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Abstract: Chitosan coatings could effectively increase the biostability and biocompatibility of bioma-
terials while maintaining their structural integrity. In this study, electrospun fibrous polyhydroxybu-
tyrate (PHB) membranes were pre-treated with potassium hydroxide (KOH) or hydrogen peroxide
(H2O2) and then modified with dopamine (DA) and glutaraldehyde (GA) to improve their adhesion
with chitosan (CS). Scanning electron microscopy (SEM), water contact angles (WCA), and Fourier
transform infrared spectroscopy (FTIR) were used to demonstrate the successful generation of DA
and GA-modified PHB fibers. KOH pre-treated PHB membranes exhibited superior binding effi-
ciency with CS at low concentrations compared to their H2O2 pre-treated counterparts. The thermal
analysis demonstrated a considerable decrease in the degradation temperature and crystallinity of
KOH pre-treated membranes, with temperatures dropping from 309 ◦C to 265.5 ◦C and crystallinity
reducing from 100% to 25.59% as CS concentration increased from 0 to 2 w/v%. In comparison, H2O2

pre-treated membranes experienced a mild reduction in degradation temperature, from 309 ◦C to
284.4 ◦C, and a large decrease in crystallinity from 100% to 43%. UV-vis analysis using Cibacron
Brilliant Red 3B-A dye (CBR) indicated similar binding efficiencies at low CS concentrations for both
pre-treatments, but decreased stability at higher concentrations for KOH pre-treated membranes.
Mechanical testing revealed a considerable increase in Young’s modulus (2 to 14%), toughness
(31 to 60%), and ultimate tensile stress (UTS) (14 to 63%) for KOH-treated membranes compared with
H2O2 pre-treated membranes as CS concentration increased from 0 to 2 w/v%.

Keywords: polyhydroxybutyrate–chitosan composite nanofibers; alkaline surface modification;
electrospinning; CBR analysis

1. Introduction

Poly(3-hydroxybutyrate) (PHB) is a biodegradable polymer that can be extracted from
microbial intracellular contents and degraded under ambient conditions [1]. PHB, com-
pared to other natural polymers like chitosan, collagen, and elastin, has better biodegrad-
ability, biocompatibility, nontoxicity, structural stability, and mechanical properties that can
be used to support hard tissue for long-term regeneration, e.g., bone and nerve regenera-
tion [2,3]. Recently, with the developments of advanced fabrication techniques, PHB has
been used for soft tissue applications, such as cartilage [4], nerve [5], skin [6], and blood ves-
sels [7]. However, PHB is often limited by its hydrophobicity due to the methyl functional
group (CH3) and an ester linkage group (−COOR) presented along its side chain. This
hydrophobicity has constrained cells or bioactive molecules’ binding affinity, which has
limited its potential in tissue engineering applications [5]. Hence, surface functionalization
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of PHB is an essential process to alter its chemical characteristics and increase its surface
activity and bioactivity.

Different surface functionalization methods have been widely reported to overcome
these drawbacks of electrospun PHB fibers. In general, these methods can be classified into
chemical and physical approaches. In chemical approaches, monomer grafting techniques
could highly alter electrospun PHB fibers to be hydrophilic and cytocompatible. For ex-
ample, polydopamine (PDA), due to the coexistence of the catechol and amine groups of
dopamine, could improve its adhesion to various materials, allowing secondary reactions
with biomolecules and thiolated groups [8]. However, chemical surface treatment is costly
and time-consuming. Moreover, polydopamine or ammonolysis by ethylenediamine may
affect the physical properties of the electrospun fiber. The former requires alkali pre-treatment
by dipping the substrates in alkaline dopamine solutions (e.g., pH 8.5) and causes a reduction
of crystallinity [9], and the latter causes erosion after a long treatment time. In physical surface
modification, plasma treatment is largely a non-specific method that is used in different poly-
mer systems to improve surface properties [8]. The plasma treatments, such as oxygen, air,
argon, and nitrogen, introduce higher-oxidation-state carbon species with hydroxy, ether, and
carbonyl groups [8–10]. However, these surface functionalization techniques often suffer from
a lack of coating or treatment homogeneity and have limited penetration depth through the
fibrous membrane. Blends, emulsions, and composites offer versatile approaches to material
fabrication, allowing precise thickness control and eliminating the need for solvents. For
instance, core-shell electrospun fiber structures can be employed as drug delivery systems to
significantly mitigate the initial burst of drug release, resulting in a more controlled release
profile [10]. Moreover, by optimizing the composition and structure of composites, it is
possible to counterbalance individual drawbacks in various properties. Examples include
enhancing mechanical properties such as tensile strength and flexibility, improving thermal
properties like thermal stability and heat resistance, increasing chemical stability against
degradation, and ensuring compatibility between different material components for better
interfacial bonding [11]. Thus, a well-designed composite material can exhibit improved
overall performance in diverse applications.

Chitosan (CS) is a natural polysaccharide produced through the deacetylation of chitin
that originates from the external skeleton of different insects and crustaceans. Chitosan has
recently been used as a type of biomaterial for tissue engineering because of its good biocom-
patibility, biodegradability, anti-bacterial properties, and low cost. Due to its cation present in
the solution, it could naturally attract anion proteins or growth factors such as nerve growth
factors [12]. According to our previous research, blending chitosan with PHB will alter its
hydrophobicity to hydrophilicity, becoming more anti-bacterial, biodegradable, and biocom-
patible with cells and tissues [9,13]. Furthermore, chitosan in the blended material provides
many primary amino groups for further modifications such as biomolecule conjugation and
thus diversifies the possible applications of this blended material. However, blended PHB
and CS will cause phase separation with improper compositions [9] and limit its applications.
Additionally, our previous reports have indicated that blending CS with PHB will decrease its
thermal and structural stability in both acidic and alkaline PBS solutions [9].

Electrospinning and electrospun membranes have been extensively used to fabri-
cate polymeric nanofibers, which highly monitor extracellular matrix (ECM)-mimicking
structures [2,4,8,9]. Electrospun materials have several advantages, including extremely
large specific surface areas, wide size ranges from the nanometer to micrometer, high
porosity, and superior mechanical properties. Synthetic polymers such as polycaprolactone
(PCL) [14], poly(lactic-co-glycolic acid) (PLGA) [15], and poly(3-hydroxybutyrate) (PHB)
have been electrospun into nanofibers for biomedical applications including peripheral
nerve scaffolds. However, the degradation patterns of common bio polyesters, such as
PLA, PGA, PCL, and their copolymers, will increase the pH values of body fluid around
injured sites and elevate its oxidative stress, which could cause secondary injuries [16]. PHB
materials, on the other hand, are good candidates for use in tissue regeneration because
they do not produce obvious acidic byproducts.
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Although several studies on dopamine surface-treated PHB/chitosan electrospun
fiber (PHB-DA-CS) films have been investigated extensively in the literature, few stud-
ies have mentioned the influences of CS binding efficiency on PHB electrospun fibers
following KOH and H2O2 pre-treatment. Examining potassium hydroxide (KOH) and
sodium hydroxide reveals KOH’s slight molecular advantage, allowing it to cut through
oil molecules more rapidly [14,17–20]. Additionally, the robust alkaline nature of KOH
facilitates vigorous surface oxidization, even at low concentrations [17]. This is particularly
advantageous for preventing the alkaline degradation of PHB electrospun fibers, highlight-
ing the importance of understanding and leveraging KOH’s unique properties. Previous
studies have shown that the persistence of the H2O2 used as a surface oxidant on PCL
polymers gradually decreases after 2–3 weeks [8,21–23]. Additionally, there is a lack of
studies about the physical, chemical, and mechanical characterization of the PHB-DA-CS
nanofibrous membranes with different concentrations of CS. Therefore, the aim of this
proposed research is the study of the variations in physical and chemical properties of PHB
polymers with different H2O2 and KOH surface oxidants and their CS binding efficiencies.

2. Materials and Methods
2.1. Materials

Polyhydroxybutyrate (PHB, Mw ≈ 660,000 g/mol) was purchased from Merck (London,
UK) and Chitosan (CS, medium Mw) was purchased from Sigma-Aldrich in St. Louis, MO, USA.
A 50 v/v% H2O2 solution was purchased from Sigma-Aldrich, St. Louis, MO, USA, KOH > 99%
was purchased from Sigma-Aldrich, Dopamine-HCl was purchased from Merck, Tris-HCl was
purchased from Sigma-Aldrich, St. Louis, MO, USA, glutaraldehyde solution (GA, 50 wt. %
in H2O) was purchased from Merck, acetic acid (>99% grade) was purchased from Merck,
chloroform (>99.8% grade) was purchased from Sigma-Aldrich, and N,N-Dimethylformamide
(DMF) (anhydrous, >99.8% grade) was purchased from Sigma-Aldrich.

2.2. Preparing PHB and CS Solutions

The concentration of PHB/CS solutions with different surface treatment was shown
in Table 1. PHB solution was prepared by adding 1.5 g of PHB pellets to 10 mL of chlo-
roform/DMF (9:1 v/v) to form a 15 w/v% polymer solution and stirring under reflux at
100 ◦C for 3 h until a homogenous solution formed. A 2 w/v% CS solution was prepared by
adding 0.2 g of CS powder into an acetic acid/water mixing solution (1:9 v/v) and stirring
at room temperature for 24 h until homogenous. Furthermore, 0.2, 0.5, 0.8, 1, and 1.5 w/v%
CS solutions were prepared through serial dilution of 2 w/v% CS solution. All the solutions
were stored at room temperature and sealed with Parafilm until further use.

Table 1. Surface treatment and concentration of CS in PHB samples.

Sample Name Concentration of PHB (w/v%) Concentration of CS (w/v%) Reagent for Surface Treatment

PHB-H-0-CS 15 0

H2O2

PHB-H-0.2-CS 15 0.2
PHB-H-0.5-CS 15 0.5
PHB-H-0.8-CS 15 0.8
PHB-H-1-CS 15 1

PHB-H-1.5-CS 15 1.5
PHB-H-2-CS 15 2

PHB-K-0-CS 15 0

KOH

PHB-K-0.2-CS 15 0.2
PHB-K-0.5-CS 15 0.5
PHB-K-0.8-CS 15 0.8
PHB-K-1-CS 15 1

PHB-K-1.5-CS 15 1.5
PHB-K-2-CS 15 2
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2.3. Fabrication of PHB Electrospun Fibers

Randomly oriented microfibers were fabricated via single-jet electrospinning. 15 wt%
PHB solutions were placed in a 5 mL thermos syringe with an 18-gauge needle. Based on
the operation diagrams of the PHB/CF/DMF solution system, the process parameters were
set as follows: a flow rate of 2 mL/h and an electric field strength of 0.5 kV/cm, which was
the ratio between the applied voltages (AV) and working distance (WD). The electrospun
PHB membranes were collected in foil at room temperature with 25% relative humidity
and washed with ethanol/deionized water after fabrication 3 times; this helped remove
extra CF and DMF present in the samples.

2.4. Surface Functionalization of Electrospun Fibrous PHB Membranes with DA and GA

As shown in Figure 1, 2 cm × 2 cm × 0.01 cm sections of the PHB electrospun
membranes were further cut and treated in 0.5 M KOH (pH = 12.5) and 50 v/v% H2O2
(pH = 5.5) solutions for 1 h at room temperature, followed by washing with deionized
water three times. Following that, the PHB fiber membranes were submerged in a 3 mg mL1
dopamine/0.1 M Tris buffer solution at pH 8.5 and 60 ◦C for 24 h in the dark. Following
the completion of the anchoring reaction, the PHB–dopamine (PHB-DA) membranes were
washed several times with deionized water. Furthermore, the membranes were submerged
in a 3% glutaraldehyde (GA) aqueous solution for 6 h, forming PHB-DA-GA membranes.
In this system, glutaraldehyde served as a coupling agent by providing reactive aldehyde
groups for covalent interactions between dopamine and chitosan. The unattached GA
was washed away using deionized water. Then, we added CS to the dish containing the
PHB-DA-GA membranes. The CS was added in concentrations of 0.2, 0.5, 0.8, 1, 1.5, and
2 weight/volume percent, and we used 2 mL of it each time. The dish was then set aside
for 24 h at room temperature, allowing the membranes to be coated by the CS. During this
stage, imine bonds were generated between the aldehyde groups on the membrane surface
and the main amino groups at the C-2 locations of the chitosan, and the GA-treated PHB-DA
membrane substrates were submerged in the chitosan solution for 24 h. Before conducting
the studies, the produced PHB-KOH-DA-GA-0.2/0.5/0.8/1/1.5/2 w/v% CS(PHB-K-0.2-CS,
PHB-K-0.5-CS, PHB-K-0.8-CS, PHB-K-1-CS, PHB-K-1.5-CS, and PHB-K-2-CS) and PHB-
H2O2-DA-GA-0.2/0.5/0.8/1/1.5/2 w/v% CS (PHB-H-0.2-CS, PHB-H-0.5-CS, PHB-H-0.8-
CS, PHB-H-1-CS, PHB-H-1.5-CS, and PHB-H-2-CS) substrates were washed with deionized
water to eliminate unattached polymers. The substrates were then cleaned with deionized
water and vacuum-dried overnight at room temperature for further characterization.
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2.5. Scanning Electron Microscopy (SEM)

The PHB nanofibers were examined utilizing a Hitachi 8230 field emission SEM. To
enhance conductivity and visibility, the specimens were sputtering coated with a 20 nm
thick layer of gold. ImageJ 1.52 was used to determine the diameters of the fibers. One
hundred measurements were conducted for each individual sample.

2.6. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

To explore the functional groups on the electrospun PHB/CS nanofibers, ATR-FTIR
was employed. Prior to the analysis, the fibers underwent a thorough rinse with deionized
water and were subsequently dried in a vacuum dryer. The spectra were acquired during a
5 min scan from 4000 cm−1 to 400 cm−1, with a step size of 2.0 cm−1.

2.7. Thermalgravimetric Analysis (TGA)

The electrospun PHB fibers were tested using a PerkinElmer 2000 TGA system with a
nitrogen flow rate of 40 mL/min. A 10 mg sample was carefully prepared and subsequently
heated from 50–400 ◦C, employing a heating rate of 10 ◦C/min.

2.8. Differential Scanning Calorimetry (DSC)

DSC analysis was conducted by placing 2 mg samples into an aluminum crucible,
which was then heated up from 25 to 550 ◦C at 10 ◦C/min. The nitrogen flow was kept at
20 mL/min. To ensure consistency and comparability, all the samples were analyzed under
identical conditions to generate the TGA results.

2.9. Contact Angle Analysis

To assess the wettability of the fiber mats, an OCA 15 plus sessile drop water system
was used to measure the contact angle. This system was equipped with a CCD camera
with a precision of ±0.2◦. All the measurements were carried out at room temperature, and
ultra-pure water was used for the tests. To obtain reliable results, each specimen underwent
five repetitions, with each specimen generating 50 data points. The average values were
subsequently calculated based on these measurements.

2.10. BET Analysis of Porosity

A NOVA Touch (Quantachrome Instruments, London, UK) was used to measure the
porosities of the samples in this project. To prepare the samples, they were first vacuum-
dried at room temperature for 24 h and weighed. Nitrogen gas was used as the adsorbate
in the BET test at 77.35 K. A 600 s thermal delay was used, together with helium backfill
mode. The adsorption isotherm curve was used to calculate the specific surface area of the
monoliths, while density-functional theory (DFT) was used to model the distribution of
half-pore widths.

2.11. Stability Analysis of CS on KOH and H2O2-Treated PHB-DA-GA-CS Electrospun Fibers

To analyze the binding efficiency of chitosan, Cibacron Brilliant Red 3B-A dye (CBR)
was used to measure the chitosan concentration remaining in the solution. Firstly, each
sample was immersed in PBS in solution (PBS/CS) at room temperature for 14 days. On
days 1, 3, 7, and 14, 1 mL of the PBS/CS solution was collected and ready for use. Secondly,
0.075 g of Cibacron Brilliant Red 3B-A powder (50% dye content) was dissolved in 0.5 L of
DI water to form 0.075 M dye solutions. The PBS/CS solutions were added to glass tubes
containing 0.1 mL of buffer glycine/HCl and 1 mL of dye. Thirdly, the final volume was
diluted to 5 mL using DI water. The tubes were sealed and kept at room temperature under
continuous agitation. After 20 min, 1 mL from each tube was transferred to a tube, and the
measuring absorption relative to DW was measured using the same spectrophotometer. The
BR absorption spectrum exhibited a broad peak with a plateau between 506 and 550 nm in
UV-vis. The actual amount of CS in 0.2, 0.5, 0.8, 1, 1.5, and 2 w/v% concentrations was first
determined using UV-vis at a wavelength of 530 nm. These wavelength values correspond
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to the maximum wavelength for each concentration of CS. The results were reported as the
averages of at least five measurements.

2.12. Mechanical Tests

Mechanical tests were performed using an Intron tensile tester according to the active
standard test method D638 equipped with a 50 N static load cell. During the test, the
samples were cut into 10 mm × 10 mm square films with a thickness of 0.5 ± 0.02 mm.
Furthermore, the tensile strength and elongation were calculated at the point of fracture
based on the measured thickness and width of each sample. A test speed of 10 mm min−1

was used. For each measurement within each batch, we meticulously prepared 5 to
10 individual samples. Subsequently, we conducted measurements on all of these samples
to ensure that we consistently obtained a minimum of 5 data points for each specific
analysis. This rigorous approach ensured the reliability and robustness of the data for
further analysis.

2.13. Statistical Analysis

The significant difference analyses in the above sections were analyzed using one-way
ANOVA tests in Prism 8. Statistically significant differences were considered at a p values
less than 0.05.

3. Results and Discussion
3.1. Morphology and Size of Electrospun Membranes with Varying CS Concentrations
(0.2–2 w/v%) in PHB-KOH/H2O2

The morphology and diameters of the electrospun PHB fibers after a series of chemical
post-treatments are shown in Figures 2 and 3. The untreated PHB electrospun fibers exhib-
ited diameters of 5.22 ± 0.047 µm. After the KOH and H2O2 treatments, the fiber diameters
decreased to 1.90 ± 0.42 µm and 2.78 ± 0.12 µm, respectively, due to the hydrolysis caused
by the KOH treatment and the peroxide radicals grafted on the PHB surface during the
H2O2 treatment. Furthermore, Figure 2 reveals small islets of DA on the surfaces of both
the KOH and H2O2-treated fibers resulting from surface oxidation and roughness changes.
In a comparative analysis between potassium hydroxide (KOH) and sodium hydroxide,
it becomes evident that the former’s molecular size is slightly smaller. This attribute of
potassium hydroxide allows it to interact with PHB more swiftly, ultimately enhancing its
hydrophilicity. Furthermore, the compelling alkaline properties of potassium hydroxide
(KOH) offer significant benefits. These properties tend to induce surface oxidization with
more intensity, even in low concentrations, which is a crucial aspect of its applications.

Figure 2 and Table 2 displays the fiber diameters and images of KOH and H2O2-treated
PHB-DA-GA-CS with varying CS concentrations. The mean fiber diameters of the PHB-
DA-GA-CS membranes exhibited a significant increase from 1.90 to 3.14 µm and between
0.2 w/v% and 2 w/v% CS (from 2.90 to 4.44 µm). At a 0.8 w/v% CS concentration, both
the KOH and H2O2-treated fibers showed a thin layer attached to the fibrous membrane
surface. The KOH-treated fibers displayed a higher increment in fiber diameter than the
H2O2-treated fibers between 0.2 w/v% and 2 w/v% CS concentrations due to more effective
oxidation of the KOH pre-treatment, providing increased anchor sites for dopamine and
CS on the fiber surface.

Figures 2 and 3 also reveal that between 0.2 and 0.5 w/v% CS, both the KOH and
H2O2 treatments result in evenly distributed CS coatings on individual PHB fibers. At CS
concentrations of 0.8–1.5 w/v%, KOH-treated fibers exhibited a more uniform CS coating,
while H2O2-treated fibers had the most CS forming between the fiber layers. At 2 w/v%
CS, neither treatment achieved a uniform CS coating due to high viscosity, indicating that
CS attaches more efficiently to KOH-treated PHB fibers compared to H2O2-treated fibers.
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Table 2. Average fiber diameters and standard deviations for PHB electrospun fibers subjected to
KOH and H2O2 treatments with varying chitosan (CS) concentrations.

Groups Fiber Diameter (µm) Standard Deviation

PHB (non-treated) 5.22 0.05
PHB-H-0-CS 2.78 0.14
PHB-H-0.2-CS 2.90 0.03
PHB-H-0.5-CS 3.01 0.11
PHB-H-0.8-CS 3.00 0.20
PHB-H-1-CS 4.10 0.33
PHB-H-1.5-CS 4.32 0.37
PHB-H-2-CS 4.41 0.34
PHB-K-0-CS 1.90 0.12
PHB-K-0.2-CS 1.93 0.18
PHB-K-0.5-CS 1.98 0.19
PHB-K-0.8-CS 2.31 0.18
PHB-K-1-CS 2.78 0.31
PHB-K-1.5-CS 2.98 0.35
PHB-K-2-CS 3.14 0.42



Fibers 2023, 11, 91 8 of 21
Fibers 2023, 11, x FOR PEER REVIEW 8 of 22 
 

 
Figure 3. SEM micrographs of PHB/H2O2-treated electrospun fibers with varying chitosan concen-
trations: (a) 0 w/v%, (b) 0.2 w/v%, (c) 0.5 w/v%, (d) 0.8 w/v%, (e) 1 w/v%, (f) 1.5 w/v%, (g) 2 w/v%. 

Figure 2 and Table 2 displays the fiber diameters and images of KOH and H2O2-
treated PHB-DA-GA-CS with varying CS concentrations. The mean fiber diameters of the 
PHB-DA-GA-CS membranes exhibited a significant increase from 1.90 to 3.14 µm and be-
tween 0.2 w/v% and 2 w/v% CS (from 2.90 to 4.44 µm). At a 0.8 w/v% CS concentration, 
both the KOH and H2O2-treated fibers showed a thin layer attached to the fibrous mem-
brane surface. The KOH-treated fibers displayed a higher increment in fiber diameter than 
the H2O2-treated fibers between 0.2 w/v% and 2 w/v% CS concentrations due to more ef-
fective oxidation of the KOH pre-treatment, providing increased anchor sites for dopa-
mine and CS on the fiber surface. 

Figures 2 and 3 also reveal that between 0.2 and 0.5 w/v% CS, both the KOH and H2O2 
treatments result in evenly distributed CS coatings on individual PHB fibers. At CS con-
centrations of 0.8–1.5 w/v%, KOH-treated fibers exhibited a more uniform CS coating, 
while H2O2-treated fibers had the most CS forming between the fiber layers. At 2 w/v% CS, 
neither treatment achieved a uniform CS coating due to high viscosity, indicating that CS 
attaches more efficiently to KOH-treated PHB fibers compared to H2O2-treated fibers. 

  

Figure 3. SEM micrographs of PHB/H2O2-treated electrospun fibers with varying chitosan concen-
trations: (a) 0 w/v%, (b) 0.2 w/v%, (c) 0.5 w/v%, (d) 0.8 w/v%, (e) 1 w/v%, (f) 1.5 w/v%, (g) 2 w/v%.

3.2. Total Reflectance-Fourier Transform Infrared (ATR-FTIR)

Figure 4 displays the attenuated ATR-FTIR spectra of electrospun non-treated and
treated PHB. The PHB exhibited unique peaks for C=O stretching, which were located
close to 1725 cm−1, and those for v(C-H) stretching were discovered between 2950 and
2820 cm−1. Following KOH or H2O2 treatment, both PHB samples maintained their usual
peaks and produced a bandwidth linked to -OH groups in the 3600–3200 cm−1 range,
demonstrating the effective induction of hydrophilicity. Additionally, the spectrum after
DA coating showed a broad peak at 3630–3120 cm−1 revealing the hydroxyl and catechol
groups, and the peaks at 520 cm−1 and 2945 cm−1 were attributed to the stretching of
aromatic C=C bonds in the indole and N-H amines. These are all characteristic peaks of DA,
which have been proven in other studies [5,9,11]. These results confirm successful binding
between PHB fibers and PDA. Both of these peaks were revealed in the PHB-DA-GA and
PHB-DA-GA-CS spectra. Furthermore, the signals displayed a decrease due to the lower
amount of hydroxyl groups, which also indicated PDA grafting on the PHB fibers.

In Figure 4c, the FTIR spectra of KOH/H2O2-treated PHB electrospun fibers after
exposure to different concentrations of CS are displayed. It was found that KOH treatment
resulted in higher signal amplification at peaks of 3415 cm−1 (-OH groups) and 1557 cm−1

(-NH3 groups) compared to H2O2. This can be explained by KOH inducing hydrolysis
degradation of PHB, which could break the ester bonds and result in the formation of
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a high number of -OH groups at the surface of PHB, whereas H2O2 performs a simple
oxidation reaction with the ester, forming OH groups. These causes the KOH pre-treatment
to be more effective in binding with other active sites of chemicals or proteins when other
conditions are the same [24–26]. As a result, more DA and CS molecules were attached to
the -OH binding site. In the KOH-treated PHB fibers, when increasing concentrations of
CS were added, the signals in the fingerprint regions of 816–826 cm−1 and 1276–1278 cm−1

were weakened by the addition of CS, which indicates a reduction in the crystallinity of
PHB. Meanwhile, the H2O2-treated PHB showed no differences in the fingerprint region,
which showed minimal changes in crystallinity after the addition of CS. In addition, the
N-H amine peaks at 3372 cm−1 and 1623 cm−1 were revealed at different concentrations
of CS solution, as shown in Figure 4b,c. These results indicate that the KOH-treated PHB
electrospun membranes were successfully bound to the PHB electrospun fibers in both
high and low concentrations of CS, whereas the H2O2-treated membranes could bind CS in
high concentrations.
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Figure 4. (a) FTIR spectra comparisons for PHB, PHB−DA, PHB−DA−GA, and PHB−DA−GA−CS
(2 and 0.2 w/v%) with KOH (K) and H2O2 (H) treatments. (b) FTIR spectra of KOH−treated
PHB−DA−GA−CS electrospun fibers with chitosan concentrations ranging from 0 to 2 w/v%.
(c) FTIR spectra of H2O2-treated PHB−DA−GA−CS electrospun fibers with chitosan concentrations
ranging from 0 to 2 w/v%.

3.3. TGA and DTA Analysis of PHB-CS Electrospun Fibers

The influence of H2O2/KOH surface modification while using varying CS concentra-
tions on the structural properties of PHB electrospun fibers was thoroughly investigated
through thermal analysis. Because our instruments occasionally encountered issues dur-
ing thermal analysis when employing diverse techniques, and due to the extremely low
weight of our polymer membrane samples, there was a tendency for them to be displaced
during the thermal analysis process, potentially resulting in negative weight percentages.
Nevertheless, it is important to note that all the data points in our study were consistently
replicated and can be considered reasonably reliable. Utilizing techniques like TGA and
DTA, the changes induced by these factors can be elucidated. The detailed results of these
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examinations are depicted in Figure 5. Our findings indicate that all the samples demon-
strated two distinct peaks at elevated temperatures in their heating curves. In Tables 3 and 4,
the temperatures depicted in the first melting temperature (T1) corresponded to either the
amorphous region of PHB or the present CS contents, providing insights into their thermal
characteristics. Conversely, the second melting temperature (T2) represents the temperature
at which the crystalline region of PHB undergoes degradation, highlighting the thermal
stability of this specific region [20]. In Figure 5a–d, a comparable thermogram profile
could be found in all the presented curves, showing significant changes compared to PHB.
Corroborating prior research [9], T1 and T2 were between 250–300 ◦C and 340–390 ◦C [9,21].
This overlap validates the reliability of our findings. Upon applying the pre-treatment
of H2O2/KOH to PHB along with dopamine (DA), there was a notable decrease in the
T1 and T2 temperatures of the electrospun PHB fibers. Specifically, the T1 temperature
dropped to 233.3 ◦C and 221.4 ◦C, while T2 descended to 348.2 ◦C and 344.6 ◦C, respectively.
(Table 3). KOH, compared with H2O2, had a greater impact on the thermal stability of
the electrospun PHB nanofibers. This is because the strong alkaline properties of KOH
can reduce the crystallinity of PHB and damage its lamellar structure by hydrolyzing into
carboxylic acid and alcohol in the base solution [9,22,23]. On the other hand, because KOH
performed stronger surface oxidation than H2O2, KOH pre-treatment resulted in a stronger
enhancement of the deposition of DA coating than H2O2 and protected the PHB fibers
from breaking down upon heating. This can be proven by the initial stage breakdown
(150–250 ◦C) of the KOH-DA coating (red curve), showing better thermal stability than
the H2O2-DA coating. Furthermore, the lower weight loss of the KOH-DA-treated PHB
fibers in the 300–400 ◦C range showed an increase in thermal stability to PHB after the
breakdown of PDA. This reduction in weight loss can be explained by the increased affinity
between the hydroxyl (-OH) groups, which was introduced onto the PHB fiber surface by
the KOH treatment, and the amine and catechol moieties of dopamine (DA). This enhanced
interaction results in higher surface adherence.

Table 3. TGA analysis for PHB-KOH treated electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, and
0.2 w/v% CS.

Temperature First Melting Temperature (T1) Second Melting Temperature (T2) p Value (Compared to
PHB-KOH-DA-GA-0 w/v% CS)

PHB-K-0-CS 113 ± 4.14 280 ± 13.2 /
PHB-K-0.2-CS 98.7 ± 5.43 290 ± 12.2 0.712
PHB-K-0.5-CS 93.7 ± 7.32 289 ± 6.62 0.691
PHB-K-0.8-CS 100 ± 6.12 285 ± 8.34 0.681
PHB-K-1-CS 102 ± 4.12 281 ± 7.12 <0.05

PHB-K-1.5-CS 88.8 ±6.13 263 ± 5.12 <0.05
PHB-K-2-CS 92.9 ± 8.12 269 ± 5.32 <0.05

Table 4. TGA analysis for PHB-H2O2 treated electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, and
0.2 w/v% CS.

Temperature First Melting Temperature (T1) Second Melting Temperature (T2) p Value (Compared to
PHB-H2O2-DA-GA-0 w/v% CS)

PHB 309 ± 3.41 368 ± 5.12 <0.05
PHB-H-0-CS 110 ± 8.12 275 ± 11.1 /

PHB-H-0.2-CS 128 ± 5.123 282 ±9.77 0.555
PHB-H-0.5-CS 128 ± 4.53 282 ± 6.99 0.781
PHB-H-0.8-CS 128 ± 6.21 282 ± 4.51 0.841
PHB-H-1-CS 128 ± 5.12 281 ± 6.34 0.813

PHB-H-1.5-CS 128 ± 3.53 282 ± 5.32 <0.05
PHB-H-2-CS 129 ± 5.12 284 ± 6.54 <0.05
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Figure 5. (a) TGA for KOH−treated PHB electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, and 0.2 w/v%
CS. (b) TGA for H2O2−treated PHB electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, and 0.2 w/v%
CS (c) DTA for H2O2−treated PHB electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, and 0.2 w/v% CS.
(d) DTA for KOH−treated PHB electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, and 0.2 w/v% CS.

After adding different concentrations of CS, the T1 temperature values of both the
KOH and H2O2-treated PHB samples are demonstrated in Table 2. We found that the KOH-
treated PHB remained in the temperature range of 92.9 ◦C to 102.4 ◦C and, the H2O2-treated
PHB ranged from 110 ◦C to 128.7 ◦C among the concentration of CS from 0 to 2 w/v%.
For the T2 temperature, the KOH-treated PHB remained within the temperature range of
280–290 ◦C between 0 and 1 w/v% CS and dropped to 268.5 ◦C at 2 w/v% CS. For the
H2O2-treated PHB, T2 showed less variation across different concentrations of CS (274.6 ◦C
to 284.4 ◦C). The T1 temperature has been attributed to the evaporation of water and acetic
acid, which highly depend on the binding contents of the CS on the PHB fibers. This
further indicated that KOH-treated PHB fibers could bind more CS than H2O2-treated PHB.
However, the T2 degradation temperature suggested that the KOH-treated crystallinity
phase was lower than H2O2. This is because the addition of chitosan can potentially
decrease the thermal stability of PHB as the concentration increases. This has been proven
by Rajan’s study, where increasing the concentration of CS reduced the thermal stability of
the composites [27].
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3.4. DSC Analysis of PHB-CS Electrospun Fibers

Tables 5 and 6 show the enthalpies of fusion (Hf) which were the amorphous phase
(H1) and crystallinity phase (H2), and the crystallinity calculated from the DSC scans using
the following equation:

χ =

(
∆H f

∆H0
f

)
× 100

w
(1)

where ∆H f is the composite’s fusion enthalpy, ∆H0
f is the fusion enthalpy of 100% crys-

talline PHB, and w is the mass fraction of PHB in the composite. The PHB’s ∆H0
f was

calculated to be 146 J/g [28]. As shown in Figure 6, one of the factors lowering the melting
temperature in the polymer blend with a crystallizable component was the miscibility of the
constituents in the amorphous phase. In this case, the enthalpy fusion of the crystallinity
phase (H2) of both the KOH and H2O2-treated PHB-GA-DA-CS electrospun samples
showed decreases from 95.3 J/g to 32.8 J/g and from 117.9 J/g to 58.7 J/g, respectively,
from 0 to 2 w/v% CS contents, whereas the amorphous phase (H1) showed mild variations
between 3.9 and 7.2 J/g. This is because the presence of highly rigid chitosan molecules sur-
rounding PHB molecules made the PHB molecules in the composites less flexible, inducing
less crystallization compared to neat PHB. These changes may be caused by the decrease
in PHB lamellar thickness and the percentage of the crystalline phase structure [29]. The
crystallinity of PHB is suppressed by the presence of CS in the blend fibers via the chemical
interactions between them (hydrogen bonds). These chemical interactions act as a bridge
between two polymers, decreasing the crystallinity and aiding the miscibility of the two
polymers together. Moreover, the crystallinity of the KOH and H2O2-treated PHB-GA-DA-
CS electrospun samples showed 45% and 40% reductions, respectively. This is because
both KOH and H2O2 could cause the de-esterification of PHB and directly, causing the
deconstruction of crystallinity structure [30–32]. Moreover, the addition of CS has been
reported to cause a reduction in crystallinity after chitosan is added [9]. Additionally, the
hydrolysis of PHB due to the KOH treatment could also reduce its lamellar thickness.

Table 5. Enthalpy of fusion and crystallinity of the electrospun PHB-KOH/H2O2-treated electrospun
nanofibers with 2, 1.5, 1, 0.8, 0.5, and 0.2 w/v% CS.

Enthalpy of Fusion Crystallinity

∆Hfusion (J/g) %

H1 H2

PHB-K-0-CS 4.87 95.31 70.40
PHB-K-0.2-CS 3.83 42.60 31.81
PHB-K-0.5-CS 4.03 41.52 31.12
PHB-K-0.8-CS 4.32 38.24 29.14
PHB-K-1-CS 4.34 37.01 28.31

PHB-K-1.5-CS 4.51 35.13 27.12
PHB-K-2-CS 4.52 32.81 25.62

Table 6. Enthalpy of fusion and crystallinity of the electrospun PHB-H2O2-treated electrospun
nanofibers with 2, 1.5, 1, 0.8, 0.5, and 0.2 w/v% CS.

Groups
Enthalpy of Fusion Crystallinity

∆Hfusion (J/g) %

H1 H2

PHB-H-0-CS 6.80 117.92 85.21
PHB-H-0.2-CS 5.91 72.31 53.62
PHB-H-0.5-CS 6.27 71.23 53.13
PHB-H-0.8-CS 7.02 70.82 53.32
PHB-H-1-CS 7.16 65.21 49.63

PHB-H-1.5-CS 7.19 62.82 47.91
PHB-H-2-CS 7.39 58.73 45.34



Fibers 2023, 11, 91 13 of 21

Fibers 2023, 11, x FOR PEER REVIEW 13 of 22 
 

crystallinity phase (H2) of both the KOH and H2O2-treated PHB-GA-DA-CS electrospun 
samples showed decreases from 95.3 J/g to 32.8 J/g and from 117.9 J/g to 58.7 J/g, respec-
tively, from 0 to 2 w/v% CS contents, whereas the amorphous phase (H1) showed mild 
variations between 3.9 and 7.2 J/g. This is because the presence of highly rigid chitosan 
molecules surrounding PHB molecules made the PHB molecules in the composites less 
flexible, inducing less crystallization compared to neat PHB. These changes may be caused 
by the decrease in PHB lamellar thickness and the percentage of the crystalline phase 
structure [29]. The crystallinity of PHB is suppressed by the presence of CS in the blend 
fibers via the chemical interactions between them (hydrogen bonds). These chemical in-
teractions act as a bridge between two polymers, decreasing the crystallinity and aiding 
the miscibility of the two polymers together. Moreover, the crystallinity of the KOH and 
H2O2-treated PHB-GA-DA-CS electrospun samples showed 45% and 40% reductions, re-
spectively. This is because both KOH and H2O2 could cause the de-esterification of PHB 
and directly, causing the deconstruction of crystallinity structure [30–32]. Moreover, the 
addition of CS has been reported to cause a reduction in crystallinity after chitosan is 
added [9]. Additionally, the hydrolysis of PHB due to the KOH treatment could also re-
duce its lamellar thickness. 

 
Figure 6. DSC analysis of PHB-KOH/H2O2-treated electrospun nanofibers with chitosan concentra-
tions of 2, 1.5, 1, 0.8, 0.5, and 0.2 w/v%: (a) KOH-treated samples and (b) H2O2-treated samples.

3.5. Hydrophilicity Analysis of PHB-CS Electrospun Fibers with Contact Angle Measurements

Figure 7 illustrates the hydrophilic properties of ten PHB membrane groups at different
stages of functionalization. A notably higher water contact angle (WCA) of 95 ± 7.2◦ was
exhibited by the non-treated PHB electrospun membrane compared to the modified one,
reflecting its relatively hydrophobicity. However, the KOH and H2O2 treatments, which
fostered the formation of surface hydroxyl groups, substantially decreased the WCAs to
0 ± 1.2◦ and 10 ± 2.2◦, respectively. Upon the deposition of dopamine (DA) onto the PHB
membranes, there was a significant increase in the WCAs of both the KOH- and H2O2-
treated PHB samples to 35 ± 5.3◦. The inherent hydrophobic properties of the electrospun
PHB fibers were initially observed before the post-treatment. However, following the
application of a dopamine coating, the PHB fiber membranes underwent a transformation
towards increased hydrophilicity [21,22]. Furthermore, when comparing the reduction in
the fiber diameter of the PHB after treatment with KOH and H2O2, as demonstrated in
Table 1, it is evident that the increase in the surface roughness also contributed to enhanced
surface hydrophilicity [15,17,21]. Despite an increase in hydrophilicity, the dopamine-
coated membranes retained their improved hydrophilicity compared to the untreated PHB
membranes, even after undergoing various treatments. The introduction of glutaraldehyde
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(GA) and chitosan (CS) further improved the membranes’ hydrophilic nature, as evidenced
by a minor decrease in the WCA values to approximately 32◦. This trend is consistent
with early studies [13,33]. Incorporating CS into the PHB membranes lowered the WCA
to 20 ± 4.1◦ and 35 ± 3.1◦ for the KOH and H2O2-treated PHB samples, respectively.
Decreases in the WCA were observed across various CS concentrations, ranging from 0.2%
to 2% w/v. Interestingly, the PHB-DA-GA-CS membranes treated with KOH maintained
a relatively consistent WCA of 22 ± 3.2◦, despite increasing CS contents. In contrast,
those treated with H2O2 displayed slightly higher WCA values. This difference could be
attributed to the distinct processes and efficiency of surface oxidation provided by KOH
and H2O2. KOH promotes a stable hydrolysis reaction on PHB, breaking the ester linkages
and creating carboxyl and hydroxyl groups [17,30,32,34,35]. H2O2, on the other hand,
generates unstable active oxygen species on the PHB surface over time, resulting in less
predictable outcomes [17,34].
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3.6. Analysis of Porosity and Specific Surface Area of PHB-CS Electrospun Fibers Using the
BET Method

Figure 8 and Tables 7 and 8 display the results of the BET study of the KOH/H2O2-
treated PHB electrospun nanofibers. Seven fibrous samples were examined for their specific
surface area with various CS concentrations. the specific surface area of the KOH-treated
PHB electrospun fibers decreased from 338 ± 12.31 m2/g to 264 ± 12.1 m2/g, whereas the
H2O2-treated PHB samples dropped from 338 ± 12.31 m2/g to 260 ± 11.1 m2/g. The decre-
ment in the specific surface area with increasing CS concentrations in the PHB matrix can be
attributed to a combination of factors, including the chitosan particle size and distribution,
viscosity, processing conditions, influence on crystallinity, and crosslinking or physical
entanglements [9,36,37]. As chitosan concentration increases, particle agglomeration may
lead to a more compact structure, while increased viscosity can result in a more homoge-
neous and compact structure with fewer voids [14,38]. Additionally, chitosan’s potential
role as a nucleating agent might promote the formation of denser crystalline regions with
reduced surface areas and pore volumes compared to amorphous regions [9]. Furthermore,
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crosslinking or physical entanglements induced by chitosan can create a more compact
and dense structure, ultimately decreasing the specific surface area and pore volume in the
composite material [3,9,39].
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Table 7. Effects of CS concentration on macropore size, micropore size, specific surface area, and pore
volume of PHB-K electrospun membranes.

Groups Specific Surface Area (m2/g)

PHB-K-0-CS 371.00 ± 11.30
PHB-K-0.2-CS 338.00 ± 12.30
PHB-K-0.5-CS 319.00 ± 10.20
PHB-K-0.8-CS 309.00 ± 11.20
PHB-K-1-CS 291.00 ± 8.92

PHB-K-1.5-CS 280.00 ± 10.20
PHB-K-2-CS 264.00 ± 12.10

PHB (Non-treated) 276.00 ± 10.20

Table 8. Effect of CS concentration on the specific surface area of PHB-H electrospun membranes.

Groups Specific Surface Area (m2/g)

PHB-H-0-CS 371.00 ± 11.30
PHB-H-0.2-CS 338.00 ± 12.30
PHB-H-0.5-CS 319.00 ± 10.20
PHB-H-0.8-CS 309.00 ± 11.20
PHB-H-1-CS 291.00 ± 8.92

PHB-H-1.5-CS 280.00 ± 10.20
PHB-H-2-CS 260.00 ± 11.10
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3.7. Stability Assessment of KOH/H2O2 PHB-DA-GA-CS Electrospun Samples: UV-Vis and CBR
Analytical Techniques

Figure 9 shows the UV-vis analysis of the stability of the KOH/H2O2 PHB-DA-GA-
CS electrospun samples using CBR analytical techniques. Based on the results shown
in Figure 9, the peak intensity between 506 and 550 nm indicated the release of CS. We
found that the amounts of CS released from the KOH-treated PHB-DA-GA-CS electrospun
fibers were 57.7, 64.0, 84.0, 61.9, 84.3, 89.4 and 103.2% for the membranes loaded with
0, 0.2, 0.5, 0.8, 1, 1.5, or 2 w/v% concentration of CS, while the amounts released from
the H2O2-treated PHB-DA-GA-CS electrospun fibers were 45.2, 53.8, 65.7, 48.4, 66.5, 69.9
and 80.7% for the membranes loaded with 0, 0.2, 0.5, 0.8, 1, 1.5, to 2 w/v%, respectively.
Comparatively, the maximum release of CS from the KOH-treated samples was 23% more
than the H2O2-treated samples. This is due to the hydrolysis effects of KOH on PHB, which
de-esterified its chemical structure. On the other hand, the by-product of PHB remained
acidic and caused the CBR to turn red [18,22,33]. The initial slope of the accumulative
release profile of CS between the different concentrations represents the rate of CS release
from the samples. In general, the KOH-treated PHB-DA-GA-CS electrospun membranes
showed a faster release rate than the H2O2-treated samples, which has also been reported
by other researchers [22,25,33].
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3.8. Mechanical Properties of KOH- and H2O2-Treated PHB Electrospun Nanofibers with Varying
CS Concentrations: Tensile Strength, Toughness, Young’s Modulus, and Elongation at Break

The tensile strength, toughness, Young’s modulus, and elongation at break of the KOH-
and H2O2-treated PHB electrospun nanofibers with 0, 0.2, 0.5, 0.8, 1, 1.5, and 2 w/v% CS
concentrations are presented in Table 9. The CS coating on PHB fibers resulted in enhanced
flexibility and reduced stiffness, as evidenced by a decrease in the Young’s modulus with
increasing CS contents. Notably, the PHB-DA-GA-CS fibers with a 2 w/v% CS content
exhibited the most significant reduction in Young’s modulus, indicating a higher flexibility.
Additionally, an inverse correlation was observed between the CS content and elongation
at the break of the fibers. Increased CS content led to higher elongation values, indicating
improved ductility and resistance to breakage. This behavior aligns with the successful
coating of PHB fibers by CS, effectively mitigating their inherent brittleness. Considering
the thermal properties analyzed using TGA (Figure 5 and Table 3), the CS-coated PHB
fibers demonstrated improved thermal stability compared to the uncoated fibers. This
enhanced thermal stability potentially contributed to the observed improvements in the
mechanical properties of the CS-coated fibers.

Table 9. Mechanical properties of PHB-KOH-treated electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, 0.2,
and 0 w/v% CS.

Groups Elongation at Break
(%)

Young’s
Modulus (MPa)

Toughness
(MPa)

Ultimate Tensile
Stress (UTS)

(MPa)

PHB-K-0-CS 390 0.00043 56 0.18
PHB-K-0.2-CS 600 0.00044 180 0.6
PHB-K-0.5-CS 490 0.0005 140 0.58
PHB-K-0.8-CS 360 0.00069 89 0.49
PHB-K-1-CS 340 0.001 93 0.56

PHB-K-1.5-CS 330 0.0013 120 0.55
PHB-K-2-CS 250 0.0014 75 0.59

Table 9 and Figure 10 reveal that the hydrolysis effect of KOH on PHB results in
relatively lower ultimate tensile stress (UTS) values for the KOH-treated PHB fibers (ranging
from 0.59 MPa to 0.18 MPa) compared to the H2O2-treated fibers (ranging from 0.77 MPa
to 0.43 MPa) as the CS concentrations increased from 0 to 2 w/v%. Intriguingly, negligible
variations in UTS were observed between the 0 and 1.5 w/v% CS concentrations for both
the KOH and H2O2-treated fibers. However, a 69.4% and 35% reduction in UTS occurred
when shifting from 1.5 w/v% to 2 w/v% CS content in the KOH and H2O2-treated fibers,
respectively (0.60 MPa to 0.18 MPa and 0.66 MPa to 0.43 MPa). This suggests that the
2 w/v% CS concentration has reached the miscibility limit between PHB and CS, leading to
phase separation in the blended systems.

Similar to UTS, Figure 10 also shows that the toughness trends for both the KOH
and H2O2-treated fibers increased with CS concentrations between 0 and 1.5 w/v%. Af-
ter adding 2 w/v% CS, a more significant drop in the toughness was observed for the
KOH-treated fibers compared to the H2O2-treated fibers. Additionally, increasing CS
concentrations generally led to higher elongation-at-break values for both the KOH and
H2O2-treated fibers. The crack-pinning mechanism of CS was likely responsible for the
enhanced toughness observed in the blended films. The combination of PHB and CS load-
ing improved the electrospun membrane’s resilience due to van der Waals forces, delaying
crack propagation. The decreased crystallinity of the KOH-treated PHB, coupled with high
CS concentrations, resulted in enhanced miscibility with CS. Moreover, the low toughness
of CS may replace PHB as the mechanically dominant material, affecting the mechanical
properties of the entire electrospun membrane and leading to a substantial decrease in the
toughness of the PHB electrospun samples.
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Figure 10. Mechanical properties of PHB electrospun fibers with chitosan concentrations of 2, 1.5, 1,
0.8, 0.5, 0.2, and 0 w/v%: (a) Tensile properties of the KOH-treated samples, (b) tensile properties of the
H2O2-treated samples, (c) toughness and Young’s modulus for both KOH and H2O2 treated samples,
and (d) elongation and ultimate tensile strength (UTS) for both the KOH and H2O2 treated samples.

The tensile strength, toughness, Young’s modulus, and elongation at break of the
PHB-KOH/H2O2-treated electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5, 0.2, and 0 w/v%
CS are shown in Tables 9 and 10. The hydrolysis impact of KOH on PHB resulted in
relatively smaller values of UTS between KOH (between 0.59 MPa and 0.18 MPa) and H2O2-
treated PHB electrospun membranes (between 0.77 MPa and 0.43 MPa) with increasing
CS concentrations from 0 w/v% to 2 w/v%. Interestingly, the UTS of both the KOH
and H2O2-treated electrospun membranes revealed negligible variations between each
concentration between 0 and 1.5 w/v% CS; nevertheless, a 69.4% and 35% reduction in
UTS occurred when shifting from 1.5 w/v% to 2 w/v% CS content in the KOH and H2O2-
treated PHB electrospun membranes, respectively (0.60 MPa to 0.18 MPa and 0.66 MPa
to 0.43078 MPa). This can be explained by 2 w/v% CS reaching the limits of miscibility
between PHB and CS, which will further induce the phase separation between PHB and
CS in blended systems [9]. Similar to UTS, the trend toughness for both KOH and H2O2-
treated PHB electrospun membranes increased when the concentration of CS applied was
between 0 w/v% and 1.5 w/v%. After 2 w/v% CS was added, the KOH-treated PHB
electrospun membranes, as opposed to the H2O2-treated membranes, demonstrated a more
notable drop in toughness. Additionally, after a high concentration of CS was applied,
the elongation-at-break of the PHB electrospun membranes that had been treated with
KOH or H2O2 showed generally increasing trends. The impacts of CS, which toughen
materials through a crack-pinning mechanism, may be responsible for the rise in blended
films [26]. The electrospun membranes become more resilient when PHB is combined
with CS loading due to the van der Waals force of attraction between them, which also
delays the spread of cracks. When a high concentration of CS was introduced, the reduced
crystallinity of the KOH-treated PHB causes increased miscibility with CS. Furthermore, the
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low toughness of CS may have caused the PHB to be replaced as a mechanical-dominated
material, affecting the mechanical characteristics of entire electrospun membranes and
resulting in a considerable decrease in the toughness of the PHB electrospun samples.

Table 10. Mechanical properties of PHB-H2O2 treated electrospun nanofibers with 2, 1.5, 1, 0.8, 0.5,
0.2, and 0 w/v% CS.

Groups Elongation at Break
(%)

Young’s
Modulus (MPa)

Toughness
(MPa)

Ultimate Tensile
Stress (UTS)

(MPa)

PHB-H-0-CS 450 0.00063 130 0.43
PHB-H-0.2-CS 450 0.00073 150 0.66
PHB-H-0.5-CS 490 0.0007 200 0.81
PHB-H-0.8-CS 350 0.00096 120 0.69
PHB-H-1-CS 340 0.0014 130 0.79

PHB-H-1.5-CS 270 0.0018 160 0.77
PHB-H-2-CS 230 0.0018 98 0.77

4. Conclusions

In this study, KOH and H2O2 pre-treatments were found to be very effective in affect-
ing the surface morphology, thermal and structural stability, and mechanical properties
of PHB nanofibers. The fiber morphology and porous structure changed noticeably. CS
was successfully coated onto the PHB nanofibers, which improved the hydrophilicity of
the nanofibers. CS coating of PHB nanofibers led to remarkable improvements in their
mechanical properties and a reduction in their brittleness. However, beyond a threshold
concentration of 2 w/v% of CS, it had a detrimental impact on the mechanical properties.
As CS began to dominate the mechanical behavior, the tensile strength and toughness
experienced a significant decrease. Thermal stability analyses demonstrated an overall
enhancement in its resistance to degradation, which was particularly noticeable with the
KOH pre-treatment. Our findings have highlighted the crucial balance needed when
utilizing CS concentrations to achieve a desirable combination of mechanical, thermal,
and morphological properties. Despite these encouraging results, future work should
investigate the cellular responses to these enhanced nanofibers through in vitro and in vivo
trials to confirm their suitability in regenerative medicine.
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