress and promote
the healing process.” Due to its limited bioactivity, cotton
should be modified to develop antibacterial and wound-healing
properties.” Surface modifying the cotton substrate is a viable
approach that is extensively explored, involving coatings with
nanoparticles,’ hydrogel,” and nanofibers.”'’ Particularly,
nanofibers play a major role in wound dressing due to their
high surface-to-volume ratio, their similarity to the extracellular
matrix, and their potential to mimic skin structure.'""'* Besides,
nanofibers can also provide the controlled release of drugs'
and result in the fabrication of multifunctional wound
dressings."*

The incorporation of antibiotics is the main approach in
providing antibacterial properties to wound dressings.
However, besides the lack of wound-healing properties, using
antibiotics can cause substantial side effects and raise the risk
of drug resistance.
overcome these complications besides providing antibacterial
and wound-healing properties.'”'” Quercetin, a natural
pentahydroxyflavone, is among the most prevalent flavonoids
present in a variety of fruits, vegetables, and leaves.'® It has
found widespread application in the food industry and
pharmaceutics owing to its antioxidant, anti-inflammatory,
antibacterial, antiobesity, and anticancer properties.'”*
Quercetin is particularly known for its antioxidant properties
through eliminating reactive oxidant species (ROS),*!
regulating the level of glutathione,22 and affecting the signal
transduction pathways.”> However, like other flavonoids,
quercetin’s low solubility and bioavailability limit its
pharmaceutical applications.'” Quercetin is also shown to
moderate the secretion of pro-inflammatory agents like nitrite

N

Flavonoids as natural bioactives can
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(NO) and pro-inflammatory cytokines such as interleukin-6
(IL-6).24’25

Not only for quercetin, the administration of low-soluble
drugs is one of the main complications in pharmaceutics.”®
Nanofibers are employed as a viable tool to enhance the
solubility of drugs by co-dissolving them with polymers.””
However, it is challenging to enhance the solubility of some
poorly water-soluble drugs due to the lack of suitable solvents,
resulting in their diminished activity.*®

The application of cyclodextrins (CDs) has become a very
effective strategy to deal with the low solubility of quercetin.
The capability of CDs, which are cyclic oligosaccharides with a
hydrophobic core and a hydrophilic outside, to form
noncovalent inclusion complexes is well-known.” This
interaction improves the biocompounds’ solubility, stability,
and bioavailability and presents a viable way to increase
biocompounds’ therapeutic effect, as documented in our
previous studies.’”*" Moreover, originating from natural
sources, CDs are biocompatible.”” The possibility to directly
fabricate nanofibers from cyclodextrin inclusion complexes
(CD-ICs) via electrospinning makes them well-suited for
coating cotton nonwoven, as investigated in our recent study,w
thereby enhancing their capability to be used as a wound
dressing. The perspective of using CD/Quercetin inclusion
complexes to improve quercetin’s solubility was extensively
investigated. It has been shown that the water solubility and
antioxidant activity of quercetin were significantly enhanced by
its inclusion complexation with methyl-8-CD.*> Another study
corroborates improving the solubility and antioxidant activity
of quercetin through the inclusion complexation with bis-f-
CD.” Aiding from this improvement of solubility and stability,
the development of CD/Quercetin nanofibers for different
applications was investigated. Previously, we have shown that
the fabrication of $-CD/Quercetin’® and y-CD/Quercetin®*
inclusion complexation and encapsulating them within electro-
spun poly(acrylic acid) (PAA) nanofibers®® and zein nano-
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fibers’ could result in a high solubility of quercetin; these
nanofibrous mats showed potent antioxidant activity and
photostability of quercetin.*’

Besides its excellent antioxidant properties, quercetin shows
moderate antibacterial activity, which can be further improved
by adding another antibacterial natural biopolymer like
chitosan. Therefore, in this study, the mentioned benefits of
hydroxypropyl-beta-cyclodextrin (HP-f-CD) and hydroxy-
propyl-gamma-cyclodextrin (HP-y-CD) were utilized to
develop quercetin inclusion complexes. Subsequently, the
inclusion complexes of HP-f-CD/Quercetin and HP-y-CD/
Quercetin were electrospun to develop a nanofibrous coating
on cotton nonwoven to fabricate a multifunctional wound
dressing. After a performance evaluation between HP-$-CD/
Quercetin and HP-y-CD/Quercetin systems, HP-y-CD/
Quercetin was chosen, and chitosan was added to the HP-y-
CD/Quercetin system to produce Chitosan/HP-y-CD/Quer-
cetin nanofibers for further improvement of the antibacterial
activity of this nanofibrous coating. Figure 1 illustrates the
outline of forming inclusion complexes between quercetin and
CDs (HP-$-CD and HP-y-CD) and electrospinning nanofibers
from these HP-$-CD/Quercetin, HP-y-CD/Quercetin, and
Chitosan/HP-y-CD/Quercetin systems. Following the opti-
mization of electrospinning, uniform nanofibers were electro-
spun from these systems, and the resulting nanofibers were
characterized to investigate their morphological, structural,
biological, and pharmaco-technical properties.

2. MATERIALS AND METHODS

2.1. Materials. Hydroxypropyl-beta-cyclodextrin (HP-f-CD)
(Cavasol W7 HP, with a degree of substitution of around 0.9) and
hydroxypropyl-gamma-cyclodextrin (HP-y-CD) (Cavasol W8 HP
Pharma, with a degree of substitution of approximately 0.6) were
kindly provided by Wacker Chemie AG (USA). Additionally,
quercetin (quercetin hydrate, 95%, Thermo Scientific), chitosan
(85% deacetylated, Alfa Aesar), methanol (>99.8% purity by GC,
Sigma-Aldrich), 2,2-diphenyl-1-picrylhydrazyl (DPPH, >97% purity,
TCI America), dimethyl sulfoxide (DMSO, >99.9% purity, Sigma-
Aldrich), sodium chloride (NaCl, >99% purity, Sigma-Aldrich),
potassium phosphate monobasic (KH,PO,, >99.0% purity, Fisher
Chemical), sodium phosphate dibasic heptahydrate (Na,HPO,,
98.0—102.0% purity, Fisher Chemical), o-phosphoric acid (85%
purity by HPLC, Fisher Chemical), deuterated dimethyl sulfoxide
(DMSO-dg, purity 99.8%, Cambridge Isotope), and phosphate-
buffered saline tablet (PBS, Sigma-Aldrich) were used as-received
without further purification. The experiments were carried out using
high-quality distilled water sourced from the Millipore Milli-Q
ultrapure water system (Millipore, USA). We employed cotton
nonwoven samples (S0 GSM, 100% cotton, carded and hydro-
entangled substrates), which were provided as prototype samples
from Cotton Incorporated (Cary, NC, USA).

2.2. Phase Solubility. The phase solubility examination of the
HP-$-CD/Quercetin and HP-y-CD/Quercetin systems adhered to a
well-established methodology as previously used.'’ In separate glass
vials, excessive quantities of quercetin and CD powder with a
concentration spectrum spanning from 0 to 20 mM were introduced.
Next, S mL of water was introduced to each vial. The sealed vials were
then situated on an incubator shaker, safeguarded against exposure to
light, and subjected to agitation for a continuous 24 h period at a
temperature of 25 °C and a speed of 450 rpm. Afterward, the resulting
mixtures were subjected to filtration using 0.45 um PTFE filters
(Thermo Scientific, Target2). The quantification of quercetin
concentration was obtained UV—vis spectroscopically using a
PerkinElmer Lambda 35 instrument, and these measurements were
correlated with the established calibration curve for quercetin in PBS.
This series of experiments was done in three replications, with the
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mean absorbance values utilized for the generation of phase solubility
diagrams. The binding constants (K;) were calculated from the
equation K = slope/S;(1 — slope), where S, is the intrinsic solubility
of quercetin.

2.3. Investigating the Formation of Inclusion Complex-
ations Using 2D-NMR. Rotating frame Overhauser effect spectros-
copy (ROESY) was conducted to assess the formation of the
inclusion complexations of HP-f-CD/Quercetin, and HP-y-CD/
Quercetin at 25 °C using a 600 MHz Varian INOVA nuclear
magnetic resonance spectrometer in D,O and D,0:DMSO-d, (90:10,
v/v), respectively.

2.4. Inclusion Complexation and Electrospinning. Clear and
concentrated solutions of HP-$-CD and HP-y-CD were prepared
separately by dissolving each CD in 0.5 mL of distilled water to reach
concentrations of 180% (w/v). Quercetin powder was then
introduced into each of these CD solutions. Initially, solutions with
different CD/Quercetin molar ratios were prepared to determine the
highest molar ratio suitable for electrospinning. Consequently, two
molar ratios, namely 4:1 and 8:1, were prepared for each CD,
resulting in the preparation of the following samples: HP-$-CD/
Quercetin (4:1), HP-y-CD/Quercetin (4:1), HP-8-CD/Quercetin
(8:1), and HP-y-CD/Quercetin (8:1). The solutions were gently
mixed overnight at 37 °C to facilitate the formation of inclusion
complexes between quercetin and CD. Subsequently, each of these
CD/Quercetin solutions was allowed to be brought down to ambient
temperature before electrospinning, eliminating any bubbles present
in the solutions.

Electrospinning was carried out using a temperature- and humidity-
controlled Spingenix SG100-CSS1000 device (Palo Alto, CA, USA).
Each prepared solution was loaded into plastic syringes equipped with
27 G metal needles. A syringe pump, maintaining a flow rate of 0.5
mL/h, was used to push the solutions through the needles. Positioned
at a distance of 12—15 cm from the needle tip, a grounded metal
collector coated with aluminum foil was employed to collect the
electrospun nanofibrous coatings. Using a high-voltage power supply,
a constant voltage within the range of 18—21 kV was applied. The
electrospinning process took place under ambient conditions with a
temperature set at 20 °C and relative humidity maintained at 25%.

After the nanofibers were prepared and considering the results of
phase solubility and through physicochemical, antibacterial, and
antioxidant investigations, HP-y-CD/Quercetin (8:1) was chosen as
the optimum nanofibrous system. To further improve the
biofunctionality of HP-y-CD/Quercetin nanofibers, chitosan was
added to the HP-y-CD/Quercetin (8:1) system, thus preparing the
Chitosan/HP-y-CD/Quercetin (8:1) nanofibers. For this purpose, a
6% (w/v) chitosan solution was prepared in the water/acetic acid
mixture (1/9 v/v). Consequently, the 200% (w/v) aqueous mixture
of HP-y-CD was prepared, which resulted in HP-y-CD/Quercetin
(8:1) inclusion complexation by adding quercetin. After 24 h of
mixing, the chitosan and the inclusion complexation solutions were
mixed with a 1 to 3 ratio (v/v), respectively, and stirred for 24 h at
room temperature. To be used as the control system for biological
properties, pristine Chitosan/HP-y-CD nanofibers were fabricated by
applying the same material concentrations and procedure, except
without the addition of quercetin and the development of inclusion
complexation. In this respect, similar to the Chitosan/HP-y-CD/
Quercetin (8:1) solution, the 6% (w/v) chitosan solution in a water/
acetic acid mixture (1/9 v/v) and a 200% (w/v) aqueous mixture of
HP-y-CD were mixed with a ratio of 1 to 3 (v/v), respectively.

2.5. Investigation of Solution Properties. Electrical con-
ductivities of the electrospinning solutions were evaluated at ambient
temperature using a conductivity meter (FiveEasy, Mettler Toledo,
USA). In parallel, viscosity measurements of the solutions were
conducted using a rheometer (AR 2000, TA Instruments, USA) with
a 20 mm cone/plate accessory (CP 20-4 spindle type, 4°). The tests
were executed across a shear rate span of 0.01—1000 s™* at a constant
temperature of 22 °C.

2.6. Morphological Analysis. Tescan MIRA3 scanning electron
microscopy (SEM, Czech Republic) was employed to investigate the
morphological characteristics of the nanofibers produced from HP-f-

https://doi.org/10.1021/acsabm.4c00751
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CD/Quercetin (4:1), HP-y-CD/Quercetin (4:1), HP-$-CD/Querce-
tin (8:1), HP-y-CD/Quercetin (8:1), and Chitosan/HP-y-CD/
Quercetin (8:1). To prevent electrical charging complications, a
Au/Pd coating was applied to the samples before the tests. The
nanofibers were imaged by using SEM with a 12 kV accelerating
voltage and a working distance of 10 mm. The nanofiber diameters
were analyzed with Image] software by randomly choosing 100
nanofibers and subsequently calculating the average fiber diameter.

2.7. Determining the Loading Efficiency. The loading
efficiency (%) of quercetin in nanofibrous samples was investigated
by dissolving nanofibrous samples in dimethyl sulfoxide (DMSO) and
measuring the quercetin concentrations by UV—vis spectroscopy
using a quercetin calibration curve in DMSO. The tests were
performed in triplicate, and the findings were stated as the mean +
standard deviation. The loading efficiency (LE) was measured by
using the following formula:

LE (%) = (C,/C,) x 100

Here, C, is the quercetin content in the nanofibrous sample, while C,
is the total amount of quercetin used to prepare the fibers. To further
investigate the loading efficiency, determine the CD/Quercetin molar
ratios in the nanofibers, and assess the chemical structure of quercetin
through the whole process of dissolving and electrospinning, proton
nuclear magnetic resonance ('H NMR, Bruker AVS00 equipped with
an autosampler) analysis was also conducted. Quercetin and HP-f-
CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chitosan/HP-
7-CD/Quercetin (8:1) samples were dissolved in deuterated dimethyl
sulfoxide (DMSO-d), and 'H NMR spectra were collected with 16
scans per sample. Mestranova software was utilized to apply a baseline
correction to the obtained spectra, and chemical shifts (5, ppm) were
precisely integrated. The molar ratios of CD/Quercetin nanofibrous
samples were evaluated through the signal corresponding to the
—CHj; protons of CD, resonating at 1.03 ppm, and the protons
associated with quercetin, which showed chemical shifts from 6.1 to
7.8 ppm.

2.8. Differential Scanning Calorimetry (DSC) Analysis. The
thermal characteristics of quercetin and chitosan powders, as well as
HP-$-CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chito-
san/HP-y-CD/Quercetin (8:1) nanofibers, were studied using a
differential scanning calorimeter (DSC, Q2000, TA Instruments,
USA). The samples were meticulously weighed and enclosed within
Tzero aluminum pans to prepare them for the DSC evaluations.
Subsequently, the samples underwent controlled heating, progressing
from 0 to 275 °C at a heating rate of 10 °C/min while situated under
a N, atmosphere.

2.9. X-ray Diffraction (XRD) Analysis. X-ray diffraction (XRD)
patterns were generated for quercetin and chitosan powders as well as
HP-$-CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chito-
san/HP-y-CD/Quercetin (8:1) nanofibers using an X-ray diffrac-
tometer (XRD, Bruker D8 Advance ECO). Configuring the voltage
and current to 40 kV and 25 mA, Cu—Ka radiation was employed for
the acquisition of XRD patterns, covering the 26 angle range from 5°
to 30°.

2.10. Fourier Transform Infrared (FT-IR) Analysis. The
attenuated total reflectance Fourier transform infrared (ATR-FT-IR)
spectra of quercetin and chitosan powders as well as HP-$-CD/
Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chitosan/HP-y-
CD/Quercetin (8:1) nanofibers were obtained using an ATR-FT-IR
spectrometer (PerkinElmer, USA). These spectra were obtained
across wavenumbers spanning from 4000 to 600 cm™" with a 4 cm™!
resolution, averaging 64 scans per measurement.

2.11. Thermogravimetric (TGA) Analysis. The thermogravi-
metric behaviors of quercetin and chitosan powders and the CD/
Quercetin nanofibrous samples were explored through a thermogravi-
metric analyzer (TGA, QS500, TA Instruments, USA). In the course of
the TGA assessments, a precise amount of each sample was deposited
onto a platinum TGA pan and then subjected to gradual heating. The
temperature ascended from room temperature to 700 °C at a
controlled rate of 10 °C/min while operating through a N,
atmosphere.
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2.12. Antioxidant Activity Assessment. To assess the
antioxidant activity of the quercetin powder and CD/Quercetin
nanofibrous webs, a 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay was employed. For concentration-dependent
antioxidant tests, to compare the antioxidant activity, certain amounts
of quercetin and nanofibers with the same quercetin contents were
dissolved in PBS (pH 7.2) and then filtered by a 0.45 ym PTFE filter
to remove the undissolved quercetin in the solutions. Next, the
prepared solutions were solution blended 1:1 with the DPPH solution
to reach quercetin concentrations of 125—1000 (ug/mL) and then
shaken in the dark for 1 h. The reduction in the DPPH absorption (at
517 nm) was assessed via UV—vis spectroscopy. All experiments were
conducted in three replications, and the radical scavenging efficiency
of quercetin/CD webs was computed by the following formula:

inhibition (%) = ((Acontrol —A )/Acontrol) % 100

sample

Accordingly, Ao shows the absorbance of the control DPPH
solution, while A, .. shows the absorbance of the sample solution.

2.13. In Vitro Antibacterial Evaluation. The antibacterial
efficacy of the nanofibrous samples against two bacterial strains,
Gram-negative Escherichia coli (E. coli) and Gram-positive Staph-
ylococcus aureus (S. aureus), was determined through a colony
counting technique. To conduct this analysis, the bacterial species
were cultured overnight in S mL of Luria—Bertani (LB) medium
incubating at 37 °C with aeration at 200 rpm in the absence of
antibiotics. Overnight cultures were subsequently subcultured at a
1:100 ratio in LB medium and grown at 37 °C and 200 rpm with
aeration until the optical density (ODgq) reached 1, equivalent to 10°
colony forming units per milliliter (CFU/mL). From this concen-
tration, dilutions were made in 1 mL of LB medium to achieve a final
concentration of 10’ CFU/mL. Next, 50 mg of each UV-sterilized
web was dissolved in 1 mL of the bacterial solution. As part of the
analysis, an untreated culture solution was defined as the negative
control, while another sample was treated with the 20 ug/mL
antibiotic streptomycin to act as the positive control. The samples
were incubated at 37 °C for 24 h. Post-incubation samples were
diluted in phosphate-buffered saline (PBS, pH 7.2), and 100 uL of the
diluted samples was spread on LB agar plates for enumeration. Plates
were incubated at 37 °C overnight. The next day, by counting the
colonies on each plate, the antimicrobial activity of each sample was
determined in relation to the negative control.

2.14. Investigating the Cell Viability of Nanofibers. As the
primary focus of this study was to develop a nanofibrous wound
dressing to aid wound healing, the potential toxicity of the produced
nanofibers on fibroblast cells (3T3) was assessed using indirect 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay following the ISO 10993-5 standard test method.” A
culture medium comprising Dulbecco’s Modified Eagle Medium
(DMEM), 10% fetal bovine serum (FBS) (Gibco, USA), 100 U/mL
penicillin, and 100 pg/mL streptomycin was prepared for this
purpose. Murine embryonic fibroblast cell line (3T3) was cultured in
a 96-well plate, with each well containing 100 uL of the culture
medium, seeded at a density of 10° cells/well, and then incubated at
37 °C for 24 h. According to the ISO 10993-12 protocol,®® the as-
prepared nanofibers were extracted from 6 cm* (~50 mg) nanofibrous
mats after undergoing sterilization with UV irradiation for 30 min,
followed by immersion in 1 mL of culture medium at 37 °C for 24 h.

After seeding the cells in the wells, the medium was removed from
the wells and replaced with the corresponding nanofibers’ extracts,
which were reincubated for another 24 h at the same condition. The
control group received fresh culture medium under identical
conditions. Subsequently, after 24 h, the medium was replaced with
fresh medium, and then 20 yL of S mg/mL MTT (TCI, USA)
solution was added to each well and left to incubate for 4 h.
Afterward, to dissolve the resulting formazan crystals, the medium was
removed, and 100 uL of dimethyl sulfoxide (DMSO) was added to
each well and uniformly mixed on a plate shaker. Optical density
readings were taken at 570 and 630 nm by using an ELISA reader, and
the average of the values was calculated from six replicates. The
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viability percentage was determined compared with the control
sample.

2.15. Investigating the Anti-Inflammatory Activity. Inflam-
mation plays a major role in wound healing, and a suitable wound
dressing should regulate it. In this respect, the anti-inflammatory
activity of the nanofibers was investigated against two kinds of cells
capable of generating the anti-inflammatory response, such as
macrophages and regenerative epidermal cells. For this investigation,
we employed the fibroblast cell line 3T3 as regenerative epidermal
cells and the human monocyte cell line THP-1, which was
differentiated into macrophages by using 10 ng/mL PMA (phorbol
12-myristate 13-acetate). The anti-inflammatory response was
interrogated by stimulating the cells with an inflammatory compound,
followed by the addition of the nanofibers or control and evaluating
the concentration of the standard inflammation markers IL-6 and NO
secretion in the culture medium. To measure the IL-6 secretion,
THP-1 cells were cultured in medium consisting of Roswell Park
Memorial Institute (RPMI) (Gibco, USA) and 10% (v/v) FBS and
placed in a 24-well plate (10° cells/mL, 1 mL/well). Then, 1 pg/mL
lipopolysaccharide (LPS) (Invitrogen, USA) was added to each well
to induce the inflammatory response, and the cells were incubated at
37 °C for 24 h. The nanofibrous samples were extracted in the same
medium with the previously mentioned method. After the incubation,
the cell medium was disregarded and replaced with the nanofiber
extracts with the fresh medium as the control. LPS (1 pug/mL) was
maintained by adding it back to the wells to continue the
inflammation. The cells were incubated for 10 h at 37 °C, and the
IL-6 concentration was calculated in supernatants by ELISA
(Invitrogen, USA). The investigation was conducted in three
replicates.

The inflammation in 3T3 cells was investigated by evaluating the
NO secretion. In this regard, the cells were first cultured in a 24-well
plate in RPMI and 10% (v/v) with 1 ug/mL LPS to elicit
inflammation (10° cells/mL, 1 mL/well). After 24 h at 37 °C, the
medium was replaced with nanofiber extract and incubated for 10 h at
37 °C. The supernatants were then removed from the wells, and the
levels of NO were investigated using a Griess reagent kit (Invitrogen,
USA) with three replications.

2.16. Coating the Cotton Nonwoven and the In Vitro
Release. After the optimum conditions and nanofiber structures were
determined, the nanofibers were coated on cotton nonwoven. Then,
an in vitro release study was conducted to examine the release
patterns of HP-3-CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1),
and Chitosan/HP-y-CD/Quercetin (8:1) nanofibrous samples, as well
as cotton nonwoven substrates coated with these nanofibrous
coatings. The self-standing nanofibrous webs, which weighed roughly
10 mg, were submerged in a 10 mL PBS solution with a pH of 7.4.
These samples were then placed on an orbital shaker with a 200 rpm
setting and maintained at 37 °C continuously.

In the case of nanofibrous-coated cotton samples, a 20 mg sample
of each sample was added to a 10 mL PBS solution (pH 7.4) and
shaken using an orbital shaker at 200 rpm and 37 °C. At
predetermined intervals, 700 L samples were taken from each and
replaced with the same amount of fresh PBS buffer. The
concentration of each sample was measured at a wavelength of 321
nm using UV spectroscopy, considering the predetermined calibration
curve. The experiment was carried out in triplicate (n = 3), and the
cumulative release of quercetin was obtained by monitoring the
amount in each sample over the course of the experiment.

3. RESULTS AND DISCUSSION

3.1. Phase Solubility. Phase solubility analysis was
employed to assess how inclusion complexation and the type
of cyclodextrin (CD) affect the solubility of quercetin. Figure 2
depicts the phase solubility diagrams of the HP--CD/
Quercetin and HP-y-CD/Quercetin systems. These diagrams
exhibited an A; -type linear pattern, suggesting the formation of
inclusion complexation with a 1:1 molar ratio. Inclusion
complexation with both HP-y-CD and HP-j-CD substantially
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Figure 2. Phase solubility diagram of quercetin at varying
concentrations of HP-#-CD and HP-y-CD.

increased quercetin solubility, resulting in approximately 20-
fold and 15-fold enhancements, respectively. These findings
highlight the efficacy of this approach in improving quercetin
solubility, a phenomenon well-documented in prior stud-
ies.

Accordingly, inclusion complexation with HP-y-CD resulted
in a better enhancement of quercetin solubility, which is
attributed to the better size match between the quercetin
molecule and the HP-y-CD cavity. This size match is a crucial
factor for the successful formation of inclusion complexes,
encapsulation, and improved solubility.'” In a related study on
flavonoids, curcumin’s solubility showed a similar trend, with
greater improvement observed with HP-y-CD due to its
relatively larger molecular size.”” Due to this significant
improvement in quercetin solubility, the binding constants
(Kg) for HP-B-CD and HP-y-CD were calculated as 1305 and
1706 M, respectively. This finding confirms the higher
stability of HP-y-CD/Quercetin inclusion complexation. The
obtained data are in agreement with related studies on the
inclusion complexation of quercetin with CDs.'”*® Given that
the limited solubility of quercetin is a primary challenge in
harnessing its properties, these remarkable enhancements hold
promise for its wide-ranging biomedical applications. Partic-
ularly, by a significant solubility increase of quercetin,
nanofibers show the potential to act as a coating in the
biofunctionalization of cotton for wound dressing applications.

3.2. Investigating the Formation of Inclusion Com-
plexation by 2D-NMR. Rotating frame Overhauser effect
spectroscopy (ROESY), a significant method in two-dimen-
sional nuclear magnetic resonance (2D-NMR), is widely
utilized for studying interactions involving cyclodextrins
(CDs) due to its remarkable capability to discern interactions
over distances of up to § A% In this investigation, we
effectively employed the ROESY NMR technique to elucidate
spatial host—guest interactions in solutions involving two
distinct cyclodextrins, HP-$-CD and HP-y-CD, along with
quercetin, as shown in Figure 3. Examination of the ROESY
spectrum for the HP-B-CD/Quercetin system revealed
simultaneous proton resonances between the inner cavity
protons (H; and H;) of HP-f-CD and the aromatic protons of
quercetin. Similarly, in the HP-y-CD/Quercetin solution, the
spectrum exhibited overlapping peaks of the inner cavity
protons of HP-y-CD (H, and H;) and the aromatic protons of
quercetin. Therefore, the 2D-NMR data clearly indicate the
host—guest interactions and confirm the formation of inclusion
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Figure 3. 2D ROESY spectra of (a) HP-4-CD/Quercetin and (b) HP-y-CD/Quercetin inclusion complexations.

Table 1. Characteristics of the Solutions and Average Diameters of the Nanofibrous Samples

CD concentration molar ratio

sample (g/100 mL)“ (CD/Quercetin)
HP-$-CD/Quercetin (4:1) 180% 4/1
HP-y-CD/Quercetin (4:1) 180% 4/1
HP-$-CD/Quercetin (8:1) 180% 8/1
HP-y-CD/Quercetin (8:1) 180% 8/1
Chitosan/HP-y-CD/Quercetin 150% 8/1

(8:1)

quercetin chitosan
concentration concentration viscosity  conductivity ~ average fiber

(w/w)®? (w/w)"? (Pas) (uS/cm) diameter (nm)
5.0% - 0.312 44.07 445 £ 95
4.2% - 0.776 9.47 665 + 130
2.5% - 1.182 4891 675 + 190
2.1% - 1.522 10.77 880 + 250
2.0% 1.0% 2.330 18.25 1110 + 340

“With respect to the solvent (water). bWith respect to the total sample mass.

complexes between quercetin and both CDs (HP-4-CD, HP-y-
CD).

3.3. Electrospinning and Morphological Investigation
of Nanofibers. To determine the optimum systems to
prepare the CD/Quercetin nanofibers, inclusion complexations
were prepared using different CD types (HP-f-CD and HP-y-
CD) and CD to quercetin molar ratios (CD/Quercetin; 4:1
and 8:1). The resulting complexes were electrospun, and an
analysis of the nanofiber fabrication was conducted. Table 1
presents an overview of the solution properties, and Figure 4
displays the SEM images of the electrospun nanofibers.

5667

Considering the SEM data, the solutions with the 4:1 molar
ratio could not develop fine fibers, and they are beaded and
defected. However, reducing the quercetin content to molar
ratio of 8:1 resulted in the production of smooth and beaded
nanofibers. The SEM images also show that the addition of
chitosan to the HP-y-CD/Quercetin nanofibers did not disturb
the morphology of the nanofibers. Comparing solution
properties revealed that a higher quercetin molar ratio
significantly decreased the viscosity of the solution. This
finding aligns with previous studies, indicating that an
increased quercetin concentration can reduce the viscosity of
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Figure 4. SEM images of nanofibers (a) HP-f-CD/Quercetin (4:1), (b) HP-y-CD/Quercetin (4:1), (c) HP-$-CD/Quercetin (8:1), (d) HP-y-

CD/Quercetin (8:1), and (e) Chitosan/HP-y-CD/Quercetin (8:1).

electrospun solutions.*” This effect can be attributed to the
plasticizing effect of quercetin. It was shown that quercetin can
show a plasticizing effect.”’ This plasticizing effect can make
quercetin form hydrogen bonding with the hydroxyl groups of
HP-CDs, leading to the disruption of CDs’ intramolecular
hydrogen bonding.** This intramolecular hydrogen bonding is
the main driving force for solution viscosity and electro-
spinning of polymer-free CDs. Thus, its disruption can result in
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a lower solution viscosity.43 This disruption of hydrogen
bonding can be one of the reasons for the structural
disturbance of the fibers in the 4:1 molar ratio.

Comparing the types of cyclodextrin, the average fiber
diameter of HP-f-CD/Quercetin was smaller than that
fabricated by HP-y-CD consistent, with our previous
findings.”” Considering 7-CD’s one additional glucopyranose
unit, its solution exhibited higher viscosity,44 resulting in larger
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fiber diameters.'” The results also showed that HP-5-CD/
Quercetin nanofibers exhibited higher conductivity, which
again can lead to the formation of smaller fibers.

Considering the phase solubility, HP-y-CD formed a more
favorable inclusion complexation with quercetin, resulting in
the optimum nanofibrous system. Thus, to further improve the
antibacterial properties of the nanofibers, chitosan was
incorporated into HP-y-CD/Quercetin (8:1) fibers. Investigat-
ing the solution properties of Chitosan/HP-y-CD/Quercetin
(8:1) revealed an increase in viscosity attributed to chitosan’s
structural composition, characterized by long chains of N-
acetylglucosamine and glucosamine, along with a positive
charge.” This positive charge also resulted in a slightly higher
solution conductivity; however, due to the significant increase
in viscosity, the fiber diameter increased by the addition of
chitosan.

Overall, the solution properties and SEM results highlight
the significant influence of the molar ratio in the inclusion
complexation of quercetin with HP-#-CD and HP-y-CD on
the nanofiber fabrication process. The 4:1 molar ratio resulted
in a defective CD/Quercetin fiber morphology, while the 8:1
CD/Quercetin samples exhibited superior productivity,
yielding a self-standing nanofibrous web with enhanced
uniformity, making it the preferred choice for the electro-
spinning process. Moreover, the selection of CD type also
plays a role in determining fiber size, where HP-$-CD
produced thinner fibers than HP-y-CD, attributed to the
structural aspects of the cyclodextrins. The incorporation of
chitosan in the CD/Quercetin system did not disturb the fiber
structure, enabling benefit from its biological properties.

3.4. Loading Efficiency. The loading efliciency of
quercetin in the fibers was calculated by dissolving the
nanofibers in DMSO and comparing the quercetin content
to the initial amount. Accordingly, the loading efficiencies were
almost 100% for HP-y-CD/Quercetin (8:1) and Chitosan/HP-
7-CD/Quercetin (8:1). The loading efficiency for HP-$-CD/
Quercetin (8:1) was slightly lower, at about 96%. This is
attributed to the more stable complexation of quercetin and
HP-y-CD due to the better size match, as indicated by the
phase solubility. The slightly lower encapsulation efliciency of
HP--CD indicates the possibility of noncapsulated quercetin
occurring in HP-B-CD/Quercetin (8:1) nanofibers. The
similarity between the loading efficiency of HP-y-CD/
Quercetin (8:1) and that of Chitosan/HP-y-CD/Quercetin
(8:1) implies that the addition of chitosan did not disturb
either the inclusion complexation or the electrospinning
process. Overall, the obtained data show the near-complete
encapsulation of quercetin into the nanofibers through
inclusion complexation by electrospinning.

For further investigation of the loading efficiency and the
determination of CD/Quercetin molar ratios in the fibers, as
well as the chemical structure of quercetin, 'H NMR was
performed. Figure S shows the 'H NMR spectra of quercetin
and the prepared nanofibers. Previous studies showed that
CDs show a unique identification peak at 1.03 ppm (—CH,).”*
The identification peaks of quercetin are between 6.1 and 7.7
ppm, which are attributed to the two rings of the quercetin
molecule (as shown in Figure 5).% Considering the difference
between the integration of quercetin and CD peaks, the CD/
Quercetin molar ratio in HP-$-CD/Quercetin (8:1), HP-y-
CD/Quercetin (8:1), and Chitosan/HP-y-CD/Quercetin
(8:1) nanofibers was found to be 7.46/1, 7.81/1, and 7.74/
1, respectively. Therefore, the encapsulation efficiencies for
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Figure 5. 'H NMR spectra of quercetin powder as well as HP-5-CD/
Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chitosan/HP-y-
CD/Quercetin (8:1) nanofibers.

HP-A-CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1), and
Chitosan/HP-y-CD/Quercetin (8:1) were measured as 93%,
98%, and 97%, respectively. The results are in line with the
loading efficiency measurements, showing a slightly higher
efficiency in the case of HP-y-CD due to the more stable
inclusion complexation. The incorporation of chitosan within
the fibers resulted in the occurrence of a new signal peak at 1.9
ppm in the Chitosan/HP-y-CD/Quercetin (8:1) sample,
corresponding to NH[CO]CH,.*® The addition of chitosan
also did not disturb the inclusion complexation between
quercetin and HP-y-CD, as the loading efficiency is about the
same without the presence of chitosan. Moreover, as indicated
by the NMR data, a consistent pattern of quercetin’s
characteristic peaks was observed in all nanofibrous samples,
demonstrating the protection of quercetin’s chemical structure
through the fabrication processes. The NMR results confirm
the successful loading of quercetin within the HP-$-CD, HP-y-
CD, and Chitosan/HP-y-CD nanofibers and illustrate the
chemical structural integrity of encapsulated quercetin in the
nanofibers.

3.5. DSC Analysis. Considering the crystalline nature of
quercetin and the amorphous structure of CDs, the use of DSC
analysis to assess the crystallinity offers valuable insights into
the inclusion complexation of quercetin within the CD cavities.
The DSC results are presented in Figure 6a. As shown before,
the melting point of quercetin is approximately 320 °C,
surpassing the maximum analysis temperature of 270 °C, in
which CDs begin to degrade and was chosen as the maximum
analysis temperature.”> However, quercetin shows a broadened
endothermic peak at 135 °C, representing the structural
change and transformation of the molecules hydrated in the
anhydrous form.*” Moreover, modified cyclodextrins such as
HP-$-CD and HP-y-CD, being amorphous materials, do not
have any melting peaks but show a broad endothermic curve
between 60 and 140 °C due to the dehydration of CDs.””
Chitosan also shows a broad endothermic curve between 100
and 150 °C due to water evaporation.”®
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Considering the DSC curves of the nanofibrous samples, a
broad peak at 90 °C is presented, corresponding to the
dehydration process of CDs.”" Accordingly, the DSC graph of
HP-$-CD/Quercetin (8:1) shows a slight peak at 135 °C,
which is attributed to the quercetin structural change. This
peak can indicate a possible incomplete complexation of
quercetin with HP-$-CD. In contrast, this peak is not clear in
the HP-y-CD/Quercetin samples. This observation suggests a
better complexation potential between HP-y-CD and querce-
tin, a finding consistent with the results of the phase solubility
analysis.

3.6. XRD Analysis. For a more comprehensive inves-
tigation of the crystalline structure of quercetin and nanofibers
and to provide a perspective on the inclusion complexation,
XRD analysis was performed. The XRD patterns of materials
and nanofibrous samples are presented in Figure 6b. As a
known crystalline compound, quercetin exhibits distinct
diffraction peaks at 10.8°, 12.4°, 15.8°, 16.3°, 23.85°, 24.34°,
26.58°, and its sharp peak at 27.3°. As HP-CDs are amorphous,
through inclusion complexation the quercetin molecules
should be separated within the CD cavity and cannot form
crystals. Therefore, the crystalline peaks would disappear in the
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XRD patterns of CD/Quercetin inclusion complex sys-
tems.”**

Considering the amorphous nature of the nanofibrous
samples, only subtle peaks at 12.4° and 27.3° are seen in the
XRD patterns of the CD/Quercetin nanofibrous samples,
revealing that quercetin molecules are mostly in an inclusion
complexation state within the CD cavities and that there was a
presence of a very small amount of uncomplexed quercetin in
the CD/Quercetin nanofibrous samples. The quercetin
crystalline peaks at 12.4° and 27.3° are a bit slightly less
obvious in HP-y-CD/Quercetin compared to HP--CD/
Quercetin nanofibers, suggesting that HP-y-CD has a higher
complexation efficiency with quercetin, showing agreement of
the XRD data with the DSC and phase solubility findings.
Similar to the DSC results, due to the more stable inclusion
complexation and better size match, the inclusion complex-
ation of quercetin with HP-y-CD resulted in a much smaller
amount of quercetin crystals. This is due to the prevention of
quercetin molecules from forming crystals in the CD cavity.
Moreover, the intensity of the quercetin crystalline peaks is the
lowest in the Chitosan/HP-y-CD/Quercetin nanofibers, which
aligns with their lower quercetin content.
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3.7. FT-IR Analysis. FT-IR analysis can reveal the details of
the chemical interactions between the CD cavity and the guest
molecule. Inclusion complexation can lead to the vanishing of
the characteristic peaks, the reduction of peak intensity, or
shifts in peak positions.”**” Figure 7 shows the FT-IR spectra
of quercetin, chitosan, and nanofibrous samples. For the
nanofibrous samples, the main characteristic peaks of HP-f-
CD and HP-y-CD around 1019, 1080, and 1150 cm™ are
attributed to coupled C—C/C—O and antisymmetric C—O—C
glycosidic bridge stretching.37 The peaks at 3000—3600, 2928,
1651, and 1367 cm™! are assigned to O—H stretching, C—H
stretchingg O—H bending, and —CH; bending of cyclo-
dextrin.'’ For quercetin, the main characterization peaks are at
around 3200—3600 cm ™', attributed to O—H vibration; 1662
cm™} assigned to carbonyl stretching vibration of C=0; 1606
cm™}, due to C=C stretching; and 1518 cm™}, related to the
aromatic group. The ones at 1382 and 1254 cm™ are due to
C—OH and C—O-C vibration, respectively.””** The FT-IR
spectra of chitosan show characterization bands at 1654 and
1592 cm™!, attributed to the C=O stretching vibration of
amid I and the N—H bending of amid II, respectively.”” The
broad band at 3344 cm™' is also assigned to intermolecular
hydrogen bonding between N—H and O—H.*® The peaks at
1425 and 1372 cm™' are attributed to —CH, deformation,
while the one at 1150 cm™ once again is due to the C—O—C
glycosidic bridge of the saccharide structure.”

As is evident in the FT-IR spectra, there is no difference
between the nanofibers fabricated with HP-$-CD and HP-y-
CD. Accordingly, most characterization peaks of quercetin are
masked in the nanofibers, indicating the inclusion complex-
ation of the samples. However, the C—OH and C—-0O-C
vibration peaks of quercetin showed themselves as small peaks
shifted from 1382 and 1254 cm™ to 1366 and 1248 cm™),
respectively. Besides, the peak at 1518 cm™}, related to the
aromatic group, showed itself as a tiny peak in the nanofibers
shifted to 1514 cm™. Overall, the FT-IR data indicate the
inclusion complexation state of quercetin with HP-3-CD and
HP-y-CD in the nanofibers. Considering the very small
amount of chitosan (1% w/w) and the similar saccharide
structure of CD and chitosan, the characteristic peaks of
chitosan are masked in Chitosan/HP-y-CD/Quercetin nano-
fibers. The similar patterns between HP-y-CD/Quercetin
nanofibers and Chitosan/HP-y-CD/Quercetin nanofibers
confirm that chitosan did not affect the chemical nature of
the nanofibers.

3.8. TGA Analysis. The thermal properties of quercetin,
chitosan, and the as-prepared nanofibers were assessed for
further investigation of inclusion complexation. The TGA
analysis along with the corresponding DTG curves are
presented in Figure 8. Accordingly, quercetin showed a slight
weight loss (7%) between 92 and 130 °C, followed by the
main degradation peak between 328 and 365 °C. This result, in
accordance with other studies, indicates the thermal stability of
quercetin, which shows a degradation peak higher than those
of CDs.>* Considering the DSC diagram of quercetin, the lack
of degradation at 135 °C corroborates the structural change of
quercetin in this DSC peak. Chitosan also showed the main
degradation between 260 to 370 °C, followed by a slight
degradation step after 370 °C.

Regardless of the type of CD, the nanofibrous samples
showed similar degradation behavior between 300 and 400 °C,
which is associated with CD degradation.”” Nanofibers showed
an initial weight loss of about 6% until 100 °C, corresponding
to water removal from the CD.'® The CD nanofibers followed
the same trends as the pristine CD. It was shown that pristine
HP-5-CD and HP-y-CD nanofibers show the same TGA
pattern, exhibiting degradation peaks from 280 and 430 °C.”’
Thus, the thermal degradation step of quercetin shifted to a
higher temperature due to the inclusion complexation.
Furthermore, Chitosan/HP-y-CD/Quercetin showed about
1% weight loss between 260 (the beginning of the chitosan
degradation step) and 300 °C (the beginning of the CD
degradation) due to chitosan degradation.

3.9. Antioxidant Activity. Effective management of
oxidative stress plays a pivotal role in expediting wound
healing and regulating inflammation to prevent scar
formation.”® Thus, functionalization of the cotton surface
with an active antioxidant coating can facilitate the wound-
healing process. Quercetin, renowned for its viable antioxidant
and anti-inflammatory activities,”” owes its efficiencies to its
ability to neutralize reactive oxygen species.”” Additionally, it
enhances the body’s antioxidant capacity by modulating
enzymatic activity and signal transduction pathways.”> These
features have led quercetin to be extensively used as an
antioxidant agent in wound dressing applications.>*

One of the primary challenges associated with utilizing
quercetin in wound dressings is its limited solubility. In this
study, we addressed this limitation by enhancing the solubility
of quercetin through inclusion complexation with HP--CD
and HP-y-CD. Figure 9 illustrates the antioxidant activity of
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Figure 9. Antioxidant activity of quercetin powders as well as HP-j-
CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chitosan/HP-
7-CD/Quercetin (8:1) nanofibers. The nanofibers and quercetin were
dissolved to reach quercetin concentrations of 125—1000 (ug/mL).

different concentrations of the nanofibrous webs and
quercetin. As observed, the poor solubility of quercetin in its
powdered form resulted in the loss of most of the powder
during filtration, thereby limiting its antioxidant activity. In
contrast, all the nanofibrous samples demonstrated significant

potential in scavenging DPPH radicals, achieving approx-
imately 90% inhibition. At lower concentrations, the HP-f-
CD/Quercetin (8:1) nanofiber sample exhibited higher activity
compared to the HP-y-CD/Quercetin (8:1) nanofibers. This
discrepancy can be attributed to the higher quercetin
concentration (2.5% w/w) in HP-S-CD/Quercetin (8:1)
relative to HP-y-CD/Quercetin (8:1) (2.1% w/w) and
Chitosan/HP-y-CD/Quercetin  (8:1) (2% w/w) samples.
However, at the highest concentration, the antioxidant activity
of the HP-y-CD/Quercetin (8:1) sample surpassed that of the
HP-$-CD/Quercetin  (8:1) sample. This trend can be
attributed to HP-y-CD’s superior ability to enhance quercetin
solubility, a fact confirmed by the phase solubility test. In fact,
at the highest concentration, the antioxidant activity of the HP-
7-CD/Quercetin (8:1) sample (~92%) was higher than that of
the HP-f-CD/Quercetin (8:1) sample (~88%), as quercetin
solubility was enhanced, confirmed by the phase solubility test.
These results, which align with our group’s previous
research,””** showed that upon improving the solubility of
quercetin, the fibers possessed strong antioxidant activities.
The addition of chitosan led to a very slight decrease in the
antioxidant activity (~91%), as it can reduce the weight
concentration of quercetin in the nanofibers. Comprehensively,
the results showed the ability of the CD/Quercetin nanofibers
to provide antioxidant activity upon coating on cotton. This
antioxidant activity, combined with quercetin’s established
anti-inflammatory and cell proliferation properties,”> holds
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Figure 10. Antibacterial measurement by colony counting. (a) Photos of the formation of bacterial colonies. (b) Growth inhibition percentage of
streptomycin as the positive control as well as HP-f-CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chitosan/HP-y-CD/Quercetin (8:1)

nanofibers against E. coli and S. aureus.
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promise for enhancing wound healing and minimizing scar
formation.

3.10. Antibacterial Activity. Preventing and controlling
infection can play a pivotal role in achieving a defectless
wound-healing process. Infections can induce an immune
response, which can result in excessive inflammations,
impairing the healing process, and scar formation.” Besides,
these infections can become systemic, which results in major
complications. Quercetin is known for its moderate anti-
bacterial activities.” Its activity is attributed to the interaction
of its hydroxyl group with the bacterial cell membrane.”” Thus,
other than inclusion complexation, chitosan was incorporated
into the optimum sample to increase the antibacterial activity.
Chitosan derives its antibacterial efficacy from its positive
charge, allowing it to interact with negatively charged bacterial
cell walls and selectively bind to trace metal elements. This
interaction hinders toxin production and inhibits microbial
growth.*®

The antibacterial activities of the nanofibrous samples were
investigated against E. coli and S. aureus by colony counting
methods. These bacteria are two of the main Gram-negative
and Gram-positive bacteria associated with infections. Figure
10a illustrates the colonies formed and the antibacterial activity
of the nanofibrous samples. The negative control exhibited no
antibacterial activity, while the positive control effectively
eradicated all bacteria. Figure 10b shows the inhibition
percentages of samples against these bacterial species.
Accordingly, HP-$-CD/Quercetin (8:1) and HP-y-CD/
Quercetin (8:1) resulted in partial elimination of the bacteria
as they respectively showed about 72% and 76% antibacterial
activities against E. coli and 79% and 83% antibacterial
activities against S. aureus. This observation is consistent
with the fact that quercetin tends to be more effective against
Gram-positive bacteria.”® The slightly higher activity of HP-y-
CD/Quercetin (8:1) against bacterial species is attributed to
the notable enhancement of the quercetin solubility.

The presence of chitosan in the Chitosan/HP-y-CD/
Quercetin (8:1) nanofibers led to a remarkable improvement
in antibacterial activity, completely eliminating the bacteria.
Notably, this significant enhancement was achieved with a
relatively low concentration of chitosan (1% w/w) in the
nanofibers. Furthermore, the synergistic interaction of
quercetin and chitosan contributed to the enhanced anti-
bacterial properties of the nanofibers.>”

In brief, the inclusion complexation of quercetin with CDs
resulted in favorable antibacterial activity within the nanofibers,
a property further enhanced by the introduction of chitosan.
The Chitosan/HP-y-CD/Quercetin (8:1) sample exhibited
outstanding antibacterial activity, which, combined with its
effective antioxidant and other therapeutic properties, positions
these nanofibers as a potent coating for enhancing the
functionality of cotton nonwoven materials in wound dressing
applications. Using all-natural-based materials without the use
of synthetic antibiotics, this approach can further pave the way
in addressing the challenge of synthetic antibiotic resistance.

3.11. Cell Viability. Besides suitable antibacterial activity, a
functional wound dressing should not harm the cells and must
provide an environment for their growth. In this respect, the
toxicity of the as-prepared fibers was detected against the 3T3
fibroblast cell line, as shown in Figure 11. Accordingly, all the
nanofibrous samples showed minimal toxicity against the cell
line, providing almost complete viability. Considering the use
of all-natural materials for the fabrication of nanofibers, these
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Figure 11. Cytotoxicity measurement. The viability of the fibroblast
(3T3) cell line against HP-$-CD/Quercetin (8:1), HP-y-CD/
Quercetin (8:1), and Chitosan/HP-y-CD/Quercetin (8:1) as well
as pristine Chitosan/HP-y-CD nanofibers after 24 h.

results were expected. Quercetin as the main bioactive
compound has shown to be well-tolerated by cells due to its
natural origin.* Cyclodextrin and chitosan also being
originated from natural materials do not harm the cells. The
results confirm that this nanofibrous coating, despite its potent
antibacterial activity, would not harm fibroblast cells, which is
beneficial in aiding wound healing.

3.12. Anti-Inflammatory Activity. Inflammation is a vital
part of wound healing, and its management can lead to its
promotion. Immoderate inflammation can disrupt tissue
regeneration and hinder wound healing.”" Both immune and
regenerative cells can play roles in inducing an inflammatory
response. Macrophages play a critical role in wound-healing
inflammation, secreting various cytokines and growth factors to
regulate immune response.62 Interleukin-6 (IL-6) is released
by macrophages in response to an injury or specific microbial
molecules inducing fever and production of acute-phase
proteins from the liver.”” The upregulation and prolonged
expression of this pro-inflammatory cytokine may result in
excessive inflammation and scar formation.®* As an anti-
inflammatory bioactive, quercetin decreases the secretion of
IL-6 by interfering with the response of cells to pro-
inflammatory factors and decreasing the susceptibility of the
immune cells to pro-inflammatory factors (such as LPS).%®

The anti-inflammatory activity of CD/Quercetin nanofibers
was first investigated by measuring the concentration of IL-6
secreted by macrophages (THP-1) in culture supernatants. As
Figure 12a shows, the untreated cells secreted 539 pg/mL IL-6,
showing the magnitude of inflammation of the cells due to LPS
stimulation. These levels of IL-6 were notably decreased by the
addition of nanofibrous extracts. Accordingly, HP-$-CD/
Quercetin (8:1) and HP-y-CD/Quercetin (8:1) showed
about a 70% and 33% decrease in IL-6 concentration. The
significant difference between HP-$-CD/Quercetin and HP-y-
CD/Quercetin nanofibers comes from the better inclusion
complexation of quercetin with HP-y-CD, as revealed from our
results in this study. The Chitosan/HP-y-CD/Quercetin (8:1)
sample showed a small difference compared to the HP-y-CD/
Quercetin (8:1) sample without chitosan, as there is a
difference in quercetin amount in these samples. The pristine
Chitosan/HP-y-CD nanofibers without the presence of
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Figure 12. Measurement of anti-inflammatory activity by ELISA.
Expression of (a) IL-6 and (b) NO against HP-8-CD/Quercetin
(8:1), HP-y-CD/Quercetin (8:1), Chitosan/HP-y-CD/Quercetin
(8:1), and pristine Chitosan/HP-y-CD nanofibers as well as ibuprofen
secreted from (a) macrophages (THP-1) and (b) fibroblasts (3T3).

quercetin also showed a slight anti-inflammatory response, as
there are various contradlctmg studies about chitosan activity
in reducing IL-6.°° Tbuprofen was used as a nonsteroidal anti-
inflammatory drug for comparison. Accordingly, the use of 1
mg/mL ibuprofen led to a ~51% reduction in IL-6
concentration, which was lower than the HP-y-CD/Quercetin
nanofibrous samples, showing their potency as anti-inflamma-
tory agents.

Flbroblasts play a huge role in skin regeneration and wound
healing.”” Excessive production of pro-inflammatory mediators
by fibroblasts, along with persistent inflammation, is one of the
main reasons for ﬁbroblast dysfunction leading to chronic
wounds, fibrosis, and scars.”® Nitric oxide (NO) also acts as a
signaling pathway, playing a key role in the pathogenesis of
inflammation.”” Thus, the secretion of NO in fibroblasts (3T3)
was investigated for the next step and is illustrated in Figure
12b. As evident, all the quercetin-loaded nanofibrous samples
almost completely diminished the NO concentration in the cell
supernatants. The inclusion complexation between CD and
quercetin led to this complete NO reduction, as it was shown
that quercetin can inhibit the secretion of NO.” It was
suggested that the low solubility of quercetin is the main
obstacle in exploiting its anti-inflammatory activity, while
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increasing the water solubility by encapsulating quercetin in
nanoparticles resulted in the downregulation of IL-6 and NO
secretion.”* Pristine Chitosan/HP-y-CD nanofibers also
reduced the NO concentration by about 78%, which can be
due to the existence of chitosan. It was shown that chitosan in
certain molecular weights can show an anti-inflammatory
response by reducing NO secretion.”®

These comprehensive anti-inflammatory activities are
particularly useful for the treatment of chronic wounds, as
they usually remain in the inflammatory phase for a long
time.*” By regulating the inflammation caused by both immune
and regenerative cells, in addition to their suitable antioxidant
activity, the fabricated HP-$-CD/Quercetin (8:1), HP-y-CD/
Quercetin (8:1), and Chitosan/HP-y-CD/Quercetin (8:1) can
expedite the wound-healing process and decrease the chance of
scar formation.

3.13. Nanofibrous Coating on Cotton Nonwoven and
Quercetin Release. This study aimed to produce a cotton-
based wound dressing by coating cotton with a biofunctional
electrospun coating, in which the cotton can act as an outer
layer. Using a flavonoid can provide wound-healing and
antibacterial properties to the wound dressing, and inclusion
complexation can improve the solubility and bioavailability of
the flavonoid. In this respect, the HP-3-CD/Quercetin (8:1),
HP-y-CD/Quercetin (8:1), and Chitosan/HP-y-CD/Querce-
tin (8:1) nanofibers were coated on cotton nonwoven, as
depicted in Figure 13a.

The release profiles of the coated cotton and the free-
standing nanofibers were measured and are presented in Figure
13b. Accordingly, the nanofibers showed a fast-dissolving
behavior, as they are not cross-linked, and the fast dissolution
of the nanofibers resulted in the immediate release of
quercetin. All the nanofibers released quercetin within the
first 3 min, confirming the fast-dissolving behavior of all the
samples. As evident, HP-y-CD nanofibers resulted in a higher
cumulative release, confirming the loading efficiency and phase
solubility results indicative of the more suitable complexation
with quercetin. Besides, the coated cotton showed the same
profiles as the free-standing nanofibrous webs since there is no
chemical cross-linking between the cotton and the nanofiber
coatings. The incorporation of chitosan in the nanofibers did
not hinder the quercetin release, confirming that chitosan in
this low concentration did not change the inclusion complex-
ation and nanofiber structure. Applying this fast-dissolving
nanofibrous coating on cotton nonwoven has the potential to
release a high amount of quercetin to the wound site, which
can facilitate healing and prevent infection. Coated cotton with
increased quercetin solubility, providing its swift release, can
hold promise to act as a suitable wound dressing for highly
infected wounds such as diabetic ulcers.

4. CONCLUSION

In wound dressing applications, substrate choice is crucial, with
cotton being a preferred choice over synthetic materials due to
its biocompatibility and favorable physical properties. In this
study, quercetin was employed to induce antioxidant and
antibacterial activities. Overcoming the hurdle of quercetin’s
limited solubility in biomedical applications, a biofunctional
wound dressing was created by enhancing quercetin solubility
through inclusion complexation with CDs and coating CD/
Quercetin nanofibers onto cotton. Phase solubility results
indicated a remarkable 20-fold increase in quercetin water-
solubility through inclusion complexation, with HP-y-CD

https://doi.org/10.1021/acsabm.4c00751
ACS Appl. Bio Mater. 2024, 7, 5662—5678


https://pubs.acs.org/doi/10.1021/acsabm.4c00751?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00751?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00751?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00751?fig=fig12&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.4c00751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials www.acsabm.org

a) HP-B-CD/Quercetin (8:1) HP-y-CD/Quercetin (8:1) Chitosan/HP-y-CD/Quercetin (8:1)

-
A 4

. .
b) 1) 1 P i ll) 100 4 o & 5
) = - 4 ¥ ¥
© 801 © 80 1
5 60 1 £ o1
Ag —8— HP-B-CD/Quercetin (8:1) }" == HP-f-CD/Quercetin (8:1) on cotton
= 40 = a0 4
E] 2 g
E —8— HP-y-CD/Quercetin (8:1) § == HP-y-CD/Quercetin (8:1) on cotton
© 20 A © 2
=—8— Chitosan/HP-y-CD/Quercetin (8:1) —4— Chitosan/1 IP-y-CD/Quercetin (8:1) on cotton
0 T T T r \ 0 T T T T "
0 5 10 15 20 0 5 10 15 20 25
Time (minutes) Time (minutes)

Figure 13. (a) Pictures of cotton nonwoven coated with HP-$-CD/Quercetin (8:1), HP-y-CD/Quercetin (8:1), and Chitosan/HP-y-CD/
Quercetin (8:1). (b) Time-dependent release profiles of nanofibers (i) in free-standing form and (ii) coated on cotton nonwoven.

forming a more stable complex due to a better size match. The B AUTHOR INFORMATION
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develop smooth nanofibers. The DSC, TGA, and XRD
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complexation and the suitability of HP-y-CD to form a more
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characterization demonstrated a near-complete loading effi-
ciency, indicating minimal quercetin loss during the process.
The release study also showed that the nanofibers both in free- Authors
standing form and coated on cotton followed a similar fast-
releasing profile in the first 3 min due to their fast dissolution.
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