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ABSTRACT: The development of an approach or a material for wound healing treatments
has drawn a lot of attention for decades and has been an important portion of the research in
the medical industry. Especially, there is growing interest and demand for the generation of
wound care products using eco-friendly conditions. Electrospinning is one of these methods
that enables the production of nanofibrous materials with attractive properties for wound
healing under mild conditions and by using sustainable sources. In this study, starch-derived
cyclodextrin (hydroxypropyl-β-cyclodextrin (HPβCD)) was used both for forming an
inclusion complex (IC) with acyclovir, a well-known antiviral drug, and for electrospinning of
free-standing nanofibers. The nanofibers were produced in an aqueous system, without using
a carrier polymer matrix and toxic solvent/chemical. The ultimate HPβCD/acyclovir-IC
nanofibers were thermally cross-linked by using citric acid, listed in the generally regarded as
safe (GRAS) category by the US Food and Drug Administration (FDA). The cross-linked
HPβCD/acyclovir-IC nanofibers displayed stability in aqueous medium. The hydrogel-
forming feature of nanofibers was confirmed with their high swelling profile in water in the range of ∼610−810%. Cellulose acetate
(CA)/acyclovir nanofibers were also produced as the control sample. Due to inclusion complexation with HPβCD, the solubility of
acyclovir was improved, so cross-linked HPβCD/acyclovir-IC nanofibrous hydrogels displayed a better release performance
compared to CA/acyclovir nanofibers. Here, a pH-dependent release profile was obtained (pH 5.4 and pH 7.4) besides their
attractive swelling features. Therefore, the cross-linked HPβCD/acyclovir-IC nanofibrous hydrogel can be a promising candidate as a
wound healing dressing for the administration of antiviral drugs by holding the unique properties of CD and electrospun nanofibers.
KEYWORDS: cyclodextrin, electrospinning, hydrogel, acyclovir, pH-dependent release, wound dressing

1. INTRODUCTION
Skin is the largest organ in humans and plays the role of a barrier
to protect the body from the entrance of exterior pathogens, to
reduce fluid loss, and against temperature/chemicals. Any
discontinuity occurring at the wound spot of the skin would
create a pathway for undesired elements to enter the human
body.1−4 Therefore, disruption happening at the anatomic
structure of the skin originating from the wound is the main
problem and needs rapid healing. Wounds can be classified into
subdivisions such as chronic or acute, internal or external,
penetrating or nonpenetrating, open or closed, etc. based on
their depth, reason, sites, and duration.5 Wound treatments
occupy a huge commercial share in the annual market, with $15
billion being dedicated to wound care products and $12 billion
to wound scar therapy.3 Currently, different types of wound
dressing substrates are available in the market including foams,
hydrogels, hydrocolloids, hydrofibers, films/strips, etc.5 The
crucial requirements expected from the wound care materials
can be listed as mechanical integrity, porosity, air/vapor
permeability, absorption of exudate, and cell proliferation.6

The electrohydrodynamic technique of electrospinning has
paved the way for a widespread research area due to its potential
for large-scale development of biomaterials.1−3,7 A highly porous

fibrous structure, large surface area-to-volume ratio, encapsula-
tion capability, and lightweight and flexible features of
electrospun nanofibers are favorable qualifications for bio-
medical applications.8,9 These unique properties make electro-
spun nanofibers particularly promising candidates for wound
treatment by mimicking the composite functions and fibrous
structure of the extracellular matrix (ECM) which plays a vital
role in the wound healing process through cell differentiation
and proliferation.1,5 The wound healing potential of nanofibers
can be further improved by incorporation of active ingredients
such as drugs, proteins, essential oils, bioactive molecules/
nanoparticles, etc.5

Natural and synthetic biopolymers have been widely studied
for the development of wound healing dressings from electro-
spun nanofibers due to their intrinsic biodegradability and
biocompatibility.5,10 Gelatin,11 chitosan,12 silk fibroin,13 algi-
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nate,14 collagen,15 cellulose,16 cellulose acetate,17 and hyalur-
onic acid18 are the most commonly used natural biopolymer
types for the generation of nanofibers. Even though these
biopolymers ensure rather good biocompatibility, biodegrad-
ability, low/no toxicity, immunogenicity, antigenicity, and low
cost, they can have trouble with mechanical properties and
processing due to their complex chemical structures.3 Therefore,
natural biopolymers have been generally electrospun into
nanofibers in a company with other polymers such as
poly(ethylene oxide) (PEO),12 poly(vinyl alcohol) (PVA),14

polycaprolactone (PCL),11 etc. to ensure efficient nanofiber
formation. On the other hand, the use of synthetic biopolymers
like PCL,19 poly(lactic acid) (PLA),20 poly(lactic-co-glycolic
acid) (PLGA),21 poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHVB),22 etc. has led to the production of wound healing
materials with better mechanical properties and higher stability
against environmental conditions. However, the slow biode-
gradation rate, lower cell affinity, and higher cost compared to
natural biopolymers can be listed as the drawbacks of these
synthetic biopolymers.3

As mentioned above, the electrospun nanofibers have been
functionalized with different active agents to attain a proper
wound healing platform. In the case of electrospinning of both
natural and synthetic biopolymers, organic solvents and/or
additional toxic chemicals have been used to dissolve the
polymers and the active ingredients completely, and this is
required to prepare an appropriate electrospinning solution.23

The use of undesirable solvents or chemicals can be considered a
major issue from the point of view of biocompatibility of the
ultimate materials and environmental aspects. Therefore, there
is still a huge demand for the generation of wound healing
dressings using more reasonable components and eco-friendly
conditions. At this point, cyclodextrins (CDs), the starch-
derived cyclic oligosaccharides, can be a part of the solution
thanks to their nontoxic and natural properties. CDs are well-
known for their unique molecular structure, which has a donut
shape with a relatively hydrophobic cavity. Due to their
hydrophobic cavity, CDs can form inclusion complexes (ICs)
with a variety of compounds including drugs, essential oils,

bioactive agents, etc., and this can provide enhanced aqueous
solubility, bioavailability, and stability for all these active
ingredients.24−26

In the literature, it is possible to see studies in which CD-ICs
of different bioactive agents (curcumin and citral) or drugs
(benzocaine and naproxen) were incorporated into polymeric
nanofibers for the purpose of wound care applications.27−31 In
these studies, the main goal for the integration of CD systems
within the nanofiber matrix is to benefit from the solubility
enhancement for poorly water-soluble compounds supplied by
inclusion complexation. As was shown earlier by the Uyar
research group, it is also possible to generate free-standing
nanofibers from CD or CD-IC without using a carrier polymeric
matrix.32−35 By this approach, there is no need for an organic
solvent or toxic chemical to dissolve the components since
electrospinning of CD-based systems is performed in water.
Here, inclusion complexation ensures the dissolving of active
compounds in water and therefore their amorphous distribution
within the nanofibrousmatrix.32−35 However, CD-IC nanofibers
are soluble in water and, thus, particularly proper for fast-
disintegrating delivery systems. In other words, they need to be
rendered into the insoluble state to obtain nanofibers that can
show stability in liquid environments and display a long-term
release profile that is better for wound healing treatment.
In the previous studies of the Uyar research group, the cross-

linked polycyclodextrin (PolyCD) nanofibers have been
generated for the filtration applications using different cross-
linking agents (butanetetracarboxylic acid and epichlorohy-
drin).36−38 However, to the best our knowledge, the electro-
spinning of CD-IC nanofibers having insoluble cross-linked
network structure has not yet been reported. In this study,
acyclovir was chosen as the active compound for the
functionalization of cross-linked CD nanofibers. Acyclovir (9-
(2-hydroxyethoxymethyl)guanine) is an effective antiviral drug
used for the treatment of herpes simplex virus (HSV-1/2) and
varicella zoster. The administration dosage form of acyclovir
includes tablets, cream, ointment, injection, and eye drops.39,40

However, the therapeutic potential of acyclovir is diminished
because of its limited water solubility, low bioavailability, and

Figure 1. Schematic illustration of the sample content and preparation. (A) The chemical structure of HPβCD, citric acid, and acyclovir. The
schematic representation of (B) HPβCD/acyclovir-IC formation and (C) the electrospinning and cross-linking of HPβCD/acyclovir-IC (PolyCD/
acyclovir) nanofibers.
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low membrane permeability.39,40 On the other hand, there has
been a notable effort to improve the therapeutic efficiency of this
drug by improving its poor physicochemical properties using
different approaches such as microemulsions, hydrogels, lip-
osomes, nanoparticles, and CDs.40 Even in one of the related
studies reported by Demirci et al., the cross-linked CD particles
of acyclovir were formed to provide a sustained release with
respectable blood compatibility.41

In our previous study, the polymer-free CD-IC nanofibers of
acyclovir were successfully produced using highly water-soluble
hydroxypropyl-β-cyclodextrin (HPβCD) for the purpose of fast-
disintegrating oral delivery systems.42 The potential of acyclovir-
incorporated polymeric nanofibers has also been reported for
HSV-2 treatments43 and ocular44 and topical delivery45 using
PLGA, PCL, and polyvinylpyrrolidone (PVP) polymers. In one
of the recent studies, Kazsoki et al. showed the potential of core/
shell nanofibers of PVA/PVP for the herpes labialis treatment of
acyclovir as a nanofibrous patch.46 In this related study, HPβCD
was used to enhance the solubility of acyclovir and hypromellose
to retard the dissolution and therefore the initial burst release
profile of ultimate nanofibers.46 The cross-linked and self-
standing HPβCD/acyclovir-IC nanofibers might be an emerg-
ing administration type for the topical treatment of the wound
spots of cold sores, zosters, and chicken pox. Moreover, the high
swelling property of this nanofiber enables the formation of
nanofibrous hydrogels in the aqueous environment that is pretty
attractive for the treatment of wounds. Therefore, this approach
might be a reasonable alternative to the conventional dosage
formulations of acyclovir creams or hydrocolloid-based patches.
For this, the polymer-free HPβCD/acyclovir-IC nanofibers
were produced by the incorporation of a cross-linking agent:
citric acid which is listed in the generally regarded as safe
(GRAS) category by the US Food and Drug Administration
(FDA) due to its environmental friendliness and biodegrad-
ability.47 The ultimate insoluble nanofibers were obtained upon
postthermal treatment (Figure 1). The control nanofibers were
produced using a popular biopolymer of cellulose acetate which
is frequently used in biomedical applications particularly due its
high water uptake property. The further characterization of
these nanofibrous systems was performed to reveal their
structural properties and release profiles.

2. EXPERIMENTAL SECTION
2.1. Materials. Hydroxypropyl-β-cyclodextrin (HPβCD) (Cavasol

W7 HP, DS: ∼0.9) was kindly presented by Wacker Chemie AG
(USA). Acyclovir (98.0%, TCI America) (acyclovir), citric acid
(anhydrous, >99.5%, Alfa Aesar), sodium hypophosphite hydrate
(SHP, Sigma-Aldrich), acetic acid (Glacial, GR, ACS, Merck), cellulose
acetate (39.8 WT % acetyl, Sigma-Aldrich), dichloromethane (for
analysis EMSURE, Sigma-Aldrich), methanol (≥99.8% (GC), Sigma-
Aldrich), dimethyl sulfoxide (DMSO, >99.9%, Sigma-Aldrich),
phosphate-buffered saline tablets (Sigma-Aldrich), and sodium acetate
(anhydrous, ACS, 99%, Alfa Aesar) were used without further
purification. The high-quality water was distilled using a Millipore
Milli-Q ultrapure water system (Millipore, USA)
2.2. Generation of Cross-Linked HPβCD/Acyclovir Inclusion

Complex Nanofibers. First, a clear solution of HPβCD was prepared
in distilled water having 180% (w/v) solid concentration. Afterward,
acyclovir was added to the aqueous solution of HPβCD to provide a 2:1
(CD/drug) molar ratio (corresponding to ∼5%, w/w with respect to
total sample amount) and stirred overnight at room temperature to
obtain an inclusion complex (IC). Then, the cross-linker (citric acid,
30% (w/w, according to HPβCD concentration)) and the initiator
(SHP, 2% (w/w, according to HPβCD concentration)) were added to
the HPβCD/acyclovir-IC solution and stirred until citric acid and SHP

completely dissolved. The pristine HPβCD (180% (w/v)) solution and
HPβCD solution (180% (w/v)) including the same ratio of citric acid
(30%, w/w) and SHP (2%, w/w) were prepared in water as well. As a
control, the solutions of pristine cellulose acetate (CA) (12%, w/v) and
CA (12%, w/v)/acyclovir (∼5%, w/w) were also prepared in a
dichloromethane/methanol (4:1, v/v) blend system. The electro-
spinning equipment (Spingenix, model: SG100, Palo Alto, USA) was
used to generate nanofibers. For this, the prepared solution was
separately loaded in plastic disposable syringes attached with the
metallic nozzle (21−23 G) and fed through this nozzle with a flow rate
of 0.3−0.5 mL/h. The high voltage (15−17 kV) was applied to the
nozzle for the formation and deposition of nanofibers on the fixed metal
collector (15 cm away from the nozzle). The free-standing nanofibrous
layers were efficiently obtained at ambient conditions recorded to be 19
°C with a relative humidity of 45%. For the cross-linking process, the
HPβCD/acyclovir-IC and HPβCD nanofibers, which were mixed with
cross-linker/initiator systems, were thermally treated at 175 °C for 1 h
in an oven open to air.

2.3. Morphological Analysis of Nanofibers. The morphology of
the samples was determined using a scanning electron microscope
(SEM, Tescan MIRA3, Czech Republic). Prior to the measurements,
samples were sputtered with a thin layer of Au/Pd to remove the
charging problem. The average diameter (AD) of nanofibers (n =
∼100) was validated by ImageJ software and provided as the average
diameter ± standard deviation.

2.4. Structural Characterization. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectrometry (PerkinElmer,
USA) was used for recording the Fourier transform infrared (FTIR)
spectra of the samples. Each spectrum was taken in the range of 4000−
600 cm−1 upon 32 scans at a resolution of 4 cm−1. A thermogravimetric
analyzer (TGA, Q500, TA Instruments, USA) was used for examining
the thermal profile of the samples. The heating rate of 20 °C/min was
applied to increase the temperature from room temperature to 600 °C
(N2). The thermal profile of the samples was also verified by using a
differential scanning calorimeter (DSC,Q2000, TA Instruments, USA).
The samples put in the Tzero aluminum pan were heated by employing
the heating rate of 10 °C/min from 0 to 280 °C (N2). The X-ray
diffraction patterns of the samples were determined by an X-ray
diffractometer (XRD, Bruker D8 Advance ECO). The XRD graphs
were recorded in the range of 2Θ = 5°−30° byCu−Kα radiation (40 kV
and 25 mA).

2.5. Dissolution and Swelling Tests. For the water dissolution
profile, pristine HPβCD nanofibers and HPβCD and HPβCD/
acyclovir-IC nanofibers including cross-linker systems (thermally
treated and not treated), having ∼5 mg of weight, were placed into
vials, and then 5 mL of distilled water was poured onto the samples.
Videos were recorded at the same time to follow the dissolution
behavior of the samples (Videos S1−S2). The swelling profiles of cross-
linked HPβCD nanofibers and CA were examined using the two
different aqueous systems of PBS buffer (pH 7.4) and acetate buffer
(pH 5.4). First, ∼1 mg of nanofibers was immersed in 1 mL of buffer
solution and shaken on the incubator shaker for 24 h at 37 °C. Then,
swollen samples were removed from the liquid mediums and weighed
using an analytic balance after removing the excess amount of liquid
medium from the samples. The swelling ratio (%) was calculated using
the following formula

W W WSwelling ratio (%) ( )/ 1000 0= × (F1)

where W and W0 are the weights of the swollen and initial nanofibers,
respectively.

2.6. Loading Efficiency Test. To determine the loading efficiency
of non-cross-linked HPβCD/acyclovir-IC and CA/acyclovir nano-
fibers, ∼10 mg of samples was completely dissolved in dimethyl
sulfoxide (DMSO) (5 mL). The loading efficiency value of the samples
was verified by UV−vis measurements (PerkinElmer, Lambda 35,
USA) (251 nm). The calibration curve of acyclovir in DMSO showed
acceptability with R2 ≥ 0.99. Three replications were performed for
each sample, and the results were provided as mean values ± standard
deviations. The following formula was used to calculate the loading
efficiency (%).
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Loading efficiency (%) Ce/Ct 100= × (F2)

where Ce and Ct are the concentration of loaded acyclovir and the
initial concentration of acyclovir, respectively.
2.7. In Vitro Release Test. The time-dependent release test of

cross-linked HPβCD/acyclovir-IC and CA/acyclovir nanofibers was
conducted in two different liquidmedia having pH values of 7.4 and 5.5.
For this, ∼10 mg of sample was immersed in 10 mL of buffer systems
(37 °C) and shaken on the incubator shaker at 150 rpm at
predetermined time intervals, and 0.75 mL of aliquot was withdrawn.
Fresh aliquot was re-added to the systems. The UV−vis spectroscopy
measurements (250 nm) were performed to determine the released
acyclovir amount from nanofibers. The calibration curve of acyclovir in
buffer solutions showed R2 ≥ 0.99 linearity, and the released amount of
acyclovir was calculated by converting the absorbance intensity of
aliquots into concentration %. Triplicate tests were carried out for each
sample (mean values ± standard deviations), and release kinetics were
examined by using different kinetic models (see Supporting
Information).
2.8. Statistical Analyses. The statistical analyses were performed

using the one-way/two-way variance (ANOVA). OriginLab (Origin
2023, USA) was used for all of these ANOVA analyses. A Tukey
comparison test was applied to follow the significant difference between
samples (p < 0.05).

3. RESULTS AND DISCUSSION
3.1. Morphology of Electrospun Nanofibers. As it has

been reported in our previous study, the HPβCD/acyclovir-IC
system having a 2:1 molar ratio (CD/drug) enables us to obtain
free-standing nanofibers successfully.42 Therefore, cross-linked
HPβCD/acyclovir-IC nanofibers have also been generated using
the same molar ratio of 2:1 (CD/drug). Here, the acyclovir
content of inclusion complex nanofibers was ∼5% (w/w). The
control sample of CA/acyclovir nanofibers was consequently
generated with the same amount of acyclovir content (∼5% (w/
w)). For the electrospinning of CA/acyclovir nanofibers, the
solvent blend system of dichloromethane/methanol (4:1, v/v)
was used differently from the aqueous system used in the case of
HPβCD/acyclovir-IC nanofibers. As control samples, pristine
HPβCD, pristine CA, and acyclovir-free cross-linked HPβCD
nanofibers were electrospun, as well. It is noteworthy to mention
that the polyCD-based nanofibers might be anticipated to be
fragile due to the cross-linked network assembly of the small
molecules of CD, differently from the chain structure of
polymers. Nevertheless, the cross-linked HPβCD and HPβCD/
acyclovir-IC nanofibers were free-standing, with reasonable
flexibility and mechanical integrity (Figure 2B,C-i) just like

Figure 2.Morphological findings. The photos (i), representative SEM images (ii), and fiber size distribution (iii) of ultimate electrospun nanofibers of
(A) pristine HPβCD, (B) cross-linked HPβCD, and (C) cross-linked HPβCD/acyclovir-IC.
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pristine HPβCD nanofibers (Figure 2A-i) and CA-based
polymeric nanofibers (Figure S1). Moreover, there were no
differences detected in the mechanical integrity of nanofibers
before and after the cross-linking process. Figure 2 also indicates
the SEM images (Figure 2A,B,C-ii) and the fiber size
distribution graphs (Figure 2A,B,C-iii) of the same samples. It
is obvious that the homogeneous and bead-free nanofibers were
formed with a smooth surface texture. The average diameters
(ADs) of pristine HPβCD, cross-linked HPβCD, and cross-
linked HPβCD/acyclovir-IC nanofibers were 520 ± 180, 485 ±
255, and 155 ± 75 nm, respectively. The differences in the ADs
of samples can be attributed to the solution properties of
viscosity, conductivity, polarity, and/or surface tension.8 The
control samples of CA (570 ± 170 nm) and CA/acyclovir (620
± 250 nm) nanofibers were also obtained with homogeneous
morphology and free-standing features (Figure S1).
3.2. Structural Characterization. FTIR analysis revealed

the cross-linking process in the HPβCD nanofibers following
thermal treatment. Figure 3 indicates the full and expanded
FTIR spectra of samples. The presence of the prominent
additional peak corresponding to the C�O stretching vibration
of the ester moiety at around 1725 cm−1 exhibited the cross-

linker being in the samples, while the pristine HPβCD-based
sample did not indicate any absorption band in this region
(Figure 3C).48 On the other hand, the −OH bending peak of
citric acid at 1695 cm−1 was also observed in the case of cross-
linked HPβCD nanofibers along with a significant shift (1633
cm−1) and attenuated intensity. The shifts detected in the
absorption bands of carbonyl and hydroxyl groups of citric acid
and the lower I1725/1633 ratio compared to pure citric acid
(I1740/1695) were attributed to the formation of the cross-linked
CD network.49 The reduction in the ratio of I1725/1633 was
ascribed to cross-linking because it demonstrated the increasing
number of free carboxyl groups and the decreasing number of
−OH groups in the structure of citric acid as a result of ester
linkage formation (Figure 3C).49 The absorption band at
around 1200 cm−1 in thermally treated HPβCD nanofibers,
which was absent in pristine HPβCD samples, was due to the
C−O−C stretching vibration of the ester linkage that was
formed by the reaction between hydroxyl groups of HPβCD and
the carboxyl groups of citric acid (Figure 3C).48,49 The distinct
absorption peaks of HPβCD at around 1154, 1081, and 1028
cm−1 were due to the stretching vibrations of the antisymmetric
C−O−C glycosidic bridge and coupled C−C/C−O,50 and the

Figure 3. Chemical structure analysis. (A) The full and (B and C) expanded FTIR spectra of powder citric acid and acyclovir, pristine HPβCD
nanofibers (CD-NF), cross-linked HPβCD nanofibers (PolyCD-NF) and cross-linked HPβCD/acyclovir-IC nanofibers (PolyCD/acyclovir-NF).
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other absorption bands including 947, 851, 755, and 705 cm−1

were observed at the same wavelength with a similar pattern in
cross-linked HPβCD nanofibers (Figure 3C). This suggested
that the main structure of HPβCD was protected after thermal
treatment. The increasing absorbance intensity ratio of I1081/
I1028 in cross-linked HPβCD nanofibers can also be attributed to
the cross-link formation between citric acid and HPβCD.38,51
For cross-linked HPβCD/acyclovir-IC nanofibers, the charac-
teristic peaks of acyclovir were hindered by the absorption bands
of HPβCD (Figure 3B). Thus, the FTIR spectrum of cross-
linked HPβCD/acyclovir-IC nanofibers showed the same
profile with cross-linked HPβCD nanofibers as a result of IC
formation between CD and the drug molecule (Figure 3B).52

On the other hand, the physical mixture of drug and polymer in
CA/acyclovir nanofibers led to an increase in the absorption
intensity at different regions of the FTIR spectrum where
acyclovir peaks existed prominently (Figure S2).
The effect of cross-linking on HPβCD-based systems and the

physical state of components in the samples were further
examined through XRD and DSC analyses (Figure 4). The
hydroxy-propylated derivates of βCD showed an amorph XRD
pattern having two broad peaks at around 10.3° and 18.6°
(Figure 4A).32 Accordingly, there was no melting point detected
in the DSC thermogram of the pure HPβCD nanofibers (Figure
4B). However, an endothermic peak was observed at around
∼76 °C related to water loss (Figure 4B). In the case of cross-
linked HPβCD nanofibers, the crystalline peak (7.1°) and the
melting point (156 °C) of citric were not detected in the XRD
graph (Figure 4A) and DSC thermogram (Figure 4B),
respectively, since it was homogeneously dissolved in electro-
spinning solution and then made to interact with CD through
the cross-linking process. Moreover, cross-linked HPβCD
nanofibers indicated one broad peak at 18.6°, differently from
pure HPβCD nanofibers, which might be due to the modified
orientation of CD molecules as a result of the cross-linking
process and/or shearing forces applied through electrospinning
(Figure 4A). An additional endothermic peak (∼260 °C)
became apparent in the DSC thermogram of cross-linked
HPβCD nanofibers, and this can be assigned to a potential
degradation within the structure of the CD network (Figure 4B).
On the other hand, acyclovir has a crystal nature which can be
clearly recognized by the distinct diffraction peaks (7.1°, 10.6°,
16.1°, 23.9°, 26.2°, and 29.4°) observed at the XRD graph
(Figure 4A) and the melting point (258 °C) present at the DSC
thermogram (Figure 4B). Acyclovir powder can be found in the
different form of crystals, hydrated or unhydrated.53 The XRD
graph that was recorded confirmed the 3:2 acyclovir/H2O
hydrated crystal type.53 For cross-linked HPβCD/acyclovir
nanofibers, identical XRD and DSC patterns were recorded with
cross-linked HPβCD nanofibers in the absence of a crystal peak
and the melting point of acyclovir (Figure 4A,B). This
confirmed the complete encapsulation of the drug molecule
into CD cavities which hindered the packing of acyclovir
molecules into crystals during or after the electrospinning. On
the other hand, the crystal peak and the melting point of
acyclovir were, respectively, noticed in the XRD graph and DSC
thermogram of CA/acyclovir nanofibers (Figure S3). This
finding validated the dispersion of drug crystals in CA nanofibers
without proper dissolving. It is noteworthy to mention that there
was a difference detected at the XRD pattern and a shift at the
melting point of acyclovir (252 °C) in the case of CA/acyclovir
nanofibers (Figure S3). This result confirmed that CA could not
protect the primary crystal state of acyclovir and caused a

different hydrated crystal type of acyclovir having a 2:1
acyclovir/H2O ratio.53

The thermal degradation profile of samples was examined
using a thermal gravimetric analyzer (TGA) (Figure 5). For the
TGA thermogram of cross-linked HPβCD nanofibers, the main
thermal degradation step shifted to lower temperature (340 °C)
compared to pristine HPβCD nanofibers (358 °C). This proved
the existence of another type of connection between CD
molecules in cross-linked samples differently from the non-
cross-linked CDmatrix. An additional degradation step was also
noticed at 267 °C for the cross-linked HPβCD nanofibers which
can be attributed to the citric acid within the network structure.
However, it was detected at the higher temperature compared to
the main degradation of pure citric acid (195 °C) since it
became a part of the cross-linked HPβCD network after the
thermal treatment (Figure 5).38 The respective degradation
process was also discussed in the findings of DSC analyses in
which an additional endothermic peak was observed at 260 °C

Figure 4. Crystal structural examination. (A) XRD patterns and (B)
DSC thermograms of powder citric acid and acyclovir, pristine HPβCD
nanofibers (CD-NF), cross-linked HPβCD nanofibers (PolyCD-NF),
and cross-linked HPβCD/acyclovir-IC nanofibers (PolyCD/acyclovir-
NF).
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for cross-linked samples (Figure 4B). For acyclovir powder, we
detected three steps of weight losses in the TGA thermogram.
The initial step (max at ∼150 °C) was observed owing to the
water loss from the hydrated crystals of 3:2 acyclovir/H2O.53,54

On the other hand, the hydroxyl ethoxy methyl side chain of
acyclovir decayed from the purine unit at∼293 °C and degraded
later on at ∼478 °C, which was noticed as an additional two
weight loss steps in the thermogram.53,55 In the case of cross-
linked HPβCD/acyclovir-IC nanofibers, we obtained an
identical thermogram with cross-linked HPβCD nanofibers
(Figure 5). It is obvious that the acyclovir degradation was not
identified as a distinct step in the TGA thermogram of cross-
linked HPβCD/acyclovir-IC nanofibers. There was only a small
decrease noticed at the main weight loss ratio (%) value of the
derivative TGA thermogram (Figure 5B). These findings
confirmed the incorporation of drug molecules into cross-linked
HPβCD/acyclovir-IC nanofibers along with an inclusion
complex formation between the CD and drug. On the other
hand, the TGA thermogram of pristine CA and CA/acyclovir
nanofibers exhibited the main weight loss at 368 °C (Figure S4).
Here, a small and separate degradation step was found at around
290 °C in the TGA thermogram of CA/acyclovir nanofibers

corresponding to the acyclovir degradation within the sample
(Figure S4B). This demonstrated that the drug molecules were
incorporated into the polymeric system in a way that facilitates
physical mixing and without additional interaction.

3.3. Dissolution/Swelling and in Vitro Release Profile.
The insolubility in water gained upon the thermal cross-linking
procedure for HPβCD and HPβCD/acyclovir-IC nanofibers
was confirmed by a dissolution test. Figure 6A shows the photos
of test vials that were captured from Video S1 and Video S2.
Here, the nanofibers of HPβCD and HPβCD/acyclovir-IC
which included the cross-linker system but were not thermally
treated rapidly dissolved upon contact with water just like
pristine HPβCD nanofibers (Figure 6A). On the other hand,
both nanofibers became insoluble in water after a thermal cross-
linking procedure which was conducted at 175 °C for 1 h. The
cross-linked HPβCD and HPβCD/acyclovir-IC nanofibers
protected their fibrous structure even after being kept in water
for 24 h as was shown in SEM images (Figure 6B,C).
One of the crucial features of wound dressing patches is the

capacity for maintaining the body fluid, wound exudates, and
metabolites. Therefore, a reasonable swelling property is
expected from the wound care material which can also induce
a moist microenvironment, boosting the wound healing
progression.6 Depending on the hydrophilicity of the electro-
spinning carrier matrix, nanofibers can be a good candidate as
wound dressing material owing to their high surface area and
porous 3D structure which can provide actual penetration ways
for liquid medium to be absorbed into the structure.2,6

Therefore, the swelling profile of cross-linked HPβCD and CA
nanofibers was examined in two different buffer media of PBS
and acetate, having pH 7.4 and 5.4, respectively. Figure 7A
represents the swelling ratio charts of samples. As it is seen, the
swelling ratio of CA nanofibers showed a higher swelling ratio at
pH 7.4 (1294 ± 365%) compared to pH 5.4 (968 ± 33%) after
24 h immersion, and this trend is in tune with the previous
reports.56−58 The swelling ratio of cross-linked HPβCD
nanofibers was also found to be higher in PBS buffer (892 ±
63%) compared to acetate buffer (741 ± 101%). The higher
swelling ratio of cross-linked HPβCD nanofibers in pH 7.4 can
be attributed to the negative COO− groups in the structure
which are formed by the deprotonation of carboxyl groups
originating from the cross-linker. The anions (COO−) can repel
each other to lead to the penetration of more water molecules
into the cross-linked network.59,60 Here, the detected swelling
(water-uptake) ratio values (∼740−890%) for the cross-linked
HPβCD-based nanofibers confirmed the hydrogel-forming
features of these samples. As expected, acyclovir-incorporated
samples displayed slightly lower swelling values compared to
pristine cross-linked HPβCD and CA nanofibers (Figure 7A).61

Nevertheless, the meaningful swelling profile (∼610−810%)
observed for cross-linked HPβCD/acyclovir-IC nanofibers still
suggested the acceptable efficiency of these nanofibrous
hydrogels for the absorption of wound exudate during the
treatments and ensured a moist environment for the wound
area.61 Here, the loading efficiency test performed in DMSO
showed that a huge amount of initial acyclovir content was
protected during the process, and HPβCD/acyclovir-IC nano-
fibers were obtained with 89.6 ± 9.2% loading efficiency. On the
other hand, CA/acyclovir nanofibers were produced with
significantly lower loading efficiency (53.5 ± 9.2%) compared
to HPβCD/acyclovir-IC nanofibers (p < 0.05). Here, the better
loading performance of HPβCD/acyclovir-IC nanofibers is due
to encapsulation of acyclovir molecules into the HPβCD cavity

Figure 5. Thermal degradation profile. (A) TGA thermograms and (B)
their derivative (DTG) of powder citric acid and acyclovir, pristine
HPβCD nanofibers (CD-NF), cross-linked HPβCD nanofibers
(PolyCD-NF) and cross-linked HPβCD/acyclovir-IC nanofibers
(PolyCD/acyclovir-NF).
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by inclusion complexation. On the other hand, acyclovir was in
crystal form in the CA-based system which might have limited
the efficient participation of drug molecules in the electro-
spinning process, resulting in a lower loading efficiency. These
findings are also consistent with XRD andDSC results where the
amorphous and crystal distribution of drugs in HPβCD/
acyclovir-IC and CA/acyclovir nanofibers was confirmed,
respectively.
Figure 7B depicted the in vitro release profiles of cross-linked

HPβCD/acyclovir-IC and CA/acyclovir nanofibers in the two
different pH values of 7.4 and 5.4. Here, it is noteworthy to
mention that any difference was detected between the UV
absorption profile of cross-linked HPβCD/acyclovir-IC or CA/
acyclovir nanofibers during the release test for both pH 7.4 and
pH 5.4 buffers, and they were just like the UV spectrum of the
pristine drugmolecule (Figure S5). As seen for both pH systems,
cross-linked HPβCD/acyclovir-IC nanofibers released a higher
amount of drug molecules compared to CA/acyclovir nano-
fibers despite the higher swelling profile of CA-based systems.
Additionally, HPβCD/acyclovir nanofibers, respectively,
reached the released amount of 87.8 ± 0.8% and 61.2 ± 6.7%

at pH 7.4 and 5.4 in the first 30 min (Figure 7C) and then
showed a steady profile up to 3 days (Figure 7B). Here, it is also
noteworthy to mention that the formation of cross-linked CD
nanofibrous hydrogels overcame the initial burst release of
acyclovir. In the related study of Kazsoki et al., the core/shell
nanofibers of PVA/PVP and hypromellose were used just to
obtain this effect.46 The control sample of CA/acyclovir
nanofibers released just 7.2 ± 1.4% and 7.6 ± 0.7% of drug
molecules at pH 7.4 and 5.4, respectively, in 30 min (Figure 7C)
and reached the maximum released amount of 38.1 ± 1.4% and
29.3 ± 4.9% in 1−2 days (Figure 7B). In comparison with
HPβCD/acyclovir nanofibers, acyclovir existed in the crystal
state in CA/acyclovir, which was also confirmed by XRD and
DSC findings (Figure 4). Therefore, the release of drugs from
CA/acyclovir nanofibers happened by the gradual dissolution of
acyclovir crystals in the buffer mediums at progressing time
intervals. On the other hand, the inclusion complex formation
and interaction between acyclovir and HPβCD ensured an
enhanced dissolution and release of drugmolecules in the case of
HPβCD/acyclovir-IC nanofibers.42

Figure 6. Sample behavior in aqueous medium. (A) Dissolution behavior of CD-NF, PolyCD-NF (BC), PolyCD-NF (AC), PolyCD/acyclovir-NF
(BC), and PolyCD/acyclovir-NF (AC) (BC: before cross-link; AC: after cross-link). The photos and SEM images of (B) PolyCD-NF and (C)
PolyCD/acyclovir-NF after being kept in water for 24 h.
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In this study, the pH values of 5.4 and 7.4 were used for the in
vitro release tests which, respectively, represent the approximate
pH range in healthy skin and the wound area.62 Essentially,

acyclovir shows higher solubility at lower pH due to protonation
of the drug molecules in aqueous medium.63 However, it was
detected that both cross-linked HPβCD/acyclovir and CA/
acyclovir nanofibers released a higher amount of drug in the pH
7.4 environment compared to that at pH 5.4 (Figure 7B). This
can be ascribed to the higher swelling property of samples in the
buffer medium of pH 7.4 than that of pH 5.4. It is noteworthy to
mention that CA/acyclovir nanofibers started to show the
release difference between these two pH values as of 2 h. On the
other hand, cross-linkedHPβCD/acyclovir nanofibers indicated
a significant difference between pH 7.4 and 5.4 even in the first 5
min with release concentrations of 64.6 ± 13.4% and 25.4 ±
0.9%, respectively (Figure 7C). As was also confirmed by
statistical analysis, cross-linked HPβCD/acyclovir nanofibers
displayed a significant difference (p < 0.05) in terms of pH-
dependent release of the drug compound, whereas this
difference was not statistically different for CA/acyclovir
nanofibers (p > 0.05). Here, amorphous distribution and
enhanced solubility of acyclovir by inclusion complexation with
CD ensured the faster and more prominent pH-dependent
release of drug from HPβCD/acyclovir nanofibrous hydrogel
accordingly to the swelling behavior of this sample. Contrary to
this, the acyclovir crystals gradually dissolved and diffused from
CA/acyclovir nanofibers through the aqueous medium. Thus,
we could not detect a difference, and CA samples released an
identical amount of drug molecules in the first 2 h for both pH
5.4 and 7.4 based systems. Briefly, the enhanced release of
acyclovir at pH 7.4 from cross-linked HPβCD/acyclovir-IC
nanofibers and the acceptable swelling property might make this
system favorable as a topical dosage formulation for wound
treatments by ensuring the quick onset of action and the
absorption of wound exudate during the administrations. It is
noteworthy to mention that cross-linked HPβCD/acyclovir-IC
nanofibrous hydrogels still kept their fibrous features by the end
of the release test that was conducted for 3 days (Figure S6).
The release profiles of samples were also fitted to different

kinetic models in order to examine the release kinetics. The
formulations and the correlation coefficient (R2) values (Table
S1) were summarized in Supporting Information. It was
concluded from R2 values that the release profile of cross-linked
HPβCD/acyclovir nanofibers was not compatible with the
applied models of zero/first order kinetics and Higuchi and
Korsmeyer−Peppas. On the other hand, the diffusion exponent
(n) value of the Korsmeyer−Peppas model was found to be n <
0.45 (Table S1) for this sample, and this suggested the diffusion-
based release of drug molecules from the carrier matrix (Fickian
mechanism).64 In our previous studies in which we reported the
orally fast-disintegrating delivery systems from CD-IC nano-
fibers, we confirmed the non-time-dependent, non-Fickian
diffusion and erosion-controlled release of active compounds
using kinetic models.33−35,42 In this study, we developed a cross-
linked CD-IC nanofibrous system differently from our previous
reports. Thus, we obtained a diffusion-based and rapid release
profile for the drug molecule due to the undissolved feature of
the film and the improved dissolution property of drug by
inclusion complexation, respectively. Here, CA/acyclovir nano-
fibers indicated better fitting with the kinetic models compared
to cross-linked HPβCD/acyclovir nanofibers (Table S1). It was
noticed that CA/acyclovir nanofibers had a relatively higher
consistency with the Korsmeyer−Peppas model among others
(Table S1). Accordingly, the diffusion exponent (n) value was
found in the 0.45 < n < 0.89 range, referring to the irregular and

Figure 7. Results of swelling and release tests. (A) Swelling ratio and (B
and C) time-dependent release profiles of HPβCD/acyclovir-IC
nanofibers (PolyCD/acyclovir-NF) and CA/acyclovir nanofibers
(CA/acyclovir-NF) in PBS (pH 7.4) and acetate (pH 5.4) buffers.
(Mean swelling values that do not share a letter are significantly
different (p < 0.05).)
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non-Fickian diffusion release profile of acyclovir from CA/
acyclovir nanofibers.64,65

4. CONCLUSION
Electrospinning offers a wide range of possibilities for the
development of a variety of biomedical substrates, and wound
healing dressing is one of the most favorably studied due to the
similarity of electrospun nanofibrous materials to the extrac-
ellular matrix. In this study, it was aimed to generate a wound
care material from the electrospun nanofibers of starch-derived
natural cyclodextrin molecules in the form of free-standing and
flexible nanofibers. For this purpose, highly water-soluble
hydroxypropyl-β-cyclodextrin (HPβCD) and a well-known
antiviral drug molecule of acyclovir were used for the formation
of inclusion complexes (ICs), which constitute the main body of
electrospun nanofibers. Since the HPβCD/acyclovir-IC nano-
fibers are soluble in water, a cross-linking system was added to
the electrospinning solution. Here, the GRAS chemical of citric
acid was chosen as the cross-linking agent. The HPβCD/
acyclovir-IC nanofibers were obtained with self-standing,
flexible features and with uniform fiber morphology. Afterward,
these nanofibers were thermally treated (175 °C, 1 h) for the
cross-linking process, and the insoluble sample was obtained,
keeping its initial mechanical integration and fibrous structure.
The ultimateHPβCD/acyclovir-IC nanofiber was obtained with
∼90% loading efficiency that corresponds to the ∼4.5%
acyclovir content. The structural analysis of FTIR, XRD, DSC,
and TGA supported and proved the loading of drug molecules
and inclusion complex formation between acyclovir and
HPβCD in the nanofibers and the cross-linking between the
HPβCD and citric acid molecules by the ester linkage. Besides
the water stability, the cross-linked HPβCD/acyclovir-IC
nanofibers also showed a hydrogel-forming feature with a
reasonable swelling ratio (water uptake) in the range of ∼610−
810%. Therefore, due to its high water uptake property, cellulose
acetate, which is one of the most commonly used biopolymers,
was chosen to generate control nanofibrous samples (swelling
ratio: ∼ 780−1210%). Here, the time-dependent in vitro release
test was performed in two different buffer solutions which
represent the microenvironments of wound (pH 7.4) and
normal skin (pH 5.4). Cross-linked HPβCD/acyclovir-IC
nanofibrous hydrogels displayed a significantly higher release
% at pH 7.4 buffer than at pH 5.4, which can be considered
advantageous for wound treatment from the point of pH-
dependent release potential. Additionally, HPβCD/acyclovir-IC
nanofibers showed a better release profile compared to CA/
acyclovir nanofibers along with a higher release amount due to
the enhanced solubility of acyclovir by inclusion complex
formation with HPβCD. Briefly, using HPβCD as a carrier
matrix during the electrospinning provided several advantages
compared to the polymeric matrix. First of all, the electro-
spinning solution was prepared in water including the FDA-
approved citric acid (GRAS) as the cross-linking agent in the
absence of toxic organic solvents or chemicals. Second, the
inclusion complexation capability of CD enabled the generation
of nanofibers by loading a drug molecule without disrupting the
fiber formation and by guaranteeing an improved aqueous
solubility for the drug. Since acyclovir is an effective antiviral
drug against the herpes simplex virus (HSV-1/2) and varicella
zoster, the cross-linked HPβCD/acyclovir-IC nanofibrous
hydrogels can be a promising alternative to the commercial
dosage forms of acyclovir (Zovirax cream or Compeed Cold
Sore Patch) as a wound healing patch which can be applied for

the topical treatment of cold sores, zoster, and chicken pox
wound spots. Here, the acceptable swelling property of
nanofibrous hydrogels can ensure the maintenance of wound
exudates and induce the moist microenvironment. Here, the
self-standing and flexible features of electrospun nanofibers,
which make the folding and handling of samples easy, can also
enable the integration of these materials with another
biomedical substance depending on the application’s purposes.
To conclude, the cross-linked CD inclusion complex nano-
fibrous hydrogels might hold high potential as a novel wound
healing dressing, and this “green” approach can be extended for
further and different biomedical applications depending on the
desired active ingredients. Here, the inclusion complex
formation capability of CD molecules with numerous types of
active agents would be evidence of the applicability of this
approach for different drug molecules and therapeutic purposes.
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(53) Lutker, K. M.; Quiñones, R.; Xu, J.; Ramamoorthy, A.; Matzger,
A. J. Polymorphs and Hydrates of Acyclovir. J. Pharm. Sci. 2011, 100,
949−963.
(54) Sohn, Y. T.; Kim, S. H. Polymorphism and Pseudopolymorphism
of Acyclovir. Arch. Pharm. Res. 2008, 31, 231−234.

(55) Malik, N. S.; Ahmad, M.; Minhas, M. U. Cross-Linked β-
Cyclodextrin and Carboxymethyl Cellulose Hydrogels for Controlled
Drug Delivery of Acyclovir. PLoS One 2017, 12, No. e0172727.
(56) Silvestre, A. J. D.; Freire, C. S. R.; Neto, C. P. Do Bacterial
CelluloseMembranesHave Potential in Drug-Delivery Systems? Expert
Opin. Drug Delivery 2014, 11, 1113−1124.
(57) Bhandari, J.; Mishra, H.;Mishra, P. K.;Wimmer, R.; Ahmad, F. J.;
Talegaonkar, S. Cellulose Nanofiber Aerogel as a Promising
Biomaterial for Customized Oral Drug Delivery. Int. J. Nanomedicine
2017, 12, 2021.
(58) Elmaghraby, N. A.; Omer, A. M.; Kenawy, E.-R.; Gaber, M.; El
Nemr, A. Fabrication of Cellulose Acetate/Cellulose Nitrate/Carbon
Black Nanofiber Composite for Oil Spill Treatment. Biomass Convers.
Biorefinery 2022, 1−19.
(59) Gunathilake, T. M. S. U.; Ching, Y. C.; Chuah, C. H.; Abd
Rahman, N.; Nai-Shang, L. PH-Responsive Poly (Lactic Acid)/Sodium
Carboxymethyl Cellulose Film for Enhanced Delivery of Curcumin in
Vitro. J. Drug Delivery Sci. Technol. 2020, 58, 101787.
(60) Rana, J.; Goindi, G.; Kaur, N.; Sahu, O. Optimization and
Synthesis of Cellulose Acetate Based Grafted Gel and Study of Swelling
Characteristics. Mater. Today Proc. 2022, 48, 1614−1619.
(61) Tungprapa, S.; Jangchud, I.; Supaphol, P. Release Characteristics
of FourModel Drugs fromDrug-Loaded ElectrospunCellulose Acetate
Fiber Mats. Polymer (Guildf). 2007, 48, 5030−5041.
(62) Jiang, H.; Ochoa, M.; Waimin, J. F.; Rahimi, R.; Ziaie, B. A PH-
Regulated Drug Delivery Dermal Patch for Targeting Infected Regions
in Chronic Wounds. Lab Chip 2019, 19, 2265−2274.
(63) Bencini, M.; Ranucci, E.; Ferruti, P.; Trotta, F.; Donalisio, M.;
Cornaglia, M.; Lembo, D.; Cavalli, R. Preparation and in Vitro
Evaluation of the Antiviral Activity of the Acyclovir Complex of a β-
Cyclodextrin/Poly (Amidoamine) Copolymer. J. Control. release 2008,
126, 17−25.
(64) Peppas, N. A.; Narasimhan, B. Mathematical Models in Drug
Delivery: How Modeling Has Shaped the Way We Design New Drug
Delivery Systems. J. Control. release 2014, 190, 75−81.
(65) Li, X.; Kanjwal, M. A.; Lin, L.; Chronakis, I. S. Electrospun
Polyvinyl-Alcohol Nanofibers as Oral Fast-Dissolving Delivery System
of Caffeine and Riboflavin. Colloids Surf. B: Biointerfaces 2013, 103,
182−188.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.3c00446
ACS Appl. Bio Mater. 2023, 6, 3798−3809

3809

https://doi.org/10.1021/acsomega.9b00279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.8b00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.8b00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.8b00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-017-07547-4
https://doi.org/10.1038/s41598-017-07547-4
https://doi.org/10.1038/s41598-017-07547-4
https://doi.org/10.1517/17425240802450340
https://doi.org/10.1016/j.xphs.2021.01.003
https://doi.org/10.1016/j.xphs.2021.01.003
https://doi.org/10.1016/j.xphs.2021.01.003
https://doi.org/10.1021/acsapm.1c01058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.msec.2020.111514
https://doi.org/10.1016/j.msec.2020.111514
https://doi.org/10.1016/j.msec.2016.11.029
https://doi.org/10.1016/j.msec.2016.11.029
https://doi.org/10.1016/j.msec.2016.11.029
https://doi.org/10.1016/j.ijpharm.2016.02.015
https://doi.org/10.1016/j.ijpharm.2016.02.015
https://doi.org/10.1016/j.ijpharm.2016.02.015
https://doi.org/10.3389/fbioe.2019.00390
https://doi.org/10.3389/fbioe.2019.00390
https://doi.org/10.1016/j.ijpharm.2021.121354
https://doi.org/10.1016/j.ijpharm.2021.121354
https://doi.org/10.1016/j.eurpolymj.2021.110271
https://doi.org/10.1016/j.eurpolymj.2021.110271
https://doi.org/10.1016/j.carbpol.2009.04.022
https://doi.org/10.1016/j.carbpol.2009.04.022
https://doi.org/10.1016/j.carbpol.2009.04.022
https://doi.org/10.1016/j.ijbiomac.2016.08.072
https://doi.org/10.1016/j.ijbiomac.2016.08.072
https://doi.org/10.1016/j.ijbiomac.2016.08.072
https://doi.org/10.1016/j.carbpol.2014.10.070
https://doi.org/10.1016/j.carbpol.2014.10.070
https://doi.org/10.1016/j.carbpol.2014.10.070
https://doi.org/10.1007/s11095-005-8924-y
https://doi.org/10.1007/s11095-005-8924-y
https://doi.org/10.1007/s11095-005-8924-y
https://doi.org/10.1016/j.jpba.2015.01.058
https://doi.org/10.1016/j.jpba.2015.01.058
https://doi.org/10.1002/jps.22336
https://doi.org/10.1007/s12272-001-1146-x
https://doi.org/10.1007/s12272-001-1146-x
https://doi.org/10.1371/journal.pone.0172727
https://doi.org/10.1371/journal.pone.0172727
https://doi.org/10.1371/journal.pone.0172727
https://doi.org/10.1517/17425247.2014.920819
https://doi.org/10.1517/17425247.2014.920819
https://doi.org/10.2147/IJN.S124318
https://doi.org/10.2147/IJN.S124318
https://doi.org/10.1007/s13399-022-03506-w
https://doi.org/10.1007/s13399-022-03506-w
https://doi.org/10.1016/j.jddst.2020.101787
https://doi.org/10.1016/j.jddst.2020.101787
https://doi.org/10.1016/j.jddst.2020.101787
https://doi.org/10.1016/j.matpr.2021.09.500
https://doi.org/10.1016/j.matpr.2021.09.500
https://doi.org/10.1016/j.matpr.2021.09.500
https://doi.org/10.1016/j.polymer.2007.06.061
https://doi.org/10.1016/j.polymer.2007.06.061
https://doi.org/10.1016/j.polymer.2007.06.061
https://doi.org/10.1039/C9LC00206E
https://doi.org/10.1039/C9LC00206E
https://doi.org/10.1039/C9LC00206E
https://doi.org/10.1016/j.jconrel.2007.11.004
https://doi.org/10.1016/j.jconrel.2007.11.004
https://doi.org/10.1016/j.jconrel.2007.11.004
https://doi.org/10.1016/j.jconrel.2014.06.041
https://doi.org/10.1016/j.jconrel.2014.06.041
https://doi.org/10.1016/j.jconrel.2014.06.041
https://doi.org/10.1016/j.colsurfb.2012.10.016
https://doi.org/10.1016/j.colsurfb.2012.10.016
https://doi.org/10.1016/j.colsurfb.2012.10.016
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

