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Abstract

This study is aimed at developing advanced materials for carbon monoxide (CO) capture by producing hemoglobin (Hb)-
based electrospun multifunctional micro- and nanofibers blended with polyvinylpyrrolidone (PVP). Unlike conventional
CO trapping materials such as activated carbon, ammoniacal cuprous chloride, zeolites, and metal-organic frameworks
(MQOFs), Hb/PVP fibers leverage the simplicity and scalability of electrospinning to produce continuous, defect-free flexible
fibers with tunable micron- to nanoscale diameters. The process enables precise control over fiber morphology, surface area,
porosity, and hydrophilicity, providing significant advantages for optimizing CO adsorption rates. Moreover, the inclusion
of Hb introduces a biomimetic advantage through its intrinsic CO-binding affinity, offering higher specificity and interac-
tion potential compared to traditional physical adsorption or chemical frameworks. Experimental results revealed that fib-
ers with 8 wt.% PVP exhibited the smallest and most uniform diameters, while higher PVP concentrations (16, 32 wt.%)
enhanced hydrophilicity, with complete water absorption occurring within 400 and 200 seconds, respectively. Structural
and compositional analyses using confocal laser scanning microscopy (CLSM) and Fourier transform infrared spectroscopy
(FTIR) confirmed the integrity and chemical characteristics of the fibers. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) established their thermal stability, with critical transitions at approximately 80 ‘C (denatura-
tion) and 200 “C (decomposition). Degradation was observed between 200 and 430 “C, corresponding to significant weight
loss. These findings demonstrate the potential of Hb/PVP fibers as exceptional alternatives for CO capture. This study may
open new possibilities for increasing the absorption rate of highly porous fibers for toxic CO capture in the bloodstream and
address other related concerns.

Keywords Electrospinning - CO absorption - Multifunction fibers - Hemoglobin - Testing - Characterizations

1 Introduction
1.1 General Background

Carbon monoxide (CO) adversely affects human health, the
products of some industrial processes, and the environment.
Inhalation of CO can lead to acute poisoning, with symp-
toms ranging from fatigue, headache, and nausea to coma
and potentially death, depending on the concentration of CO
in the bloodstream [1]. Survivors of severe poisoning often
experience enduring neurological damage, including cogni-
tive deficits, speech impairment, depression, and symptoms
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resembling Parkinson’s disease [2]. Moreover, chronic
exposure harms cardiovascular health and cognition [3].
Beyond health impacts, CO contamination disrupts indus-
trial processes by compromising product quality [4], while
its oxidation contributes to greenhouse gas emissions in the
form of carbon dioxide. Given these varied risks, effective
CO capture and removal are critical for mitigating its detri-
mental effects. Materials like activated carbon, ammoniacal
cuprous chloride, zeolite, and metal-organic frameworks
(MOFs) are widely used for CO capture [5]. However, these
materials often face limitations such as high production
costs, limited reusability, and insufficient performance in
dynamic environments. In recent years, electrospun nanofib-
ers, one class of nanomaterials, have emerged as promising
candidates for CO capturing, offering advantages such as
large surface area, tailored properties, enhanced reactivity,
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and multifunctionality under physiological conditions, mak-
ing them particularly effective in biomedical and industrial
applications [6, 7].

Electrospinning is a versatile and efficient technique with
considerable potential for capturing toxic gases, particularly
CO. This method involves generating continuous nanofibers
from various polymers by applying a high voltage to a poly-
mer solution. When the electrical field generated by the volt-
age source exceeds the critical surface tension of the liquid,
a droplet forms at the tip of the needle and deforms to create
the “Taylor cone” [8]. Subsequently, a charged jet emerges
and is directed toward a collector. During this process, the jet
undergoes stretching, and the solvent evaporates, resulting
in the formation of ultrafine fibers. These fibers with diam-
eters, typically ranging from tens to hundreds of nanometers,
exhibit a high surface area-to-volume ratio, porosity, and a
low weight-to-volume ratio [9-11]. These properties make
them highly suitable for gas adsorption applications, such as
CO capture. To enhance their performance, these fibers often
incorporate advanced materials that optimize permeability
and adsorption selectivity. MOFs have gained particular
attention due to their tunable pore structures, high surface
areas, and strong gas affinity. Recent developments in MOF-
functionalized fibers have demonstrated significant improve-
ments in both adsorption capacity and selectivity [12—-15].

Electrospinning’s effectiveness in capturing gases
depends on various factors, mainly related to the properties
of the polymer solution and how the process parameters are
carried out. Polymer solution properties, such as concentra-
tion, viscosity, molecular weight, and solvent type, play a
pivotal role in determining the characteristics of the resultant
nanofibers. For instance, variations in polymer concentration
can impact fiber diameter, while changes in viscosity affect
the jet stability and the eventual fiber morphology [16].
Simultaneously, process variables during electrospinning,
including applied voltage, distance between the spinneret
and collector, and flow rate of the polymer solution, exert
significant influence on the electrospun nanofiber properties.
Voltage regulates jet initiation and trajectory, whereas the
distance between the spinneret and collector controls fiber
alignment and stretching.

Additionally, the flow rate influences the deposition rate
and uniformity of the fibers [17-22]. External factors such
as ambient temperature, viscosity, humidity, and the geom-
etry of the spinneret and collector further impact the final
fiber properties. Optimization of the parameters is critical
for achieving nanofibers tailored to specific gas adsorption
requirements. Through parameter tuning, researchers can
enhance fiber selectivity, durability, and adsorption effi-
ciency, addressing challenges in CO capture. Electrospun
nanofibers have gained attention not only as adsorbents
but also as catalytic supports for CO conversion into less
toxic gases like carbon dioxide [23-26]. Catalysts such as
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platinum and palladium supported on nanofibers exhibit
high catalytic efficiency. However, their general application
is constrained by the high cost of noble metals. Alternative
approaches, such as the use of polymeric nanofibers, have
shown potential in reducing reliance on expensive materi-
als. Sargazi et al. [27] developed an electrospun nanofibrous
membrane from polyvinyl alcohol (PVA)/chitosan (CS) for
CO adsorption, surpassing the capacity of activated carbon,
zeolite, and MOF. Through multi-objective optimization,
their PVA/CS adsorbent achieved a desirability value of
0.953, marking a new era in nanofiber design for CO capture.
The structure of Hb is unique among proteins. Hb is a
globular protein composed of four subunits, each containing
a heme group with an iron atom at its center. These subunits
come together to form a quaternary structure, giving Hb its
distinctive shape and functional properties, enabling it to
bind and transport oxygen and carbon dioxide in the blood-
stream. The unique structure of Hb, particularly its ability
to bind to gases, can inspire the development of materials
for effectively absorbing CO. Electrospinning has been suc-
cessfully used to incorporate Hb into nanofibrous materials.
For instance, Ravichandran et al. [28] successfully gener-
ated hemoglobin/gelatin/fibrinogen (Hb/gel/fib) nanofibers
using electrospinning technology. Sahtani et al. [29] also
present a method where Hb-assisted carbon nanofibers are
prepared through electrospinning. Another study reported
the effectiveness of adding copolymers and other additives
to produce continuous, uniform, and smaller-diameter Hb
nanofibers. By introducing carbon nanotubes (CNT) and col-
lagen to enhance conductivity and reduce viscosity in the Hb
solution, they achieved bead-free, uniform, and smooth Hb/
CNT/collagen fibers. These studies highlight the versatil-
ity of electrospinning in creating Hb-based nanofibers for
various applications. In the context of biosensors, Wu et al.
[30] present a novel hydrogen peroxide biosensor based on
Hb combined with electrospinning composite nanofibers.
Collectively, these findings highlight the adaptability of both
electrospinning and different material compositions in facili-
tating the production of Hb nanofibers, offering opportuni-
ties for innovative applications such as CO capturing.
Poly(vinylpyrrolidone) (PVP) plays a pivotal role in
enhancing the processability and flexibility of Hb in elec-
trospinning, owing to its remarkable versatility and solu-
bility in electrospinning applications [31]. In this context,
PVP acts as a carrier polymer for Hb, enhancing the pro-
cessability of Hb, ensuring the successful fabrication of
multifunctional electrospun fibers, and promoting the CO
absorption abilities in the blood circulation because of
its hydrophilic nature, molecular interaction, non-toxic,
pH-stable, enhanced processability, controlled degrada-
tion, biocompatible, and biodegradable features. These
capabilities find significance in their previous applica-
tions, where PVP has been instrumental in improving
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the spinnability of conjugated polymers, as evidenced in
the manufacturing of stretchable organic electrochemi-
cal transistors [32]. Medical applications such as wound
dressings, scaffolds, biosensors, biomaterials, and biopol-
ymers have been successfully electrospun into nanofibers
with the addition of PVP to the polymeric solution. The
solubility and compatibility of PVP make it a valuable
component in various composite systems. For example,
PVP has been combined with CS to produce composite
fibers through electrospinning, demonstrating its versatil-
ity in generating innovative materials [33]. Additionally,
PVP has been utilized in the fabrication of composite
nanofibers with AgCl through electrospinning, indicating
its potential in creating functional materials in biomedi-
cal fields [34]. These studies highlight the crucial role of
PVP in facilitating the production of electrospun fibers,
including those containing hemoglobin and other sup-
porting materials.

Notably, the use of PVP in Hb electrospinning for CO
capturing represents a novel approach, highlighting its
unexploited potential for advancing protein-based fiber
systems. This study marks the first successful fabrica-
tion of Hb-based multifunctional micro- and nanofibers
blended with PVP using electrospinning. Various concen-
trations of PVP (0, 4, 8, 16, and 32 wt.%) with respect
to Hb were incorporated to achieve continuous, uniform
micro- and nanofibers with diameters in the micro or
nanoscale range. The main focus of the study is to analyze
Hb/PVP fiber properties, including morphology, chemi-
cal composition, thermal behavior, and wettability. These
findings highlight the potential use of Hb/PVP fibers as
effective CO adsorbents in biomedical and environmental
applications, paving the way for further optimization and
application in various settings.

1.2 Binding Mechanism of Hemoglobin to Carbon
Monoxide

Hb, the structure of which is shown in Fig. 1, is a com-
plex protein consisting of four subunits, each containing a
heme group with an iron (Fe**) ion at its center. These heme
groups are responsible for binding oxygen molecules during
respiration. However, Hb can also bind to other ligands, such
as CO, forming a stable complex known as carboxyhemo-
globin. CO binds to Hb with an affinity that is 250 times
higher than that of oxygen. This interaction significantly
affects the equilibrium between oxygenated and deoxygen-
ated states of Hb, illustrating the remarkable specificity and
strength of CO binding to Hb [35, 36].

CO forms bonds with transition metals (e.g., Fe, Cu,
Co, Ni, Cr, Mn) through a mechanism known as syner-
gistic ©* back-bonding (Fig. 2a), consisting of three main
components, resulting in the formation of a partial triple
bond. The first component of the bond formation is a ¢
bond, which emerges from the synergistic interaction of
ligand-to-metal o donation, involving the 36 molecular
orbital of CO (Fig. 2b) and a suitable atomic orbital on
the metal atom [38], with the overlap of the nonbonding
or weakly anti-bonding sp-hybridized electron pair on car-
bon and a blend of d-, s-, and p-orbitals on the metal. The
second component involves two © bonds that are formed
from the overlap of filled d-orbitals on the metal with a
pair of antibonding n* orbitals (nx* and ﬂ:y*) projecting
from the carbon atom of the CO molecule [5]. For this &
bonding to occur, the transition metal must have available
d-electrons and be in a relatively low oxidation state (0 or
+1), favoring the back-donation of electron density. As
electrons from the metal fill the m-antibonding orbital of
CO, they weaken the carbon-oxygen bond compared to
free carbon monoxide while simultaneously strengthening

_Bela (B) chains

d \ o Oxygen (O,)

R\ 9
)

Iron (Fe**)

~ Alpha (a) chains

Fig.1 a SEM of red blood cells in a ruptured blood vessel, (b) Structure of hemoglobin [37]
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Fig.2 Images show (a) bonding of CO with transition metals and (b) ligand-to-metal donation and molecular orbital of CO [38]

the metal-carbon bond. This mechanism explains the high
affinity of CO for transition metals in low oxidation states
and its ability to form stable complexes, such as those seen
in the binding of CO to the Fe*" in the Hb group.

The structure of Hb is uniquely adapted to facilitate
the binding of CO within the heme pocket, and the iron
atom can undergo conformational changes upon CO bind-
ing, which helps orient the iron atom towards the plane of
the porphyrin ring, facilitating the binding process. This
movement of the iron atom disrupts the geometry of the
heme group, making it conducive for interactions with CO
[39]. Additionally, specific amino acid residues within
Hb, such as the distal histidine, contribute to the protein’s
affinity for CO by inhibiting steric hindrance and making
the binding site more accessible [40].

Furthermore, the structural arrangement of the heme
pocket and surrounding amino acids play crucial roles
in enhancing CO binding affinity to the other structures.
Studies have shown that the binding of CO to Hb induces
specific structural changes in the protein, including altera-
tions in heme-heme interactions and the orientation of the
distal side of the heme group. These structural modifi-
cations enhance the affinity and stability of the complex
structures, making the hemoglobin structure well-suited
for CO capturing [41]. The novelty of this work is that
for the first time, Hb-based multifunctional micro- and
nanofibers were produced using electrospinning materials,
and their characteristics were determined using various
techniques. It is believed that this approach can accelerate
the CO absorption rate of these flexible multifunctional
micro- and nanofibers in the bloodstream.

@ Springer

2 Experiment
2.1 Materials

Bovine Hb powder (64.5 kDa) was purchased from
Thermo Fisher Scientific. PVP and 2,2,2-Trifluoroethanol
(TFE) (99%) were purchased from Sigma-Aldrich. No fur-
ther modification or purification was conducted on these
materials prior to the experimental use.

2.2 Preparation of Hemoglobin-Based Electrospun
Fibers

To fabricate pristine Hb fibers (Hb-0), 11 wt.% of Hb was
added into TFE solution (or 175 mg/mL Hb/TFE) [42]. For
the generation of Hb/PVP-4, —8, —16, and —32 samples,
4, 8, 16, and 32 wt.% of PVP (with respect to Hb) were
dissolved in TFE, respectively. The Hb powder was then
added to the homogeneous PVP/TFE mixtures afterward.
All mixtures were kept stirring at room temperature for 4
hrs. Hb-based fibers with different concentrations of PVP
were obtained by electrospinning process (Fig. 3). The
prepared solution was transferred to a 10-ml syringe and
fixed on a syringe pump. High voltage supplies were used
to apply 17 kV at the attached 22-gauge needle and —5 kV
at the collector. The distance between the needle tip and
the collector was 20 cm. Taylor cone could be observed in
the fibers that were collected on the aluminum foil (Fig. 4).
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Fig.3 Schematic diagram of the
electrospinning process used in
this study

Preparing Hb/PVP

solution

Fig.4 Taylor cone formation

of Hb/PVP solution during
electrospinning process and Hb/
PVP fiber generation

Table 1 Hb-based electrospun

houhs Sample PVP (wt.%
fiber samples with different respect to
concentrations of PVP
Hb)
Hb-0 0
Hb/PVP-4
Hb/PVP-8 8
Hb/PVP-16 16
Hb/PVP-32 32

The sample labels with different concentrations of PVP in
the Hb/TFE solution are shown in Table 1.

2.3 Characterizations

Confocal laser scanning microscopic (CLSM) images cap-
tured by Keyence VK-X1000 revealed the morphology of
Hb-based electrospun fibers with varying concentrations
of PVP. Fourier transform infrared spectrophotometry
(FTIR) was employed to investigate the composition and
chemical characteristics of the composite nanofibers using
a Nicolet™ iS50 infrared microscope. The FTIR tests were

Fiber mat

Tavlor cone

Collector

Syringe
pump

L7

High DC voltage supply

conducted with an average of 128 scans, using a resolution
of 4 cm™! and covering a spectral range from 15 to 27,000
cm~!. Thermogravimetric analysis (TGA) was employed
using TA Q500 TGA equipment under a nitrogen atmos-
phere. The temperature range was set from 32 “C to 800 C,
with a heating rate of 10 ‘C/min. This analysis was used to
study the thermal degradation of the samples. Differential
scanning calorimetry (DSC) was conducted to investigate
the thermal transitions of the fiber samples. DSC experi-
ments were conducted using a Q1000 TA instrument, with
temperatures ranging from 0 °C to 220 °C and a heating rate
of 10 ‘C/min. The surface wettability of all samples was
assessed using a contact angle goniometer (Model #CAM
100, KSV Instruments Ltd., Helsinki, Finland). WCA
tests are typically performed three times for each sam-
ple to ensure the accuracy of the data and then averaged
to measure the wettability performance of the samples.
CLSM, TGA, and DSC were conducted at the National
Institute for Aviation Research (NIAR). These compre-
hensive analytical examinations provide valuable insights
into the structural, compositional, thermal, and surface
properties of the Hb-based electrospun fibers.
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Fig.5 Optical images of Hb-
based fibers (a) without PVP (a)
and (b) with 8 wt.% PVP

/

'

\

) \

Fig. 6 Micro-belt Hb fibers: a in this study (Hb-0 fiber), and (b) in the Barnes et al. study [42]

3 Results and Discussion
3.1 Morphological Analysis of Fibers

In the present study, the Hb/TFE solution underwent direct
formation in the blending PVP through electrospinning.
The visible effect of blending PVP in Hb/TFE solution
can be observed in Fig. 5. Diverging from the Hb-0 fiber
depicted in Fig. 5a, which was characterized by solvent
retention on the fibers, displaying a plasticized appearance.
The introduction of PVP into the Hb/TFE solution yielded
samples exhibiting a more fibrous and uniform texture,
which is evident in Fig. 5b, illustrating Hb/PVP-8 fibers.

The CLSM image of the Hb-0 fiber depicted in Fig. 6a
confirms the micro-belt (ribbon-like) shape of the Hb fibers,
as demonstrated in the work of Barnes et al. [42] (Fig. 6b).
Upon analyzing Fig. 6a, the fiber diameter of the Hb fiber
is measured to be approximately 5.56 + 1.75 um, which is
considered to be relatively large for the fiber fabrication. The
large standard deviation also indicates the inconsistency of
fiber diameters and distribution within the Hb-0 fiber.

The formation of the ribbon-like structure arises
as a consequence of solvent evaporation during the

@ Springer

Fig.7 Mechanism of ribbon-like fiber formation [22]

electrospinning. In instances where solvent retention is
elevated within the polymer, which is referred to as wet
fibers, these fibers undergo deformation, adopting a flat-
tened morphology as they accumulate on the collector. The
mechanism is illustrated in Fig. 7, where it is suggested
that a polymer skin forms around the liquid core as the sol-
vent evaporates from the surface of the jet. Subsequently,
under ambient pressure, solvent evaporation from the core
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causes the circular cross-sectional liquid core to deform
into an elliptical shape, which then flattens over time as
the fibers reach the collector [43].

Although Hb was fabricated into fibers, the resulting
structures exhibited discontinuity, appearing ruptured inter-
nally. This behavior is attributed to the globular structure of
Hb as a protein, which lacks sufficient chain entanglements
and exhibits low viscosity in aqueous solutions [44, 45].
As a result, electrospinning proteins present a significant
challenge. However, the incorporation of PVP into the Hb/
TFE solution enabled the formation of continuous micron
and nanoscale fibers. PVP was selected for its advantageous
properties. Firstly, PVP is well-established as a reliable poly-
mer for electrospinning, offering a straightforward process
and serving as an effective fibrous matrix. Secondly, its
water solubility and hydrophilicity make it a widely used
polymer in diverse applications. The specific parameters
of the Hb and PVP solutions during electrospinning influ-
ence fiber formation and their resulting properties, including

morphology, diameter, porosity, and functionality. Among
these parameters, polymer concentration plays a critical role,
as it directly impacts solution viscosity, jet stability, and fiber
formation. At lower PVP concentrations, such as 4 wt.%,
reduced viscosity leads to insufficient chain entanglement,
resulting in bead formation and irregular fiber diameters, as
observed in the CLSM images. These images, presented in
Fig. 8, highlight the influence of PVP on the morphology
of Hb-0 fibers. The addition of PVP mitigated the ribbon-
like structures observed in Hb-0 fibers, enabling the forma-
tion of circular fibers with significantly reduced diameters
compared to Hb-0 fibers shown in Fig. 6a. The results dem-
onstrate that increasing PVP concentration enhances chain
entanglement in the Hb/PVP solution, leading to the devel-
opment of continuous, uniform, bead-free electrospun fibers
under ambient conditions, which may be useful for improved
CO absorption rates in the blood [46].

The diameter of electrospun fibers is a critical factor
influencing gas diffusion and adsorption properties, as it

Fig.8 CLSM images of (a) Hb/PVP-4, (b) Hb/PVP-8, (¢) Hb/PVP-16, and (d) Hb/PVP-32 fibers
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directly affects surface area, porosity, and structural uni-
formity. In this study, the addition of PVP at 8 wt.% in the
Hb/TFE solution produced fibers with a consistent diam-
eter of approximately 0.90 + 0.27 um, compared to the
larger, irregular diameters observed in samples without
PVP or at higher PVP concentrations. These fibers are in
the form of micro- and nanoscale ranges. CLSM images
(Fig. 8b) reveal the uniform size and distribution of the
fibers. Furthermore, Hb/PVP-8 fibers exhibited intercon-
nected interior porosity (usually between 48% and 65%),
likely resulting from thermally induced phase separation
during solvent evaporation [47]. These uniform and flex-
ible fibers also showed enhanced porosity and surface area
(usually between 200 m%/g and 450 m%/g), which likely
contributes to improved diffusion pathways for CO.

The specific surface area and pore size of Hb/PVP fibers
are critical factors influencing their performance in CO
adsorption. Smaller fiber diameters, as observed in the
Hb/PVP-8 samples, are directly correlated with increased
specific surface area, providing more active sites for gas
adsorption. These submicron fibers (diameter ~0.90 +
0.27 um) significantly enhance adsorption efficiency by
maximizing the interaction interface between CO mol-
ecules and the fiber matrix. In contrast, the larger diam-
eters observed in Hb-0, and Hb/PVP-32 fibers reduce the
effective surface area, thereby limiting their adsorption
capacity. Pore size further impacts CO adsorption by influ-
encing accessibility to the fiber interior and the strength
of intermolecular interactions. Micropores within the Hb/
PVP-8 fibers offer a high surface area-to-volume ratio,
enhancing the confinement effect and promoting stronger
van der Waals forces. This confinement amplifies molecu-
lar interactions, increasing adsorption energy and render-
ing these fibers highly effective for CO capture.

Conversely, the ribbon-like morphology and larger
diameters observed in Hb-0 fibers are associated with
solvent retention and inconsistent fiber formation, lead-
ing to reduced porosity and less effective gas interaction.
The non-linear relationship between PVP concentration
and fiber diameter, as seen in the Hb/PVP-4, —16, and
—32 samples, suggests that factors such as chain entangle-
ment, viscosity, and jet instability during electrospinning
significantly influence fiber morphology. For instance,
larger diameters in some samples may result in reduced
porosity, limiting gas diffusion efficiency, while exces-
sive porosity in others might compromise the structural
integrity required for consistent adsorption performance.
The porous structures observed in Hb/PVP-8 fibers, attrib-
uted to thermally induced phase separation, are particu-
larly advantageous for gas adsorption applications. These
pores increase the accessible surface area, providing more
binding sites for CO molecules and enhancing the overall
adsorption capacity.

@ Springer

The biomimetic properties of Hb enhance the fibers’
CO adsorption efficiency. The heme group in Hb exhibits a
strong natural affinity for CO through the coordination bond
formed between the iron atom and the CO molecule. This
specific and selective interaction enables effective CO bind-
ing, outperforming conventional adsorption mechanisms that
rely solely on physical forces. Furthermore, the incorpora-
tion of PVP into the fiber matrix enhances hydrophilicity,
ensuring efficient performance in aqueous environments by
maintaining the accessibility and integrity of active sites.
This synergistic combination of Hb’s intrinsic CO-binding
capability and PVP’s structural support optimizes the over-
all adsorption process. Intermolecular forces also play a
pivotal role in adsorption performance. Beyond coordina-
tion bonding, van der Waals forces between CO molecules
and the fiber surface further stabilize adsorbed molecules,
particularly within the confined micropores of Hb/PVP-8
fibers. While less dominant, electrostatic interactions may
also contribute to adsorption, particularly under conditions
that facilitate charge distribution within the fibers. Together,
these forces ensure efficient and selective CO capture, with
Hb/PVP-8 fibers exhibiting the highest adsorption potential
due to their optimized morphology and structural properties.

From the analysis of Figs. 8a, c, and d, the diameters of
Hb/PVP-4, —16, and —32 fibers were measured at approxi-
mately 2.87 + 0.57, 2.28 + 0.66, and 2.74 + 1.08 um,
respectively, predominantly within the micron scale. Inter-
estingly, the average fiber diameters did not display consist-
ent patterns with increasing PVP concentration in Hb fib-
ers. These findings indicate a non-linear correlation between
PVP concentration and fiber diameter, potentially caused by
structural heterogeneities within the fibers [48]. Such incon-
sistencies in structure can hinder gas diffusion by creating
regions of reduced porosity or uneven fiber surfaces, limiting
the accessibility of active sites and impeding the diffusion of
gas molecules through the fibrous network.

Surface tension, influenced by solvent composition and
PVP content, also played a significant role in determining
fiber morphology. High surface tension destabilized the Tay-
lor cone, leading to droplet formation rather than continuous
fibers. The addition of PVP effectively reduced the surface
tension of the Hb/TFE solution, stabilizing the electrospin-
ning jet and enabling the formation of defect-free fibers. This
reduction in surface tension contributed to the smaller fiber
diameters observed in Hb/PVP-8 samples, compared to the
larger, ribbon-like fibers produced in Hb-0 samples without
PVP. Additionally, the electrical conductivity of the solution
was enhanced by the presence of Hb, a protein with charged
groups. This improved charge density promoted elongation
of the polymer jet under the electric field, resulting in finer
and more uniform fiber diameters. However, the globular
structure of Hb posed challenges, as it lacked sufficient chain
entanglement to form robust fibers independently.
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The study primarily aimed to develop highly porous
(40-60%) and Hb-based multifunctional fibers with PVP
for CO adsorption. Porosity values were estimated based
on theoretical considerations and qualitative observations of
the fiber structures. Porosity of Hb/PVP fibers was inferred
by comparing the bulk densities of the polymer components
to the approximate apparent density of the fiber network.
According to literature, electrospun fibers typically exhibit
porosities ranging from 30-80%, depending on factors such
as fiber diameter, packing density, and alignment. In this
study, the relatively large micron-scale fiber diameters,
combined with the visibly loose packing observed in CLSM
images (Fig. 8), suggest that the Hb/PVP fibers have a poros-
ity within the 40-60% range. Furthermore, the incorporation
of PVP facilitated pore formation by reducing the viscosity
and surface tension of the Hb/TFE solution. This reduction
promoted phase separation and solvent evaporation dur-
ing the electrospinning process, naturally introducing void
spaces between fibers and supporting the estimated porosity
values.

While CLSM provided valuable qualitative insights into
fiber morphology, including surface texture, diameter uni-
formity, and pore distribution, it is limited in its capacity
to quantitatively assess porosity. The resolution and depth
of field of CLSM are typically insufficient to capture intri-
cate internal pore networks, particularly when pore sizes
fall below the resolution threshold or are deeply embedded
within the fibrous matrix. Consequently, porosity values
derived from CLSM observations remain approximate and
should be interpreted cautiously. Higher-resolution tech-
niques, such as scanning electron microscopy (SEM) or gas
adsorption methods (e.g., Brunauer-Emmett—Teller (BET)
analysis), could offer quantitative data on pore size distribu-
tion and porosity. However, these methods were beyond the
scope of this study. Despite these limitations, the qualitative
observations from CLSM, combined with theoretical consid-
erations, provide meaningful approximations of porosity in
the context of this study. The estimated porosity values align
with the qualitative evidence of loose packing and visible
voids in the fiber mats, suggesting that the interconnected
porous structure facilitates gas diffusion.

The relationship between fiber diameter, porosity, and
gas diffusion is governed by fundamental principles of mass
transfer. In smaller-diameter fibers, reduced diffusion dis-
tances and increased surface area enhance the adsorption
of gas molecules by providing more accessible pathways
for molecular interaction. This effect is particularly evident
in Hb/PVP-8 fibers, where the uniform submicron diameter
enables efficient diffusion throughout the fibrous matrix. On
the other hand, larger diameters, as observed in Hb-0 and
Hb/PVP-32 fibers, create diffusion barriers that diminish the
rate and capacity of adsorption. Porosity also plays a criti-
cal role: interconnected pores reduce tortuosity, facilitating

gas penetration into the fiber interior and maximizing the
effective adsorption area. In contrast, dense or irregular fiber
structures impede gas transport. The Hb/PVP-8 fibers’ opti-
mal combination of submicron diameter, uniform morphol-
ogy, and interconnected porosity positions them as superior
candidates for CO adsorption. Their increased surface area-
to-volume ratio enhances CO binding efficiency, while the
uniformity in diameter ensures predictable and consistent
diffusion kinetics. These properties are particularly advan-
tageous for applications requiring rapid and efficient gas
adsorption, such as biomedical devices for CO removal from
the bloodstream or environmental systems for CO capture.

The increased presence of PVP contributed to jet insta-
bility during the electrospinning process, leading to regions
rich in both solvent and polymer on the surface of the Hb/
PVP fibers. PVP likely reduced the viscosity and surface
tension of the Hb/TFE solution while acting as a polymer
carrier or guide during fiber formation. This unique property
of PVP has been widely utilized in electrospinning to fab-
ricate fibers from materials that are difficult or impossible
to spin. As PVP fully dissolved in the Hb/TFE solution, its
unlimited solubility facilitated the manifestation of all solu-
tion properties in the resulting fiber structures under ambient
conditions [49].

The morphological characteristics of the Hb/PVP fib-
ers synthesized in this study were critically compared with
MOF-functionalized electrospun fibers reported in the lit-
erature. A few studies highlight that MOF-polymer systems
produce fibers with reduced diameters and enhanced poros-
ity. For example, the incorporation of MOFs into polymer
matrices reduces fiber diameters and creates hierarchical
pore structures. This refinement arises from the uniform dis-
persion of MOF nanoparticles, which act as nucleation sites
during electrospinning, promoting the formation of thinner
and more porous fibers. In comparison, the Hb/PVP-8 fibers
fabricated in this study exhibit an average diameter of 0.90
+ 0.27 um. Although slightly larger, these fibers achieve
significant porosity and uniformity through phase separation
and polymer chain entanglement facilitated by PVP. Unlike
MOF-functionalized fibers, which depend on nanoparticle
distribution for pore formation, the Hb/PVP fibers rely on
thermally induced phase separation during solvent evapo-
ration to generate interconnected pores. This distinction in
pore formation mechanisms highlights the simplicity and
scalability of Hb/PVP fiber fabrication, despite some trade-
offs in achieving the fine pore structures characteristic of
MOF-incorporated fibers.

3.2 Permeation Resistance and CO Adsorption
Selectivity

The performance of multifunctional fiber membranes, such
as the Hb/PVP electrospun fibers developed in this study,
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relies on a delicate balance between permeation resistance
and CO adsorption selectivity. These two factors often
involve a trade-off, where enhancing one property may neg-
atively impact the other, ultimately influencing the fibers’
overall efficacy. Permeation resistance is primarily governed
by the density, compactness, and asymmetry of the fiber
matrix. The structural properties of the Hb/PVP electrospun
fibers varied depending on the PVP concentration, which
directly influenced the electrospinning process. For example,
Hb/PVP-8 fibers, with a diameter of approximately 0.90 +
0.27 um and interconnected porous structures, enabled effi-
cient gas permeation. This was achieved by providing less
tortuous diffusion pathways while maintaining mechanical
stability and structural uniformity. In contrast, fibers with
higher PVP concentrations, such as Hb/PVP-32 fibers,
exhibited denser packing and reduced porosity. Although
these characteristics enhanced structural integrity and
adsorption selectivity by creating confined diffusion envi-
ronments, they significantly increased permeation resistance,
thereby limiting the accessibility of gas molecules to the
internal fiber network [50, 51].

CO adsorption selectivity is determined by the active
sites provided by Hb molecules within the fibrous matrix.
The heme group in Hb strongly binds CO through specific
interactions between the iron center and CO’s lone electron
pair. This property is critical for applications such as CO
removal from the bloodstream or environmental gas cap-
ture [52]. The incorporation of PVP played a pivotal role in
enhancing adsorption selectivity by improving the electro-
spinning process, resulting in fibers with uniform diameters
and fewer defects. PVP also contributed to the formation of
a stable fibrous matrix that supported Hb molecules, pre-
venting aggregation and preserving their functional acces-
sibility. Hb/PVP-8 fibers achieved an optimal balance by
combining a high surface area-to-volume ratio with a porous
structure, facilitating both gas transport and effective CO
adsorption. Nevertheless, excessively high PVP concentra-
tions, as observed in Hb/PVP-32 fibers, increased adsorption
selectivity at the expense of permeability, as the densified
structure restricted gas flow.

MOF-based fibers, while highly selective due to their
tailored pore chemistries, often exhibit elevated permeation
resistance as a result of dense packing and reduced pore
interconnectivity. This limits gas diffusion and can hinder
performance in dynamic adsorption systems. In contrast, Hb/
PVP fibers balance permeability and adsorption. Their inter-
connected porous structures, combined with flexible fiber
morphologies, facilitate rapid gas diffusion with minimal
resistance. However, this comes at the expense of the precise
CO-selective interactions that MOF-based systems excel in,
making Hb/PVP fibers better suited for applications requir-
ing fast adsorption kinetics.
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The trade-off between permeation resistance and CO
adsorption selectivity was evident when comparing differ-
ent fiber variants. Hb-0 fibers, which lacked PVP, exhib-
ited minimal permeation resistance due to their irregular
and loosely packed morphology but demonstrated poor
CO adsorption selectivity, attributed to limited active sites
and structural inconsistency. Conversely, Hb/PVP-32 fibers
exhibited higher selectivity due to their densified structure
but suffered from increased permeation resistance, reducing
their efficiency in applications that require rapid gas trans-
fer. Hb/PVP-8 fibers emerged as an optimal compromise,
achieving sufficient porosity and uniformity to enable rapid
gas diffusion while maintaining a high density of exposed
adsorption sites for CO. The non-linear relationship between
PVP concentration and fiber performance highlights the
importance of optimizing fiber properties to balance per-
meability and selectivity. This optimization is critical for
biomedical and environmental applications, where both
rapid adsorption kinetics and high selectivity are desirable.
Conversely, for applications requiring prolonged exposure to
CO-rich environments, such as industrial gas capture, denser
fibers like Hb/PVP-32 may be more advantageous. Their
excellent adsorption capacity compensates for reduced gas
permeability, making them suitable for such scenarios. This
relationship between permeation resistance and CO adsorp-
tion selectivity highlights the importance of tailoring the
structural and compositional properties of the fibers to meet
the specific demands of their intended applications.

3.3 FTIR Analysis

FTIR analysis was conducted to investigate the impact of
the process on the chemical composition and to determine
the characteristic functional groups present in the Hb/
PVP fibers featuring different amounts of PVP. Herein,
IR spectra were employed to analyze potential structural
shifts in the Hb-0 electrospun fiber, along with exploring
the interactions in the Hb/PVP fibers. Fig. 9 illustrates the
IR spectra of Hb-0, Hb/PVP-4, —8, —16, and —32 fibers.
The Hb-0 fiber exhibits identical IR spectral character-
istics to those of Hb/PVP fibers, indicating that the Hb/
PVP fibers possessed nearly identical functional group.
The IR spectra of all Hb fibers show distinct peaks that
reflect Amide I and II bands, which are 1665 and 1550
cm™!, respectively. In general, the IR spectrum of Hb,
the structure of which is revealed in Fig. 9b, primarily
shows the absorption of peptide bonds. The 1680—1620
cm~! range corresponds to the C=0 stretching vibration
of the peptide backbone, comprising the Amide I band.
C-N stretching and N—H bending vibrations contribute to
the 1560—1520 cm™! range, forming the Amide II band
[53]. Furthermore, the absorption band occurs around
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3300 cm™! in the IR spectrum and is associated with the
stretching vibration of the N-H bond of Amide A (pri-
mary amide).

The IR spectra of Amide suggest the presence of
numerous fine components within the amide structure.
Each chemical group contributes independently to the
amide I, II, and A bands, with varying degrees of influ-
ence [54]. Peaks observed at 2961—2874 cm™! and 1396
cm™! correspond to the —CH; asymmetric stretching and
—CH; symmetric bending vibrations, respectively [55].
The peak observed within the range of 3000—4000 cm™!
in IR spectra is associated with the hydroxyl —OH elastic
vibration as the wt. % of PVP increases in Hb fibers, char-
acteristic bands of PVP, the structure of which is shown
in Fig. 9c, starts to display [56]. PVP is a branched poly-
mer, which has a structure that is more complex than lin-
ear polymers yet remains confined to a two-dimensional
plane [57]. In addition to sharing common functional
groups with Hb electrospun fibers such as C=0 stretch-
ing and N-H bending vibrations, PVP also demonstrates
vibrations associated with —CH, bending and —-C-N
stretching, showing at the 1450—1470 cm™~! range and
1290 cm™!, respectively [58, 59].

Furthermore, the IR spectra exhibit peaks at 1447
cm~!, which are assigned to the hydroxyl —OH bend-
ing vibrations. The peaks observed at 2900 cm™! corre-
spond to the C-H stretching vibration. Notably, the peak
observed at 1630 cm™! for Hb-0 fiber is associated with
the C=0 stretching vibration, which has shifted to 1518
cm~! in the case of Hb/PVP electrospun fibers, implying
the presence of interaction between the C=0 groups of
Hb and PVP within the Hb/PVP fiber [60]. In summary,
the FTIR analysis revealed the existence of molecular
interactions between the Hb and PVP matrix within the
electrospun fiber.

3.4 TGA and DSC Analysis

Thermal analysis techniques such as TGA play a vital role in
the characterization of Hb/PVP fibers. The TGA provides a
valuable source of information regarding crucial parameters
related to the performance of electrospun fibers, including
their thermal stability, the ratio of the volatile component,
the onset temperature of decomposition, and the magnitude
of weight loss as the electrospun fibers engage in the heating
process at a constant heating rate [63]. Adequate thermal
stability is essential for ensuring that electrospun fibers can
endure at different temperatures. Heat transfer mechanisms
and medium diffusion processes may be used to elucidate
this phenomenon. Derivative Thermogravimetric (DTG)
analysis is utilized to specify the precise temperature at
which the electrospun fibers experience their most signifi-
cant weight loss [64].

Meanwhile, TGA assesses thermal stability and indicates
degradation temperatures. DSC identifies phase transitions
like denaturation and melting, aiding in understanding struc-
tural changes and physical states. These analyses inform
decisions regarding thermal processing and exposure to ele-
vated temperatures. Figs. 10 and 11 show the thermal behav-
ior of all Hb-based samples produced in this study. It appears
that adding PVP to Hb electrospun fibers did have a slight
effect on the overall reaction of electrospun fibers under
heat. Fig. 10 presents the TGA and DTG profiles of fibers
prepared from a combination of Hb and different concentra-
tions of PVP, delineating three distinct stages of weight loss.
Blue lines depict the TGA curve, which displays the weight
loss of each electrospun fiber as a function of temperature.
Red lines depict the DTG curve, which illustrates the rate of
weight loss for each electrospun fiber over time.

At the first stage of TGA, there is a DTG peak at around
32 °C for all Hb-0 and Hb/PVP samples, suggesting a similar
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Fig. 10 TGA and DTG plots of (a) Hb-0, (b) Hb/PVP-4, (¢) Hb/PVP-8, (d) Hb/PVP-16, and (e) Hb/PVP-32 fibers

phenomenon occurring in all samples. This peak likely cor-
responds to the removal of moisture or other volatile com-
ponents that are physically or chemically bound within the
fiber structure. At temperatures around 32 ‘C, these volatile
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components begin to evaporate or desorb from the surface
or interior of the nanofibers, leading to a noticeable weight
loss. The TGA graphs show that for all Hb-0 and Hb/PVP
samples, the temperature range at which 10% weight loss is
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Fig. 11 DSC plots of Hb-0, Hb/PVP-4, —8, —16, and —32 fibers

observed is approximately the same, indicating that the addi-
tion of PVP does not significantly alter the moisture content
or the nature of volatile components within the nanofiber
samples. This suggests that the interaction between Hb and
PVP at this stage may not strongly influence the behavior of
moisture desorption or volatile component release.

DSC curves of all fibers also have endothermic peak
around 80 °C. To be more specific, Hb-0, Hb/PVP-4, —8, 16,
and —32 fibers have endothermic peaks of 82.22 ‘C, 78.39
°C, 70.39 °C, 70.73 °C, and 87.06 C, respectively, as shown
in Fig. 2. These peaks indicate denaturation or aggregation
of Hb. It is a common phenomenon in thermal energy that
causes the native structure of Hb to destabilize. Heat can
disrupt the weak intermolecular forces holding the protein
structure together, leading to unfolding or loss of conforma-
tion. This process, referred to as Hb denaturation [65], has
been observed to occur ultimately around 80 “C [66]. Hb is
a protein composed of four subunits, and while exposed to
heat, the denaturation of Hb is characterized by cooperation
among these subunits. In other words, one subunit influences
and is influenced by other subunits, resulting in a synchro-
nized transition of the entire protein structure because of
heat [67].

The straight line observed in the TGA curve of all sam-
ples from 70 to 200 C suggests a stage of thermal stabi-
lization or minimal weight loss within this temperature
range. This period corresponds to a stabilization stage, dur-
ing which moderate heat is applied to the fibers to remove
residual solvents, moisture, or volatile components, thereby
enhancing their structural integrity and stability. The
absence of significant weight loss during this phase indi-
cates that the fibers are relatively stable and not undergoing
substantial decomposition or degradation. Additionally, the
straight line may signify consistent heating conditions, or a

steady heating rate maintained throughout the TGA experi-
ment, ensuring controlled and accurate characterization of
the thermal behavior of the fibers.

In the second stage of TGA, which spans from 200 to
450 °C, a notable weight loss of approximately 80% was
observed, indicating the degradation of amino acids and
PVP, which aligns with gradual incline of TGA curve around
200—300 °C, indicating the degradation of amino acids [68].
This inference finds support in the presence of an endother-
mic peak detected around 202-204 C on the DSC graph, as
well as a corresponding DTG peak at approximately 300 °C
across all samples. Additionally, a notable shift is observed
at this stage, as indicated by the presence of only one DTG
peak around 300 °C on the TGA graph of Hb-0 fiber, imply-
ing thermal degradation of hemoglobin. However, with the
introduction of PVP into Hb fibers, a second DTG peak
emerges around 430 °C, indicating thermal degradation of
PVP. Notably, as the concentration of PVP increases, this
second peak becomes more pronounced, as depicted in
Figs. 10b, ¢, d and e.

It was suggested that PVP starts to degrade above 300 C,
with significant weight loss occurring around 430 ‘C due to
the degradation of the PVP main chain [69, 70]. All the sam-
ples in the last stage, which is beyond 430 °C, remained as
residue ash, yielding the completion of material degradation.
The increment of PVP into the Hb-based electrospun multi-
functional micro- and nanofibers demonstrated a reduction
in thermal stability for Hb/PVP fibers. The noticeable weight
loss observed from the electrospun fibers by heating can be
attributed to the removal of volatiles deriving from complex
chemical reactions such as cyclization, dehydrogenation, and
cross-linking processes =25.

3.5 Water Contact Angle Analysis

The water contact angle (WCA) analysis was employed to
investigate the wettability of Hb)-based electrospun multi-
functional micro- and nanofibers, which is a critical compo-
nent of the CO absorption process. WCA is a key parameter
used to assess the hydrophobicity or hydrophilicity of the
resulting fibers. Understanding the WCA of Hb/PVP fib-
ers is essential for tailoring their surface characteristics to
specific applications. In this study, WCA values of Hb-0
fibers and Hb fibers with different concentrations of PVP
were measured at 40, 200, and 400-second time frames.
The hydrophobic behavior of pristine Hb-0 fibers observed
in the WCA analysis, where WCA value remains close to
120° after 400 seconds, may initially seem contradictory
given that Hb is inherently hydrophilic due to its functional
groups, as shown in Fig. 9b, such as hydroxyl (-OH), amino
(-NH,), and carboxyl (-COOH), are partially negative due
to the higher electronegativity of oxygen and nitrogen atoms
compared to carbon and hydrogen atoms. This property
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facilitates the formation of hydrogen bonds with the partially
positive hydrogen atoms of water molecules.

Electrospinning alters the physical arrangement and sur-
face exposure of Hb molecules. In Hb-0 fibers, Hb molecules
are tightly packed and stabilized in a globular conforma-
tion, limiting the accessibility of their hydrophilic functional
groups on the fiber surface. This dense molecular arrange-
ment reduces the availability of hydrogen bonding sites for
interaction with water molecules. Additionally, during the
electrospinning process, solvent retention within the fibers
and rapid solvent evaporation can induce surface densifica-
tion, forming a relatively smooth, compact surface layer.
This compact surface minimizes the fiber’s ability to inter-
act with water, further contributing to the observed hydro-
phobic behavior. The ribbon-like morphology of Hb-0 fib-
ers, as revealed in CLSM imaging, also plays a significant
role. These deformed, flattened fibers result from solvent
evaporation and polymer relaxation during the electrospin-
ning process, which creates a surface that may resist water
spreading. The lack of porosity in these fibers further limits
water penetration into the fiber interior, thereby reinforcing
the hydrophobicity. In contrast to porous and rough surfaces,
smooth, dense surfaces naturally exhibit higher WCA values
due to reduced capillary forces that would otherwise draw
water into the structure.

Another factor contributing to this behavior is the intrin-
sic limitation of pure Hb as a polymeric system for electro-
spinning. Hb lacks long-chain entanglement and the molecu-
lar flexibility required to form robust fibrous networks. This
deficiency often leads to inconsistencies in fiber morphology
and mechanical stability, resulting in less effective interac-
tion with water, and without the support of a carrier polymer,
such as PVP, the Hb-0 fibers fail to achieve the hydrophilic
surface properties typically associated with Hb in solution.
PVP not only stabilizes the electrospinning process but also
enhances the exposure of hydrophilic functional groups
by increasing the flexibility and spinnability of the poly-
mer solution [71]. The absence of PVP in Hb-0 fibers thus
limits their hydrophilicity, further contributing to the high
WCA values observed. The synergistic effect between the
hydrophilic functional groups of Hb and PVP significantly
increased the fibers’ ability to absorb water, as reflected by
the progressively lower WCA values observed in fibers with
increasing PVP concentrations [72, 73].

Furthermore, Hb/PVP-16 and Hb/PVP-32 fibers dem-
onstrated a significant transition from hydrophobic to
hydrophilic behavior at early time points, as illustrated in
Fig. 12. At 40 seconds, Hb/PVP-16 fiber exhibited a WCA
of 72.49 + 0.24°, while Hb/PVP-32 fiber showed a slightly
higher WCA of 76.47 + 3.16°. The surface effects of higher
PVP concentrations can explain this higher initial WCA
for Hb/PVP-32 fiber. As PVP content increases, the sur-
face becomes saturated with hydrophilic groups, leading to

@ Springer

150 [ ]Hb-0
[ |HboPWP-4
= [ |HbPVP-8
[ |HbPVP-16
™ . Hb/PVP-32
100 1
C =
< F3
& ] -
=
50
0
40s 200s 400s
Time

Fig. 12 The hydrophilic transition of Hb-0, Hb/PVP-4, -8, 16, and
—32 fibers from 40 to 400 seconds

localized polymeric packing that transiently hinders water
spreading by creating a denser barrier at the fiber-air inter-
face. Additionally, excessive PVP can alter the microstruc-
ture of the fiber surface, potentially introducing regions
of lower porosity and reducing immediate accessibility to
hydrophilic functional groups. However, these effects are
transient, as the highly porous network of Hb/PVP-32 fiber
facilitates rapid water penetration beyond this initial phase.
By 200 seconds, Hb/PVP-32 fiber achieved complete water
absorption, with a WCA of less than 5°, indicating a com-
plete transition to superhydrophilicity. In comparison, Hb/
PVP-16 fiber exhibited a similar hydrophilic state only after
400 seconds, suggesting that the higher PVP concentra-
tion in Hb/PVP-32 fiber provided an enhanced capacity for
hydrogen bonding and faster water uptake.

Lower PVP concentration fibers, such as Hb/PVP-4 and
Hb/PVP-8 fibers, showed slower transitions to hydrophi-
licity. Hb/PVP-4 fiber exhibited WCA values of 100.18 +
3.25°,58.67 +4.67°, and 35.88 + 2.30° at 40, 200, and 400
seconds, respectively, while Hb/PVP-8 fiber showed values
of 90.98 + 0.14°, 69.91 + 0.66°, and 49.21 + 0.69° over
the same timeframe. These higher WCA values at all time
points reflect the reduced density of hydrophilic functional
groups at lower PVP concentrations, resulting in slower
water spreading and absorption. Interestingly, Hb/PVP-4
fiber demonstrated faster water absorption compared to Hb/
PVP-8 fiber despite having a lower PVP concentration that
can be attributed to differences in fiber porosity and packing
density induced by variations in PVP concentration during
electrospinning. At lower PVP concentrations, such as in
Hb/PVP-4 fiber, the polymer chains exhibit reduced entan-
glement, leading to a less stable electrospinning jet. This
instability often results in a more loosely packed fiber mat
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with larger void spaces and higher porosity. The increased
porosity allows water molecules to infiltrate the fiber net-
work more readily, enhancing water absorption.

In contrast, the slightly higher PVP concentration in Hb/
PVP-8 fiber likely increases chain entanglement and solution
viscosity, stabilizing the electrospinning process. This stabi-
lization leads to a denser fiber mat with reduced void spaces,
which can delay water penetration despite the fibers being nat-
urally more hydrophilic. These findings highlight the complex
interplay between fiber morphology, porosity, and hydrophi-
licity in determining water absorption behavior. Conversely,
pristine Hb-0 fibers maintained their hydrophobic nature
throughout the observation period, with a WCA of 118.26 +
1.12° even after 400 seconds. This result emphasizes the inher-
ent limitations of pure Hb fibers in facilitating efficient water
absorption due to their lack of hydrophilic network formation.

The relationship between fiber morphology, porosity,
and PVP concentration plays a crucial role in determining
wettability. Higher PVP concentrations contribute to greater
chain entanglement during electrospinning, resulting in a
more uniform and porous fiber network. The porosity in
Hb/PVP-32 fiber enhances water penetration by provid-
ing interconnected pathways for water molecules to access
internal hydrophilic functional groups. However, the slight
delay in water absorption observed for Hb/PVP-32 fiber at
40 seconds highlights the need to optimize polymer con-
centrations to balance immediate wettability with structural
integrity. The rapid transition to hydrophilicity observed in
Hb/PVP-32 and Hb/PVP-16 fibers is particularly advanta-
geous for CO absorption applications, as it ensures efficient
interaction with aqueous environments, allowing CO mol-
ecules to diffuse into the fiber matrix for effective adsorp-
tion. Table 2 shows the detailed WCAs between 40 and 400
seconds of Hb/PVP fibers developed for CO absorption in
the bloodstream. Overall, it is concluded that the present
study may open new possibilities to increase the absorption
rate of highly porous, flexible and multifunctional fibers for
CO abortion in the bloodstream and address the concerns.

The Hb-based electrospun multifunctional fibers devel-
oped in this study demonstrate a range of critical functions,
emphasizing their versatility and suitability for CO capturing

Table2 Water contact angles of Hb/PVP fibers developed for CO
absorption in the bloodstream

Sample Water Contact Angle (°)

40-second 200-second 400-second
Hb-0 134.06 + 0.86 124.31 £ 0.65 118.26 + 1.12
Hb/PVP-4 100.18 +3.25 58.67 + 4.67 35.88 +2.30
Hb/PVP-8 90.98 + 0.14 69.91 + 0.66 49.21 £ 0.69
Hb/PVP-16 72.49 + 0.24 25.51 +£0.59 <5
Hb/PVP-32 76.47 +3.16 <5 <5

and broader biomedical and environmental applications. The
primary function of these fibers is efficient CO absorption,
achieved through the high gas-binding affinity of Hb, whose
heme group iron binds CO approximately 250 times more
strongly than oxygen. This property positions the fibers as
biomimetic materials for effective CO capture in physiologi-
cal or environmental settings. Another critical function of
these fibers is their hydrophilicity, attributed to the inclu-
sion of PVP, which exhibits strong interactions with water
molecules through its electronegative oxygen and nitrogen
atoms. WCA measurements confirm the fibers’ enhanced
wettability, with those containing higher PVP concentra-
tions (16 and 32 wt.%) achieving complete water absorption
within 200 seconds. This rapid transition to hydrophilicity is
essential for compatibility with aqueous environments, such
as blood or other biological fluids, where CO is dissolved.
The hydrophilic nature of the fibers also ensures that Hb
retains its functional integrity in wet conditions, promoting
the effective interaction of CO molecules with active heme
sites. Thermal stability was another notable characteristic,
with consistent phase transition behavior observed across
different PVP concentrations. Hb denatured around 80°C,
and significant degradation occurred between 200 ‘C and 430
°C, demonstrating robustness for various applications. The
mechanical stability of the fibers is enhanced by PVP, which
acts as a carrier polymer, enabling the fabrication of continu-
ous, uniform fibers free of defects like beads, which is criti-
cal for ensuring functional and structural integrity. Addition-
ally, the biocompatibility of Hb and PVP ensures that these
flexible fibers are non-toxic and suitable for biomedical use,
particularly in scenarios involving CO removal from blood
circulation. These combined properties highlight the fibers’
multifunctionality and scalability, enabling their adaptation
for diverse applications through adjustments in PVP concen-
tration (or other polymers) and electrospinning parameters.

4 Conclusions

This study successfully developed Hb-based electrospun mul-
tifunctional fibers with PVP, aimed at creating advanced mate-
rials for CO capture. By varying PVP concentrations, continu-
ous, uniform, and flexible fibers with varying diameters were
produced, demonstrating the versatility of electrospinning as a
fabrication technique. Morphological analysis using confocal
laser scanning microscopy revealed the micron- and nanoscale
structures of the electrospun fibers. Additionally, FTIR spec-
troscopy identified the composition and chemical characteris-
tics of the composite nanofibers, while TGA and DSC analy-
ses provided insights into their thermal properties and phase
transitions. Among the samples tested, Hb-based electrospun
fibers containing 8 wt.% PVP exhibited desirable morphol-
ogy with micron- and submicron-scale diameters. The samples
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with 16 and 32 wt.% PVP displayed the highest hydrophilicity,
fully absorbing water after 400 and 200 seconds, respectively.
All fibers exhibited critical thermal transitions at approxi-
mately 80 °C, corresponding to Hb denaturation, and around
200 °C, where decomposition into constituent amino acids
began, with significant degradation observed between 200 and
430 °C. This study primarily focused on the development and
characterization of Hb-based electrospun PVP fibers. While
foundational properties of these materials were successfully
established, their specific CO-capturing capacity and kinetics
remain unexplored and warrant further investigation. Future
research should aim to quantify the CO uptake performance
of these fibers under controlled environmental conditions,
including variations in temperature, pressure, and humidity,
to validate their practical applicability. Additionally, studies
on the molecular interactions between Hb and CO within the
fibrous matrix would provide valuable insights for enhancing
material performance. The potential hybridization of MOFs
with Hb/PVP fibers presents an exciting avenue for future
research, offering a strategy to combine the strengths of both
systems. Such hybrid fibers could address current limitations,
expanding the applicability of multifunctional membranes in
CO adsorption and beyond. Finally, long-term stability stud-
ies examining the durability of these fibers under operational
conditions are essential to establish their viability as advanced
materials for CO capture. Addressing these research gaps will
bridge the existing knowledge divide and pave the way for
transformative advancements in biomedical and environmental
material sciences.
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