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A B S T R A C T

Pullulan-based fibers blended with chitosan (Chi) were developed using a rotational spinning method for po
tential biomedical applications. Aqueous precursor formulations containing 15 % by weight in pullulan and 
varying Chi concentrations (6 % and 7 %) were optimized to produce nanofibers at elevated temperatures and 
rotational speeds exceeding 7 k rpm. The highest fiber production yields of approximately 90 % and 65 % were 
achieved at 13 k rpm for the 6 % and 7 % Chi formulations, respectively. The pullulan-chitosan fibers were 
characterized by scanning electron microscopy, Fourier transform infrared spectroscopy, dynamic mechanical 
analyzer, powder X-ray diffraction, and rheological property measurements. Morphological analyses revealed 
nanometric fiber diameters and a decrease in bead formation with increasing rotational speeds. Thermal stability 
studies, conducted via thermogravimetric and differential thermal analyses, showed that the composite fibers 
exhibited intermediate degradation behaviors between their individual polymer components, indicating good 
integration of Chi into the pullulan matrix. Elemental analysis confirmed the successful incorporation of Chi into 
the fibers, with nitrogen content closely matching theoretical predictions. Functional assessments demonstrated 
the hemocompatibility of the Pull-Chi fibers with hemolysis rates below 1 %. Additionally, the fibers exhibited 
superior hemostatic potential, effectively promoting blood clotting in vitro testing. These findings underscore the 
promise of Pull-Chi fibers as multifunctional biomaterials for applications in wound healing and tissue engi
neering. Future studies involving animal models are warranted to validate their clinical potential.

1. Introduction

According to statistical data from the National Trauma Institute in 
the United States (US), trauma remains the leading cause of mortality 
among individuals aged 1 to 46 Years [1]. Uncontrolled hemorrhage is a 
significant contributor, responsible for 60,000 deaths annually in the US 
alone, with an estimated 1.5 million deaths worldwide each year. This 
situation is further complicated by the fact that the median time from 
hemorrhagic shock onset to death is only approximately 2 h, under
scoring the critical need for immediate intervention to improve survival 
outcomes. The urgency of developing effective hemorrhage control 
methods is especially pronounced in military settings [2,3].

To control bleeding, common, and standardized methods include 
applying direct pressure to the bleeding site with sterile gauze or clean 
cloth, using a tourniquet to reduce blood flow in an extremity, or 
applying firm pressure on strategic points such as the femoral or the 
brachial artery. However, these techniques have limitations, as they may 
not be suitable for all body areas or in cases where a sharp object re
mains embedded in the wound. Currently, there are some commercial 
products available for bleeding control from open wounds in different 
areas of the body [4,5]. These products include liquids, solid powders, 
and bandages or dressings that can be directly applied to the wound [6]. 
In addition, these products also support the coagulation process, aiding 
the body's natural ability to stop blood loss.
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Nanofibers serve as an excellent platform for the controlled delivery 
of drugs, proteins, peptides, genes, and growth factors, making them 
highly suitable for wound healing and hemostatic applications. There
fore, high-throughput preparation of nanofibers has gained significant 
interest. Electrospinning is the most widely used process for producing 
nanofibers [7–9]. Various nanofiber techniques, including bubbfil 
spinning [10], centrifugal spinning [11], and freeze-drying [12] have 
demonstrated potential in biological applications. Based on polymer 
preparation, electrospinning can be divided into solution electro
spinning and melt electrospinning. While solution electrospinning is 
extensively studied, its practical implementation is often hindered by 
limitations such as low productivity, the need for additional solvent 
extraction steps, and the use of hazardous solvents [13]. In contrast, 
melt electrospinning eliminates solvent-related concerns; however, 
challenges such as high polymer melt viscosity, difficulties in producing 
finer fibers, and electrical discharge complications associated with high- 
voltage applications have limited its adoption. Centrifugal spinning, also 
referred to as rotary spinning or rotational jet spinning, has emerged as a 
well-established alternative. Unlike electrospinning, this technique does 
not require high voltage, thereby mitigating associated safety risks. 
Additionally, centrifugal spinning offers enhanced production efficiency 
by increasing rotational speed, allowing for rapid and large-scale 
nanofiber synthesis. Compared to electrospinning, it enables the pro
cessing of polymers at significantly higher concentrations, leading to 
reduced solvent consumption and lower production costs [11,14,15]. 
Hammami et al. [16] demonstrated that centrifugal force spinning fa
cilitates nanoscale fiber production, with successful fiber formation 
requiring polymer chain overlap or entanglement. Furthermore, they 
observed that nanofiber spinnability improved significantly when using 
needles with smaller inner diameters. Erickson et al. [17] employed a 
centrifugal electrospinning technique to fabricate well-aligned chito
san/polycaprolactone (PCL) nanofibers. Compared to conventional 
electrospinning, centrifugal electrospinning yielded nanofibers with 
more uniform diameters and improved vertical alignment. Notably, the 
nanofiber diameter distribution achieved via centrifugal electrospinning 
ranged from 100 nm to 275 nm, markedly narrower than the 25–450 nm 
range observed with traditional electrospinning [17]. These findings 
highlight the potential advantages of centrifugal spinning techniques in 
achieving precise nanofiber morphology and scalability for various 
biomedical applications.

Chitosan (CS) is a naturally occurring cationic polyelectrolyte 
copolymer derived from the deacetylation of chitin, a structural poly
saccharide found in the exoskeletons of crustaceans, insects, and certain 
fungi. Due to its abundance as a renewable resource and its exceptional 
physicochemical properties, including biodegradability, biocompati
bility, non-toxicity, hemostatic activity, and metal-chelating capabil
ities, chitosan has garnered significant interest for biomedical 
applications [17–20]. The electrospinning of pure chitosan has been 
explored using nonaqueous solvents. For instance, Ohkawa et al., [21] 
successfully fabricated chitosan nanofibers using trifluoroacetic acid as 
a solvent, with the addition of dichloromethane to enhance fiber for
mation [21]. Similarly, Sencadas et al., [22] increased the homogeneity 
of the nanofibers and methodically examined the processing parameters 
to provide the foundation for a reproducible method of producing chi
tosan nanofibers [22]. However, the environmental concerns associated 
with these solvent systems necessitate alternative strategies to enhance 
the spinnability of chitosan. One promising approach involves blending 
chitosan with synthetic or natural polymers to improve fiber mechanical 
properties and biological functionality. Synthetic polymers such as 
polyethylene oxide [23,24], polyvinyl alcohol [25], and polylactic acid 
[26] have been incorporated to enhance fiber strength and spinnability. 
Additionally, blending chitosan with renewable biopolymers, such as 
gelatin [27], alginate [28], and silk fibroin [29] have been explored to 
further improve biocompatibility and bioactivity. These composite 
nanofibers hold significant potential for various biomedical applica
tions, including wound healing, tissue engineering, and drug delivery.

Among various biopolymers, pullulan and chitosan exhibit unique 
properties, including high water retention capacity, biocompatibility, 
biodegradability, antibacterial activity, and non-toxicity, making them 
promising candidates for biomedical applications [30]. Pullulan-based 
nanofibers have gained attention in the development of advanced 
wound dressing materials due to their favorable biological and physi
cochemical characteristics. However, despite these advantages, pullulan 
has inherent limitations, such as poor mechanical strength and high 
production costs, which can hinder its practical applications. These 
shortcomings can be addressed by blending pullulan with other poly
mers to enhance its mechanical properties and functional stability [31]. 
Additionally, pullulan derivatives are currently under investigation for 
potential biomedical applications, though they have not yet received 
regulatory approval for commercial use [32]. Considering the above 
challenges in developing cost-efficient and high-throughput nanofibers 
for hemostatic applications, we propose pullulan and chitosan-based 
nanofiber membranes. Pullulan-chitosan nanofiber system [15,33] 
represents a significant advancement in the development of sustainable 
and multifunctional materials, leveraging the synergistic properties of 
these biopolymers. Pullulan is a water-soluble, non-toxic, and Generally 
Recognized As Safe-certified polysaccharide [34]. Pullulan is produced 
by Aureobasidium pullulans and exhibits remarkable film-forming, me
chanical, and adhesive characteristics. Its structural composition, con
sisting of maltotriose units linked via α-(1,6) and α-(1,4) glycosidic 
bonds, imparts flexibility and an amorphous nature, making it highly 
suitable for electrospinning processes [35]. Pullulan also possesses a 
high capacity for maintaining and regulating the many cell types that 
contribute to skin homeostasis. It has the potential to construct a healthy 
microenvironment at the injury site, allowing the wound to recover on 
its own while maintaining appropriate hydration [36]. Complementa
rily, chitosan, a deacetylated derivative of chitin, offers cationic prop
erties, antimicrobial efficacy, and biocompatibility. The integration of 
these biopolymers facilitates the fabrication of electrospun nanofibers 
with high surface area-to-volume ratios, rendering them ideal for ap
plications in tissue engineering, drug delivery, and wound healing [37]. 
This composite system exemplifies the intersection of biopolymer sus
tainability and functional versatility, fostering innovation in biomedical 
and industrial material science.

2. Materials and methods

2.1. Reagents and equipment for fiber production

Pullulan (Pull) was selected as the primary was the polymer for fiber 
production and procured from Tokyo Chemical Industry Co., LTD. (TCI, 
P0978). Chitosan (Chi), with a low molecular weight (50,000–190,000 
Da, based on viscosity) and deacetylation ≥75 %, was purchased from 
Sigma-Aldrich. Deionized water was used as the main solvent. For the 
dissolution of Chi, glacial acetic acid (HAc, 99.9 %, Fisher Chemical) 
was used as the pH-adjusting agent. Pullulan and chitosan solutions 
were mixed using a Cole-Palmer 8891 sonicator to ensure homogeneity. 
The pH of the Pull-Chi solution was adjusted with glacial acetic acid to 
achieve optimal polymer solubility and compatibility. Heating was 
performed using an Isotemp® oven (Model 285 A, Fisher Scientific) to 
facilitate the fiber production process. The Pull-Chi fiber production was 
conducted using a Cyclone FIBERIO L-1000 M Forcespinning™ System. 
This homegrown equipment facilitates the centrifugal spinning of 
polymer solutions to produce nonwoven fibrous materials (an interior 
view of the equipment is depicted in Figure). The polymer solution was 
expelled from the spinneret through BD PrecisionGlide™ 27G x 1 ¼ 
needles, enabling the formation of fine fibers under high rotational 
speeds.

2.2. Chitosan solubility and formulation of polymeric solution

The aqueous chitosan solutions with concentrations of 6 wt% and 7 
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wt% were prepared by adding HAc solution. The mixed solutions were 
manually stirred and then subjected to ultrasonication in a sonication 
bath for 2 h to achieve homogeneous solutions. The solutions were left at 
room temperature for 18 h post-formulation to allow equilibrium and to 
evaluate homogeneity of the systems.

2.3. Formulation of polymeric solutions

The preparation of polymeric solutions involved dissolving chitosan 
in a mixture of deionized water and HAc, followed by the addition of 
pullulan (Pull). Initially, Chi was manually dissolved in the acid solu
tion, Pull was then incorporated into the Chi-containing solution to form 
a homogenous Pull-Chi blend. The resulting solutions were subjected to 
ultrasonication for 2 h in a sonication bath to enhance dispersion. These 
solutions were subsequently injected into the spinneret of the rotational 
system for fiber production (See in Fig. 1). The component proportions 
to obtain 15 g of the formulations are presented in Table 1. A pure Pull 
solution was also prepared at 15 wt% in water to serve as a comparison 
standard with respect to the Pull-Chi formulations, this solution was 
acidified with an average amount of HAc used in the previous systems.

2.4. Fiber production process

Approximately 1.5 g of the prepared Pull-Chi formulations were 
injected into the spinneret system. The system was then preheated to 
85 ◦C and maintained for 25 min before spinning for fiber production. 
Just before starting the rotational spinning process, room-temperature 
needles were attached to the spinneret. The spinning was conducted 
for a total rotation time of 20 min (10 min/cycle x2). The produced fi
bers were collected in two parts: a) fibers located between the vertical 
bus bars, used for characterization analysis, and b) all residual fibers not 
captured in between the vertical bars were also used to calculate pro
duction yield. A schematic representation of the Pull-Chi fiber produc
tion process is presented in Fig. 2 and Fig. 3.

2.5. Calculation of production yield

The production yield was calculated by considering both Pull and Chi 
as integral components of the final fiber composition. The percentages of 
production yields were calculated by using Eqs. 1 and 2. 

Yield (%) =
WFC
TWPF

× 100 (1) 

TWPF =
FIIS
100

× PC (2) 

where WFC is the weight of all the fiber collected (g) after each spinning 

process, TWPF is the theoretical weight of producible fibers per formu
lation introduced into the spinneret (g), FIIS is the formulation injected 
into the spinneret (g), and finally, PC corresponds to the polymer con
centration (wt%) of the Pull-Chi mixture in each formulation used. 
Yields were calculated for F1 and F2 presented in Table 1 at different 
rotational velocities.

2.6. Characterization of fibers

The structural, morphological, thermal, and rheological properties of 
chitosan and pullulan powders, as well as their nanofiber samples, were 
comprehensively characterized using various analytical techniques.

2.6.1. Chemical characterization
The functional groups of chitosan, pullulan, and their nanofibers 

were analyzed using Fourier-transform infrared (FTIR) spectroscopy 
(Perkin Elmer, USA) equipped with a diamond-coated ZnSe crystal. Each 
FTIR spectrum was recorded within the wavenumber range of 
4000–400 cm−1 at a resolution of 2 cm−1 based on 32 scans per sample.

2.6.2. Morphological analysis
For morphological analysis, scanning electronic microscopy (SEM) 

was performed using a ZEISS ΣIGMA VP, Gemini model. The fiber 
samples were sputter-coated with gold using a Denton Vacuum Desk V 
sputter coater. Images of fibers were captured at an accelerating voltage 
of 1 kV. Fiber diameter distribution (FDD) analysis was determined by 
using the ImageJ software. Elemental composition of the fibers was 
examined via energy-dispersive spectroscopy (EDS) using an EDAX 
Octane Super system (AMETEK), equipped with a 60 mm2 active area, 
operating at 9–13 kV.

2.6.3. Thermal and wettability analysis
Thermal stability of the fibers was assessed using thermogravimetric 

analysis (TGA) on a TG 209 F3 Tarsus instrument (Netzsch). The thermal 
analysis was carried out under N2 atmosphere with a flow rate of 10 mL/ 
min. Thermal history of samples was acquired between 30 and 800 ◦C at 
a heating rate of 10 ◦C/min. The wettability of the nanofibers was 
evaluated by measuring the water contact angle (WCA) using a Kyowa 
contact angle meter (Model DM-1CE) at room temperature (25 ◦C). The 
Milli-Q water was used as test liquid and the equilibration time of the 
liquid drop was 3 s.

2.6.4. Structural and mechanical properties
The crystallinity of pullulan powders and nanofiber films was 

examined using X-ray diffraction (XRD) on a diffractometer (Rigaku 
MiniFlex600). A diffraction range of 5◦-45◦ (2θ) was chosen. The dy
namic mechanical behavior of the blends was measured by using a dy
namic mechanical analyzer (DMA 242 E Artemis, Netzsch Instruments) 
in a dual-cantilever mode. The scanning frequency of 1 Hz and the 
amplitude of 10 μm were fixed, and each specimen was tested with a 
heating rate of 5 ◦C/min from −90 to 160 ◦C in a nitrogen atmosphere.

2.6.5. Rheological analysis
The apparent shear viscosity of spinning solutions containing 

different polymer concentrations of pullulan and chitosan was measured 
using a strain-controlled rheometer (Thermofisher Haake Mars 

Fig. 1. Representative image of an interview of the fiber production centrifugal 
spinning chamber.

Table 1 
Components and proportions of the Pull and Pull-Chi formulation.

Component Comparison 
standard

Formulation 1 (F1) Formulation 2 (F2)

Pull 15 wt% 2.25 g 15 wt% 2.25 g 15 wt% 2.25 g
Chi – – 6 wt% 0.90 g 7 wt% 1.05 g
HAc 59 drops 0.63 g 54 drops 0.58 g 63 drops 0.68 g
Water – 12.12 g – 11.27 g – 11.02 g
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instrument) with cone-and-plate geometry (50 mm diameter), a gap of 
0.043 mm, and a cone angle of 0.04 rad. Flow curves, depicting apparent 
shear viscosity versus shear rate, were recorded over a range of 0.1 to 
100 s1, at a controlled temperature of 20 ◦C.

2.7. Hemolytic assay

Human whole blood was procured from Zen Bio Inc. (Durham, NC). 
Red blood cells (RBCs) were collected by centrifuging the blood at 4 k 
rpm for 10 min using a 5920 R centrifuge (Eppendorf AG, Hamburg, 
Germany). The collected RBCs were washed and diluted 10-folds with 
phosphate buffered saline (PBS, 7.4 pH, 1×). For the hemolytic assay, 
300 μL of the RBCs solution was further diluted with 600 μL of PBS (1×) 
in 1.5 mL Eppendorf tube. 2 mg of each fiber samples were incubated in 
300 μL of above RBC suspension at room temperature for 2 h. In this 
study, PBS without fibers served as absorbance negative control (Ane

gative) while Triton X-100 without fibers was served as the positive 
control (Apositive). Following incubation, the Eppendorf tubes were 
centrifuged to separate RBCs, and the supernatants were collected 
(Asamaple). The optical density (OD) of supernatants at 544 nm was 

recorded using a BioTek Synergy H1 multimode reader (Agilent Tech
nologies, USA) [38]. The percentage of hemolysis was calculated using 
the equation shown below. 

Hemolysis(%) =
Asample − Anegative control

Apostive control − Anegative control
× 100 

The morphology of RBCs post-incubation was analyzed to evaluate 
the hemocompatibility of fibers. RBC pellets obtained after centrifuga
tion were resuspended in 500 μL of 4 % paraformaldehyde (PFA) solu
tion. For fixation. A 20 μL of aliquot of the fixed RBC suspension was 
deposited on glass slide, smeared, and covered with a cover slip. Then, 
morphology of RBCs was imaged on a bright-field EVOS M7000 mi
croscope (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) 
[39].

2.8. Efficiency of fibers as coagulant agents

The in vitro blood clotting index (BCI) was determined to assess the 
fiber's coagulant efficiency. 500 μL of whole human blood was mixed 
with 50 μL of 0.1 M calcium chloride solution and 20 mg of each fiber 
sample in a 2 mL glass vial, to initiate blood coagulation. No fiber was 

Fig. 2. General diagram of the production procedure for Pull and Pull-Chi fibers by means of the forcespinning method.

Fig. 3. Fiber production and physical image of fibers. (a) Fibers produced using pullulan and chitosan as components in aqueous solution and (b) Fibers collected 
between the vertical collection bars.
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kept as control (Acontrol). The blood coagulation reaction was allowed 
to proceed at room temperature for 15 min. Following incubation, the 
clot and residual blood were carefully transferred into a Petri dish 
containing 25 mL of distilled water. The Petri dish with the blood clot 
solution was shaken for 10 min at 4 k rpm to release any residual he
moglobin. The absorbance of the resulting solution (Atest) was 
measured using a BioTek Synergy H1 multimode reader at 540 nm to 
assess the heam content in the solution [40]. The blood clotting index 
(%) is calculated using the equation below. 

Blood clotting index (%) =
Atest

AControl
× 100 

3. Results and discussion

The concept of the waterfall theory of blood coagulation provided a 
foundational understanding of endogenous coagulation pathways, 
leading to the development of hemostatic agents that promote blood 
clotting by specifically targeting components within this cascade 
[41,42]. In recent years, biodegradable polysaccharides have gained 
significant attention for their unique physicochemical and biological 
properties, particularly in wound healing and tissue engineering. Studies 
have demonstrated that composite materials combining pullulan with 
other polymers exhibit enhanced structural and biological attributes, 
making them promising candidates for advanced wound dressings and 
drug delivery systems [32,43]. Pullulan plays a crucial role in the wound 
healing process, as it serves as an energy source for fibroblast cells that 
are essential for tissue regeneration [44,45]. Moreover, its hygroscopic 
nature accelerates wound closure and reduces healing time by promot
ing bacterial dehydration, effectively inactivating pathogens and mini
mizing their presence at the wound site. Additionally, by facilitating the 
dehydration of wound exudate, pullulan enhances cellular oxygenation, 
thereby creating a favorable environment for tissue repair and 
regeneration.

3.1. Fiber production

Initial attempts to produce Pull-Chi fibers at room temperature were 
successful. The lowest Chi concentration, <6 % Chi could not expel 
enough polymer mixture out of the spinneret at 14 k rpm for 10 min of 
rotation. Typically, 30G type needles with narrow internal diameter 
(0.159 mm) are recommended for fine fiber production [46]. However, 
in this work, 27G type needles with a larger internal diameter (0.210 

mm) were necessary to facilitate the higher viscosity and cohesive forces 
of the Pull-Chi formulations out of the spinneret. Pure Pull fibers were 
also produced at room temperature using 27G type needles. However, 
the high viscosity and cohesive forces of Pull-Chi restricted their flow 
through the needles under the spinning system's energy conditions. To 
overcome this limitation, viscosity reduction was achieved by increasing 
the solution temperature. Temperatures between 45 and 65 ◦C were not 
sufficient to produce fibers, while temperatures close to or above 100 ◦C 
produced solution degradation by solvent evaporation and physical 
appearance transformation of the mixtures. However, the optimal tem
perature was determined to be 85 ± 2 ◦C for 25 min. Under these con
ditions, successful production of fibers wer obtainted (Fig. 3), and the 
production yield percentages were calculated. The optimized experi
mental conditions (rotation time, velocity, temperature, and concen
trations) enabled fiber production within the first 5 min of spinning 
speeds of 7 k rpm for 6 % and 9 k rpm for Chi formulations, respectively.

3.2. Pull-Chi fiber production yields

The limited scalability of nanofiber production has been a significant 
challenge in the advancement and commercialization of electrospinning 
technologies, particularly when the fabrication of aligned nanofibers is 
required. The Pull-Chi fiber production yield curves are shown in Fig. 4. 
Both 6 % and 7 % Chi based formulations were capable of producing 
fibers. However, the 6 % Chi formulation consistently exhibited higher 
yields across the rotational speed range (6 k–14 k rpm) compared to 7 % 
Chi based formulations. The fiber yield increased with an increasing 
rotational speed, except for the 7 % sample that showed a decrease after 
13 k rpm. The highest yield of around 90 % and 65 % was achieved for 6 
% and 7 % Chi formulation. The reason for the difference in yield of fiber 
production is due to variation in solution viscosity, which in turn affects 
the mixture fluidities, and their ability to exit the spinneret to produce 
the fibrous material. Recent studies have highlighted centrifugal spin
ning as a promising alternative to electrospinning, offering higher pro
ductivity and improved process efficiency. This study demonstrates that 
centrifugal spinning enables the fabrication of uniform nanofibers with 
high yield [11]. Furthermore, advancements in centrifugal spinning 
technology have led to the development of high-throughput systems 
capable of generating large quantities of highly aligned nanofibers with 
tunable diameters, making it a viable approach for large-scale nanofiber 
production [17].

Fig. 4. Fiber production yields based on pullulan (15 %) and chitosan (6 % and 7 % of the solution) produced at different rotational speeds (rpm).
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3.3. Fiber morphological analysis

The morphologies of the fibers were characterized using SEM and are 
presented in Figs. 5–6. The samples analyzed correspond to the fibers 
produced at 10 k rpm and 14 k rpm. The SEM micrographs revealed that 
polymer agglomerations, bead-like structures are observed along the 
fibers. Upon closer inspection at magnification of 150× demonstrates 
that the beads are neither oval nor spherical but rather present several 
morphologies in the mats. Notably, pull fibers produced at 10 k rpm do 
not display significant bead formation, indicating a more uniform fiber 
morphology. The Pull fibers are characterized by beads smaller than 40 

μm, while the Pull-Chi fibers exhibit larger beads approximately 100 μm 
wide and >200 μm long. These morphological differences suggest that 
the incorporation of Chi into the Pull matrix significantly influences 
bead formation, due to changes in solution viscosity, surface tension, 
and polymer interactions. The presence of beads within the fiber matrix 
can introduce structural weaknesses, compromising the mechanical 
integrity of the material [47]. This reduction in structural stability may 
hinder its ability to provide adequate support for clot formation. 
Furthermore, beads can encapsulate biological agents or cause their 
localized accumulation, rather than ensuring their uniform distribution 
throughout the material, which may impact the overall efficacy of the 

Fig. 5. SEM images of the fibers produced at different rpm, starting from solutions of pullulan (15 %) and chitosan at 6 % and 7 % in their composition. SEM of pure 
pullulan fibers obtained at 10 k rpm are shown at the bottom.
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system [47–49]. Another notable difference is the fiber diameters. Pull 
fibers exhibit smaller diameters compared to Pull-Chi fibers, further 
corroborating the incorporation of the additive on the final material 
morphology. The increased fiber diameters in Pull-Chi systems can be 
attributed to the higher viscosity and cohesive forces introduced by the 
chitosan component, which impede the stretching and thinning of the 
polymer jet during the spinning process. The Pull fibers also shown in 
Fig. 5 correspond to a 10 k rpm test, this morphology is quite similar to 
the same composition fibers obtained at 14,000 rpm, whose most sig
nificant variation is a slight decrease in the number of beads with 
increasing of rotational speed.

On the other hand, as in the case of Pull fiber, composite mats 
decrease the number of beads and their sizes as the rotational speed 
increases. This effect is quite notable in fiber produced at 14 k rpm, 
which shows smaller quantity/size and more elongated beads than those 
obtained at 10 k rpm. This is due to the greater elongation that occurs in 

the fiber due to the greater kinetic energy with which the polymer jet (or 
mixture) is expelled out of the spinneret. The FDD analysis was per
formed using all the 2500× magnification micrographs shown in 
Figs. 5–6. Over 400 measurements were taken for each statistical anal
ysis. The distribution curves results are presented in Fig. 7.

The general fiber diameter distribution (FDD) profiles (see Fig. 7a) 
demonstrate that the fibers containing Chi exhibit larger diameters 
compared to Pull fibers produced under the same experimental condi
tions. However, the Pull fibers consistently presented diameters within 
the nanometric scale. Since the Pull concentration remained kept con
stant, the addition of Chi increased the formulation viscosities, limiting 
the fibers elongation during the spinning process. These results indicate 
a direct proportional to the fiber diameter and Chi concentration in the 
formulations. A narrow diameter distribution can be obtained by 
increasing the rotational speed of the same formulation (see Fig. 7b). If 
the rotational speed is kept constant, then a broader diameter 

Fig. 6. SEM images of the fibers produced with (a) pullulan, (b) Pull- Chi 7 %, and (c-d) their respective nanofiber size histograms.

Fig. 7. FDD analysis of the Pull and Pull-Chi fibers produced by rotational spinning at different rpm. All X axes correspond to diameters between 0 and 4 μm.
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distribution can be obtained by increasing the Chi concentration (see 7c, 
e). Finally, the Chi concentration can become so high in the formulations 
that the use of different rotational speeds does not exert a clear or sig
nificant effect on the fiber diameters (see 7d), since the cohesive forces 
of the mixtures are not so easily overcome by the centrifugal forces 
achieved in the spinning system. The percentage of fibers in the nano 
and micro scale for the developed systems is presented in Fig. 8.

This image indicates that the greater the Chi incorporation in the 
precursor formulations, the greater the diameter of the fibers produced. 
Pull fibers produced at velocities >10 k rpm (not included in the 
document) also presented nanometric diameters. This relationship 
directly impacts the possible applications of the materials since it affects 
both the mats permeabilities and the surface area. It is important to 
know the fiber mechanical characteristics and how they could be 
controlled, to determine the optimal formulation and/or production 
parameters according to the specific requirements of the product.

3.4. EDS analysis

The polymers used in this study are polysaccharides with distinct 
chemical compositions that allow for easy differentiation. Chitosan 
contains nitrogen (N) atoms as substituents within the amino functional 
groups, a characteristic feature of its molecular structure [50,51], while 
pullulan is solely composed of carbon (C), hydrogen (H), and oxygen (O) 
atoms [35,52] (Fig. 9). The EDA characterization results are presented 
as weight percent.

Fig. 9 illustrates theoretical atomic composition of pullulan with C 
and O accounting for approximately 59.5 % and 40.5 %, respectively, 
based on its molecular structure. These values align closely with the 
elemental chemical analysis, considering the associated margin of error 
and the lack of pre-treatment to remove surface contaminants (example 
O2, CO, CO2, or H2O). H was not reported as the analysis focused on the 
elements C, O, and N for surface quantification. Based on these results, 
the EDS Pull-Chi fibers analysis confirms the presence of nitrogen con
firming the successful integration of Chi into the Pull matrix. Nitrogen, 
present as amine groups, enhances the bioactivity of the composite by 
facilitating interactions with cells and proteins. These interactions play a 
crucial role in cell adhesion, which is essential for wound healing ap
plications. Additionally, the nitrogen-containing functional groups 
contribute to the hemostatic properties of the fibers, as the positively 
charged amine groups can effectively interact with negatively charged 
erythrocytes, promoting coagulation and blood clot formation [53]. 
These values reflect both the atomic proportions of Chi and its concen
tration in the formulation. Notably, the nitrogen percentage of the 6 % 
Chi fibers slightly exceeded theoretical value, while the 7 % Chi fibers 
showed a marginal low value. Despite these differences, both results 
closely match theoretical expectations.

3.5. Thermogravimetric analysis

Thermogravimetric analyses and differential thermal analyses of the 
pure polymers and the composite fibers are presented in Fig. 10, de
tailing mass loss percentages and thermal behavior for each sample. All 
materials exhibit two distinct mass loss events at a well-defined tem
perature ranges. The first mass loss occurred below 100 ◦C, corre
sponding to dehydration, involving desorption of water molecules and 
evaporation of retained solvents within the fibers. The second mass loss, 
observed between 250 and 350 ◦C, is attributed to the thermal degra
dation of the polymeric components. Pullulan exhibits higher thermal 
stability than chitosan, and the Pull-Chi composite samples showed a 
slight decrease in thermal stability, which may be attributed to inter
molecular hydrogen bonding interactions between the two polymers 
(see the FTIR section) These intermolecular interactions can disrupt the 
native packing and crystallinity of each polymer, making the material 
less thermally stable and causing an earlier onset of degradation. These 
degradation temperatures are consistent across raw materials and 
composite fibers and align with the literature reports for pullulan and 
chitosan [15,54]. The TGA results reveal significant differences in 
carbonaceous residue levels between 340 and 800 ◦C. The Chi sample 
produced 30.8 % residue, while Pull produced only 11.3 %, indicating 
higher stability for Chi. The composite fibers composed of 6 % and 7 % 
of Chi yielded residues of 18.6 and 21.1 % respectively, proportionally 
reflecting the residue behavior of the raw materials. The DTG analysis 
showed a maximum degradation temperature (MDT) of 300 ◦C for Chi 
and 320 ◦C for Pull. The composite fibers present an MDT around 
317 ◦C, suggesting effective integration of Chi and Pull within the fibers. 
This intermediate thermal behavior indicates a strong compatibility 
between the polymer components. Finally, fibers fabricated at different 
rotational speeds but with identical Chi concentrations demonstrated no 
significant variation in their thermograms, highlighting the stability of 
thermal properties regardless of spinning conditions.

3.6. FT-IR spectral studies

The FTIR spectra of pullulan, chitosan, and pull-chi nanofibers are 
presented in Fig. 11. The FTIR spectrum of pure chitosan indicated a 
strong absorption broad band in the region of 3000 to 3600 cm−1, 
corresponding to the stretching vibrations of -OH and -NH groups.

The peak at 2867 cm−1 was assigned to the stretching vibrations of 
-CH group. The peaks at 1033 and 1423 cm−1 belonged to C–O and -OH 
groups, respectively. The shoulder peak at 1644 cm−1 was attributed to 
C––O stretching vibration of amide I and the peak located at 1423 cm−1 

corresponded to N–H bending of amide II. In the spectrum of pullulan, 
an absorption peak at 3292 cm−1 was due to the -OH stretching vibra
tion and at 2906 cm−1 corresponded to the sp3 -CH stretching vibration. 
The single peak at 1644 cm−1 denoted the stretching vibration of O-C-O. 

Fig. 8. Micro/nano-metric diameters proportions of the fibers produced at different rpm and with different Chi incorporations.
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The broad absorption band between 3000 and 3600 cm−1 observed in 
the mixed chitosan and pullulan was associated with intermolecular 
hydrogen bonding between the hydroxy groups present in pullulan and 
the amino groups of chitosan. Furthermore, the peaks between 2855 and 
2984 cm−1 and 1612–1687 cm−1 were ascribed to CH stretch vibrations 
of chitosan and pullulan, and the intermolecular hydrogen bond inter
action of the -OH groups in pullulan and the amino group of chitosan 
(amide 1). The FTIR analysis demonstrated the presence of strong 
intermolecular hydrogen bond interaction between the amino groups of 
chitosan and the hydroxy groups of pullulan [55]. The final component 
proportions of the pullulan and chitosan formulations are presented in 
Table 1.

3.7. X-ray diffraction and contact angle measurement analyses

X-ray diffraction (XRD) analysis confirmed the structural character
istics of pullulan and pull-chi (7 %) nanofibers. The XRD pattern of pure 
pullulan film exhibited a broad diffraction peak at 2θ = 10◦-20◦, con
firming its amorphous structure Fig. 12(a). The disappearance of the 
strong characteristic diffraction peaks of pullulan in the pull-chi nano
fiber indicates significant structural modification. This transformation is 
primarily attributed to the formation of strong hydrogen bonds between 
chitosan and pullulan, which disrupts the original crystalline structure 
of pullulan within the nanofiber matrix. The surface wettability of 
nanofiber films was characterized by water contact angle (WCA) mea
surement and the results were illustrated in Fig. 12(b). The results 
revealed that pullulan nanofiber and pull-chi (6 % and 7 %) exhibited a 
WCA of 0◦, confirming their high hydrophilicity. These findings are 
consistent with the observations of Abbasi et al., [56] reported an in
crease in WCA upon incorporating cellulose acetate into gelatin/cellu
lose acetate composite nanofiber films [56].

3.8. Rheology of Pull-Chi polymer blend solutions

The spinnability of a polymer solution is governed by the interplay of 
molecular entanglement, viscosity, surface tension, and conductivity. 
Fig. 13 presents the viscosity profiles of polymer solutions containing 
varying concentrations of pull-chi nanofibers at 6 and 7 %, respectively. 
The observed shear-thinning behavior is likely attributed to the 
disruption of the entangled polymer network and the breakdown of 
molecular interactions within the pull-chi dispersion as shear rate in
creases. At higher shear rates, the rate of intermolecular entanglement 
breakdown surpasses the rate of reformation, resulting in a gradual 
reduction in intermolecular resistance. Once the shear rate reaches a 
critical threshold, the viscosity stabilizes, indicating a complete disen
tanglement of polymer chains. Additionally, the apparent viscosity of 
the spinning dispersion decreased at lower chitosan concentrations 
within a specific shear rate range. This trend is consistent with previous 
reports and may be attributed to chitosan's ability to enhance hydrogen 
bonding interactions within the pull-chi dispersion, thereby influencing 
its rheological properties. Furthermore, Fig. 13(b) illustrates that the 
viscosity of the polymer solution increases with higher polymer con
centrations at a fixed shear rate. These findings suggest that pull-chi 
solutions within the studied concentration range can effectively form 
continuous nanofibers, making them suitable for nanofiber fabrication.

3.9. Viscoelastic property of pull-chi nanofibers

Dynamic Mechanical Analysis (DMA) is a sensitive technique for 
studying how the viscoelastic properties of polymers change as a func
tion of the thermal environment. Fig. 14 shows the measurement results 
of DMA at 1 Hz. The storage modulus decreases with the increase in 
temperature, and the loss modulus increases first and then decreases. If 
the storage modulus is greater than the loss modulus, then the material 

Fig. 9. Molecular structures of the Pullulan and Chitosan basic polymerization units. Elemental chemical analysis performed by EDS of the Pull-Chi fibers produced 
by rotational spinning.

Fig. 10. Thermal properties of nanofibers. (a) Thermogravimetric and (b) differential thermal analyses of pure pullulan, chitosan, and composite Pull-Chi fibers 
produced by rotational spinning.
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can be regarded as mainly elastic. Conversely, if the loss modulus is 
greater than the storage modulus, then the material is predominantly 
viscous (it will dissipate more energy than it can store, like a flowing 
liquid). Since any polymeric material will exhibit both storage and loss 
modulus, they are termed as viscoelastic, and the measurements on the 
DMA are termed viscoelastic measurements. For a crosslinked polymer, 
the storage modulus value in the rubbery plateau region is correlated 
with the number of crosslinks in the polymer chain. The effects of 
crosslinking are clearly observed in the glass transition region as well as 
the rubbery plateau region [57,58].

3.10. Hemocompatibility of Pull-Chi fibers

Hemocompatibility is considered as a fundamental aspect in assess
ing biological and medical applications of nanofibers. It can be assessed 
through a hemolytic assay, which quantifies the release of free hemo
globin resulting from erythrocyte swelling and membrane rupture when 
red blood cells are exposed to materials being tested. In this study, the 
hemocompatibility of Pull-Chi fibers was evaluated using hemolysis 
assay (Fig. 15). PBS and Triton X-100 served as negative and positive 
control groups, respectively. The supernatants of the Pull-Chi fibers 
groups displayed a light red color similar to the PBS-negative control 
group, indicating minimal hemolysis. In contrast, 0.1 % Triton X 

Fig. 11. Chemical composition analysis of nanofibers. (a) Schematic representation of physically crosslinked chitosan/pullulan nanofiber. The scheme is prepared 
considering reference [55]. (b-c) FTIR spectra of chitosan and pullulan and pull-chi (7 %) nanofiber of different batches.
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resulted in a bright red supernatant, indicative of significant hemolysis, 
which was considered as 100 % hemolysis (Fig. 15 a, purple bar). Pull- 
Ch 7 %-14 k and pullulan fibers demonstrated hemolysis <1 % (Fig. 15
a, red and green bars), classifying them as hemocompatible based on 
American Society of Testing and Materials ASTM F756 [59], which 
defines hemolytic activity <5 % is considered as non-hemolytic. In 
addition, microscopic examination of RBCs treated with pullulan and 
Ch-7 %-14 k fibers revealed intact membranes, comparable to those in 
PBS-negative control treated group. In contrast, RBCs exposed to Triton 
X-100 exhibited complete cell rupture and loss of all cells (Fig. 15 b). 
These results conclusively demonstrate that Pull-Chi fibers, particularly 
the Ch-7 %-14 k formulation, exhibit excellent hemocompatibility, 
underscoring their potential for safe biomedical applications. RBCs 
constitute the most abundant cellular component of the bloodstream 
and play a critical role in determining hemocompatibility. Upon lysis, 
RBCs release hemoglobin along with procoagulant factors, which can 
trigger adverse physiological responses and potentially lead to 

complications such as thrombosis [60]. Damage to erythrocytes can 
compromise oxygen transport, reducing oxygen delivery to tissues and 
organs. Additionally, the release of erythrocyte-derived microvesicles 
has been shown to promote thrombus formation, further exacerbating 
circulatory disturbances and increasing the risk of vascular complica
tions [61].

3.11. Coagulation tests

The hemostatic performance of Pull-Chi fibers was evaluated using a 
whole blood clotting index (BCI) assay, which measures the extent of red 
blood cell (RBC) aggregation within blood clots. Representative blood 
clotting images for the control group and treatment groups, including 
pullulan and Pull-Ch7%-14 k fibers, are shown in Fig. 16(a). The BCI 
indicates the proportion of unbound RBCs remaining outside the blood 
clot. Lower BCI values correspond to enhanced hemostatic capacity. The 
control group displayed poor RBC aggregation, with minimal 

Fig. 12. X-ray diffraction and contact angle measurement analyses of nanofibers. (a) XRD patterns of pullulan and pull-chi (7 %) nanofibers and (b) contact angle and 
nanofiber evaluation of different pull-chi (6 and 7 %) nanofibers.

Fig. 13. Viscosity curves show the shear-thinning behavior for (a) Pull and (b) Pull-chi (7 %) blended solutions obtained using a rotational cone-plate 
measuring system.
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incorporation of RBCs into the clot, as evidenced by the lack of visual 
trapping (Fig. 16 (b)). In contrast, both pullulan and Pull-Ch7%-14 k 
fibers present a significant RBCs trapping within blood clots, indicated 
by white arrows, indicates a superior hemostatic performance of fibers. 
In addition, quantitative absorbance measurements further confirmed 
the enhanced hemostatic properties of pullulan and Pull-Chi fibers. The 
BCI values for pullulan and Pull-Ch7%-14krpm fibers were 51.51 ±

2.60 % and 65.43 ± 5.061 %, respectively, demonstrating significantly 
higher blood clot formation compared to the control group throughout 
the experiment (Fig. 16(c)).

These results are consistent with a previous study where chitosan, 
pullulan, and citric acid-based constructed nanofiber sponges achieved 
BCI value (~62 %), which is closely aligning with the Pull-Ch7%-14 k 
fibers in this study [40]. These findings indicate that Pull-Chi fibers, 
particularly the Pull-Ch7%-14 k formulation, exhibit enhanced hemo
static potential, surpassing pullulan fibers in promoting RBC aggrega
tion and initiating effective blood clotting. This highlights the suitability 

of Pull-Chi fibers for advanced hemostatic applications. The von Wille
brand factor (VWF) is a crucial glycoprotein involved in blood clotting, 
particularly under high shear rates. Structurally, it resembles a complex 
homopolymer, consisting of a repeating sequence of up to 100 functional 
monomeric units. VWF functions as a stimuli-responsive adhesive, 
remaining non-sticky and soluble in its inactive state. However, upon 
vascular injury, it undergoes chemical and mechanical activation, 
transforming into one of the strongest biological adhesives, facilitating 
rapid adhesion to both the injured substrate and platelets, thereby 
initiating the coagulation cascade [62]. Similarly, recent studies have 
demonstrated that porous pullulan-based hemostatic sponges exhibit 
remarkable mechanical properties. These properties are primarily 
attributed to the cross-linking of aldehyde groups with the hydroxyl 
groups of pullulan, enhancing the structural integrity and mechanical 
strength of the sponge, making it highly effective for hemostatic appli
cation [43].

Fig. 14. Storage modulus and loss modulus vs. temperature curves for (a) Pull fiber and (b) Pull-Chi (7 %) obtained from DMA measurement.

Fig. 15. The hemolysis assay of Pull-Chi fibers. (a) The hemolysis ratio of pullulan and Ch7%-14 k rpm fibers and control treatment groups (PBS, negative control 
and 1wt%Triton X, positive control). (b) Fibers indicated good hemocompatibility with <1 % hemolysis. The data represent the mean ± SD (n = 5), *** represents a 
significant difference, p < 0.005. Optical images of red blood cells after treatment with PBS, pullulan, Ch7%-14 k rpm, or a positive control (0.1 %) Triton X (2 mg). 
No significant morphological changes in pullulan and Ch7%-14 k rpm fibers, while few aggregations in Ch7%-14 rpm fibers compared to PBS. 0.1 % Triton X treated 
RBCs had completely vanished or lysed.
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4. Conclusions

Uncontrolled bleeding, whether resulting from injuries, trauma, 
surgical procedures, or hereditary and drug-induced coagulation disor
ders, presents significant health risks. Pullulan-based fibers were suc
cessfully fabricated using 15 % pullulan solution supplemented with 
chitosan concentrations of 6 % and 7 % in the aqueous precursor for
mulations. The production of fibers was facilitated by increasing the 
solution temperature and employing rotational spinning at speeds 
exceeding 7 k rpm. The optimal fiber yields of approximately 90 % and 
65 % were at higher speed (13 k rpm) with the 6 % and 7 % Chi for
mulations, respectively. The morphological analysis indicates that the 
majority of fibers were within the nanometric scale. Higher rotational 
speeds were associated with a reduction in both the number and di
mensions of bead-like structures along fibers, indicating improved fiber 
uniformity. In addition, the present study yielded several key findings: 
(i) Nanofiber characterization using FT-IR, PXRD, and contact angle 
measurements confirmed its amorphous nature and crosslinking in
teractions, (ii) Compared to a plain membrane, the nanofiber exhibited 
superior hydrophilicity, enhancing its potential for biomedical appli
cations, (iii) The strong hydrogen bonding interactions between pul
lulan and chitosan significantly improved hydrophilicity and 
permeability, making the nanofiber a promising candidate for wound 
healing and hemostatic applications. An optimized Pull-Chi fibers 
exhibited hemocompatibility and significant hemostatic potential, 
making them promising candidates for biomedical applications. Further 
preclinical studies, including animal models, are necessary to evaluate 
their clinical translatability.
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