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Despite the widespread application of electrospun membranes across various scientific fields, 
there remains a need for a deeper understanding of the molecular interactions between polymers 
and other compounds in precursor solutions for electrospinning. This study evaluates the molecular 
conformations of poly(vinyl alcohol) (PVA) with different degrees of hydrolysis (PVA87 and 
PVA99) and high molar mass, crosslinked with citric acid (CA), using molecular modeling. The 
solution properties, including rheology and conductivity, were compared to obtain electrospun 
nanofibers. Additionally, Pluronic-F127® (F127) was incorporated into the PVA/CA system for 
advanced applications. The molecular modeling results indicate that the degree of hydrolysis 
affects the intermolecular forces of PVA and the effective binding of CA to the polymer chain. 
The interactions within the PVA/CA/F127 system vary with the degree of hydrolysis. The high 
viscosity of PVA99, due to inter- and intramolecular bonds, negatively impacts fiber morphology 
and formation. Thermal and Raman analyses confirmed crosslinking. Under the conditions used, 
the PVA99/CA/F127 system is unsuitable for electrospinning. In contrast, the electrospinning and 
crosslinking of PVA87/CA/F127 with high molar mass yielded better results, enhancing the potential 
of these nanofibers for drug delivery applications.
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Introduction

Polymeric fibers are very versatile materials and have 
had evidence since prehistory. The first manufactured fiber 
was nylon fiber, which was widely used and propelled 
more scientists to discover new types of raw material to be 
spun.1 Electrospinning is currently well known for forming 
nanoscale fibers and nanostructured materials in a versatile 
and intelligent way.2 It is a simple and promising technique, 
being possible to be performed in any laboratory requiring 
a high voltage source, infusion pump, capillary coupled to 
a syringe, and a metal collector.3

To obtain control over the electrospun fibers, the 
potential of electrospinning can be explored more 
deeply. Solution parameters, processing conditions, and 
environmental conditions can be widely varied, chosen, 
and manipulated to formulate improved nanofiber 
characteristics.4 The properties of the solution are 
predominant factors in excellent electrospinning and, 
consequently, in the morphology of the fibers. The 
molecular weight of the polymer, the entanglement of the 
polymer chains in the solution, and the surface tension 
are responsible for maintaining the continuous jet in the 
electrospinning.5 Further understanding of these parameters 
can provide progress in obtaining these fibers.6

The union of the experimental part with the computational 
part for electrospinning systems is a reality, and molecular 
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modeling can be highlighted. Molecular modeling (MM) 
can be a valuable tool for electrospinning as it can help 
improve parameter performance that is not explainable 
experimentally in more depth.7 It assists in understanding 
polymer chain behavior, intermolecular forces, viscosity, 
and surface tension.8 Lu et al.9 used MM to evaluate the 
orientation energy of the ethylene/vinyl alcohol copolymer 
molecule in different solvents and how this factor affects 
electrospinning. Vao-soongnern et al.10 used MM to see 
the effect of molecular weight and the conformation of the 
polymer chain of poly(ethylene oxide) in the properties of 
electrospun nanofibers.

Here, we describe for the first time, the molecular 
modeling of a poly(vinyl alcohol) (PVA) solution for 
electrospinning. PVA is a synthetic polymer obtained from 
the partial or complete hydrolysis of poly(vinyl acetate) 
(PVAc), with its first synthesis dating in 1924 by Hermann 
and Haehnel.11 During the first half of the 20th century, it 
was one of the most widely used synthetic polymers in 
industry sectors, such as trade, medicine, and food, due 
to its low environmental impact.12,13 The chemical and 
physical properties of PVA can vary according to the degree 
of hydrolysis (DH) (70-100%) and polymerization (10 to 
190 KDa), leading to different molecular weights, solubility, 
particularity, flexibility, solvation, among others.13,14

One of the difficulties in applying PVA in electrospinning 
is its solubility in water; therefore, its crosslinking is 
necessary for stabilization in humid conditions.15 Several 
methodologies for PVA crosslinking, whether chemical or 
physical, are found in the literature. When comparing the 
crosslinking types, chemistry shows lower energy and time 
consumption advantages and improves morphological and 
biomechanical characteristics.16 Among the crosslinkers 
discussed in the literature, citric acid (CA) has been widely 
used because it is considered a green crosslinker, non-toxic, 
biocompatible, inexpensive, and can help in the adhesion 
and proliferation of cells.17

Crosslinking of PVA with CA can occur by heat 
treatment (range 80 to 150 °C) or microwave irradiation.18 
Crosslinking occurs with an esterification reaction between 
the hydroxyl (OH) groups of PVA and the carboxylic groups 
of CA. Temperature is applied to activate the esterification 
and formation of CA anhydride.19 Nataraj et al.20 have 
already reported satisfactory results in crosslinking 
electrospun membranes made of PVA with CA and the 
stability of the fibers after 72 h of immersion in water. 
Fraga et al.21 reported the crosslinking of electrospun PVA 
membranes with high molar mass and degree of hydrolysis 
with CA (3% m/v) and their stability in water as well.

Still, aiming at more advanced applications, the 
insertion of Pluronic® F-127 (F127) for possible drug 

delivery was also studied. F127 are block copolymers 
composed of basic units of poly(ethylene oxide) (PEO) and 
poly(propylene oxide) (PPO) forming a PEO‑PPO‑PEO 
structure, the PEO units are more hydrophilic, while the 
PPO units are more hydrophobic. Thus, in an aqueous 
medium, F127 tends to self-assemble into micelles, 
forming a support network for the active drug.22 It has 
shown promising results when applied in drug delivery 
systems providing improvements in biopharmaceutical, 
pharmacodynamic and pharmacokinetic properties.23 The 
electrospinning of PVA/F127 solutions has not yet been 
widely studied. Among the few reports, such as that of 
El‑Aassar et al.,24 indicate that the material has a promising 
approach for the treatment of wounds, skin infections, and 
tissue regeneration. For PVA/F127/CA, no studies were 
found in the literature that address the characteristics of 
the solution or electrospinning.

In this study, we describe in an unprecedented way the 
use of molecular modeling to observe the behavior of the 
PVA solution in different degrees of hydrolysis crosslinked 
with CA; with the addition of F127. The conformational 
structure of the molecules was simulated in a solvent. The 
rheological, and conductivity studies were used to prove 
the solution parameters. We also evaluated morphological, 
structural, and thermal properties. For the first time, the 
structural conformation of PVA under different degrees 
of hydrolysis, PVA/CA, and PVA/CA/F127 simulated in 
solution is reported. Additionally, the structure of PVA 
containing a large amount of mers (n = 17) together with 
CA and F127 has never been explored. The use of molecular 
modeling and electrospinning is still poorly explored. 
Therefore, this original work seeks a more robust approach 
between theoretical chemistry and electrospinning.

Experimental

Materials

PVA99 (molecular weight (Mw) 146.000‑186.000 g mol‑1, 
99+% hydrolyzed), PVA87 (Mw 146.000-186.000, 87-89% 
hydrolyzed), Pluronic® F127 (Mw = 12.600 g mol-1) and 
citric acid (Mw = 192.12 g mol-1, ≥ 99.5%) were acquired 
from Sigma-Aldrich (São Paulo, Brazil). Ethanol (EtOH; 
99.8%) and acetic acid (AAce; 99.8%) were obtained from 
Synth solvents (Diadema, Brazil). 

Preparation of the solution for electrospinning

The initial solution was prepared from the mass of PVA 
fixed at 8% m/v with DH of > 99% and 87-88% solubilized in 
distilled water, using a bath with continuous stirring at 80 °C 
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for approximately 8 h. After dissolution and cooling, masses 
of 5 and 10% (m/v) CA crosslinker relative to polymer 
mass were added to the solution and left under stirring at 
room temperature for 2 h (step I, Figure 1). Subsequently, 
thin films of 1% (m/v) of F127 were prepared following the 
methodology proposed by da Silva et al.25 For this, F127 
was dissolved in ethanol and rotary evaporated at 50 °C until 
a solid F127 film formed and left in a desiccator for 24 h 
(step II, Figure 1). Finally, the aqueous PVA/CA solution was 
poured onto the F127 (step III, Figure 1) film and stirred in 
a bath at 40 °C until complete miscibility.

Electrospun parameters 

The PVA solution was spun from optimal conditions 
already reported by Rwei and Huang.26 The PVA/F127/CA 
solution was placed in a plastic syringe and connected to 
a metal needle with a straight tip. Wiring parameters were 
used: voltage of 20 kV, flow of 1 mL h-1, distance between 
the collector of 15 cm, needle diameter of 0.8 × 25 mm, 
collection system with rotation of 325 cm s-1, ambient 
temperature of 26 ± 4 °C, and relative humidity of 30%. The 
fibers were deposited in an aluminum foil covered over the 
collector. At the end of the process, the electrospun matrices 
were placed on glass plates and taken to the air oven at 
110 °C for the crosslinking reaction.27 The membranes were 
designated according to the composition of the solution, 
as shown in Table 1.

Molecular modeling

Computational studies started with the structural 
optimization of PVA87, PVA99, CA, and F127. Then, 
CA interactions with PVA87 and PVA99 were performed, 
and the interaction of F127 with the CA-PVA87 and CA-
PVA99 complexes ended. All structures were designed in 

Avogadro software28 and optimized in ORCA 5.0 software29 
using the theory level Extended Tight-Binding version 2 
(XTB2).30 Then, single-point calculations were performed 
with the theory level Perdew-Burke-Ernzerhof (PBE)/ 
Def2 Triple-Zeta Valence with Double Polarization Functions 
Def2-TZVPP31,32 considering the D3(Becke‑Johnson (BJ)) 
empirical dispersion correction method.33 The solvation 
effect of water was assessed using the Solvent Model 
Density (SMD) implicit method.34

The PVA87 and PVA99 fragments contain 17 polymeric 
mers. For its construction, a rectilinear orientation of the 
mers was considered, and the position of the hydroxyls 
was varied for PVA99 and hydroxyl and acetate groups for 
PVA87. Then, obtaining the optimized fragments in XTB2, 
two polymeric fragments were complexed in various 
orientations, and the complexation energy (∆Ecomp) was 
calculated with equation 1:

∆Ecomp = E2PVA – 2EPVA	 (1)

where E2PVA is the energy of the complex with two PVA 
fragments and EPVA the energy of a single fragment 
determined with a single point in PBE/Def2-TZVPP/SMD 
(water).

Table 1. Composition of electrospun membranes

Electrospun 
membrane

DH / %
PVA / % 

(m/v)
F127 / % 

(m/v)
CAa / % 

(m/v)

PVA87 87-88 8 - -
PVA99 > 99 8 - -
PVA87/F127/CA5 87-88 8 1 5

PVA87/F127/CA10 87-88 8 1 10

PVA99/F127/CA5 > 99 8 1 5

PVA99/F127/CA10 > 99 8 1 10
aRelative to polymer mass. DH: degree of hydrolysis; PVA: poly(vinyl 
alcohol); CA: citric acid.

Figure 1. Illustrative representation of the preparation of the working solution.
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The structures with the highest ∆Ecomp were then 
added. The ABCluster software35,36 was used for this, 
which uses the Artificial Bee Colony algorithm to 
generate complexes systematically. Initially, 50 interaction 
structures of the CA with the PVA complexes (CA-
PVA) were developed, optimized in XTB2, and 
subsequently submitted to single-point calculations in  
PBE/Def2‑TZVPP//SMD  (water). The CA interaction 
energy with the 2 PVA fragments was calculated using 
equation 2.

∆Ecomp = E2PVA/CA – E2PVA – ECA	 (2)

where  E2PVA/CA is the energy of the complex with two PVA 
fragments with the addition of CA and ECA the energy of 
the isolated CA.

From the structures with the largest ∆Ecomp, F127 was 
added using the same protocol previously mentioned for the 
addition of CA. In this case, due to the size of the structures 
and high computational cost, single-point calculations 
were performed in PBE/Def2-SVP//SMD (water). The 
interaction energy of F127 was calculated with equation 3.

∆Ecomp = EF127/2PVA/CA – E2PVA/CA – EF127	 (3)

where EF127/2PVA/CA is complex energy with two fragments of 
PVA, CA, and F127 and EF127 the energy of F127 isolated.

The equations 1, 2 and 3 are used to describe the 
energy variation upon interaction between molecules, or 
in this case, the fragments. The second and third terms on 
the right side consider the energy of a system where both 
fragments are infinitely separated, in another word, there 
is no interaction between them. The first term on the right 
side considers a system where both fragments are located in 
the optimal position to minimize the total electronic energy, 
indicating that they are interacting. The difference between 
the system where the fragments are infinitely separated 
(second and third term on the right side) and the system 
where fragments are interacting (first term on the right side) 
reflects the energy change resulting from the interaction.

Non-Covalent Interactions (NCI) analyses were 
performed using the NCIPLOT software37 using the 
promolecular approximation.

Solutions characterizations 

The conductivity of the solutions was evaluated using a 
MS TECNOPON (Piracicaba, Brazil) conductivity meter,  
model mCE-105, with a measurement range of 0 to 
200 mS cm-1, cell constant (C) of 1 ± 0.2, resolution of 
0.1 µS cm-1, and electrode area of 140 mm × (diameter) 10 mm.  

The temperature of the measurement solutions was  
25 ± 3 °C. The electrode was immersed in the previously 
prepared solutions and left in contact until stabilization, 
and the data were recorded.

The rheological analysis was performed with continuous 
shear using a gradient rheometer and controlled shear 
stress MARS II (Haake®) (Karlsruhe, Germany) at room 
temperature, with 35 mm cone-plate geometry. The solutions 
were carefully poured onto the lower plate of the equipment 
and allowed to rest for 2 min before each reading. The 
ascending and descending flow curves were obtained with 
a shear gradient from 0 to 2000 s-1. The shear gradient was 
increased throughout 150 s. The ascending descending 
curves were analyzed using the Ostwald de Waele (Power 
Law) equation (equation 4) to obtain the K and n indices.

τ = Kγn	 (4)

where τ = shear stress, K = consistency index; n = flow 
behavior index; γ = shear rate.

The Casson and Herschel-Buckley rheological models 
were used to obtain the yield value and are presented in 
equations 5 and 6.

	 (5)
	

where τ = shear stress, n = flow index, τ0 = yield value, 
γ = shear gradient, hp = Casson plastic viscosity.

τ = τ0 + kγn	 (6)

where: τ = shear stress, τ0 = yield value, k = consistency 
index, γ = shear gradient, n = flow index.

In addition, the area of thixotropy (At) was obtained 
using the RheoWin 4.10.000038 program (Haake®).

Characterization of membranes electrospun

The surface morphology of the polymer matrices was 
evaluated by scanning electron microscopy. The equipment 
used was a FEI QUANTA series 250 line (Massachusetts, 
USA). To make the samples electrically conductive, they 
were deposited on double-sided carbon adhesive tape and 
metalized with gold to a thickness of 30 nm. The images 
were obtained by applying an electron-accelerating voltage 
ranging from 12 to 20 kV at different magnifications. 
Scanning electron microscope (SEM) images were used 
to determine mean fiber diameter using ImageJ39 image 
processing software, performing measurements on random 
parts of random fibers (n = 100). Results are expressed as 
mean ± standard deviation (SD).
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Structural and chemical information was verified by 
Micro-Raman microscopy. The equipment used was a 
Micro-Raman model Senterra by Bruker, (Massachusetts, 
USA) with a laser at 785 nm, power of 100 mW, integration 
time of 5 s, and resolution of 9-15 cm-1.

The thermogravimetric analysis technique was used 
to verify the thermal stability of the electrospun matrices. 
Data were registered in a PerkinElmer STA 6000 (Waltham, 
USA) equipment with a ceramic note containing 5 to 10 mg 
samples. The experiment was conducted in a nitrogen 
atmosphere with a 50 mL min-1 heating rate of 10 °C min-1 
flow in the temperature range from 30 to 550 °C.

To confirm the crosslinking of the materials, stability 
in aqueous media was used. For this, the electrospun and 
cross-linked membranes with CA measuring 1 × 1 cm2 
were immersed in distilled water for 24 h. After the time 
had elapsed, the material was freeze-dried for 24 h using 
EDWARDS (Cleveland, USA) freeze-drying equipment. 
Stability in aqueous media was evaluated using a scanning 
SEM.

Results and Discussion

Molecular modelling

For the molecular modeling study, the fully hydrolyzed 
PVA fragment was constituted by (PVA99)17. For the 
partially hydrolyzed one (PVA87)14-(PVAc)3, the sizes and 
repetitive units were chosen based on the proportion of 
and improvement of the F127 used (PEO)5‑(PPO)3‑(PEO)5. 
The size of the chains was chosen to produce a lower 
computational cost of the equipment used. The complete 
fragment was used for optimization of the CA structure 
(Figure 2a). The optimized structures are shown in 
Figure 2b with the orientation of the PEO group (green), 
contrary to the PPO group (pink). The formation of the 
F127 micelle is highly dependent on the medium in which 
it is found, with separation between the nucleus and the 
corona evidenced. Albano et al.40 have already reported, by 
dynamic modeling using water as a solvent, the formation 
of U-shaped lamellae, with the direction of the PEO tails 
facing the same direction. The same can be observed for 
those found in this work (Figure 2b), with the orientation 
of the PEO group (green) contrary to the PPO group (pink).

The different conformations of PVA99 are presented in 
Figures 3a-3c. The structure in Figure 3b provided lower 
energy; therefore, taken at 0.00 kcal mol-1, it features a 
polymeric chain with interacting hydroxyls and a very 
evident geometric tension. For the structure with PVA99 
hydroxyls and dispersed hydrogen bonds, a higher energy 
of 19.88 kcal mol-1 is observed compared to Figure 3b. 

For Figure 3c, a linear structure can be observed for 
hydrogen interactions between the hydroxyl groups along 
the chain, still an energy of 14.07 kcal mol-1 higher than 
Figure 3b. For PVA87, the different orientations of the vinyl 
acetate (VAc) clusters and their location in the chain were 
evaluated. The different degrees of hydrolysis of PVA 
come from the hydrolysis (methanolysis) of PVAc, so it 
is impossible to define the locality in the chain of the VAc 
clusters correctly. In our work, the addition of VAc at the 
ends, center, and dispersed along the chain was evaluated, 
as shown in Figures 3d-3f.

A linear structure is formed for VAc grafted at the PVA 
chain’s center (Figure 3d) and end (Figure 3e). In the case of 
the structure Figure 3d, hydrogen interactions are dispersed 
along the chain, making this structure possess an energy 
of 12.57 kcal mol-1 more when compared to the structure 
Figure 3e, which presents the VAc at the end. Note the 
presence of hydrogen interactions along the entire chain, 
which makes the structure Figure 3e most stable, with lower 
energy and therefore, defined as energy 0.00 kcal mol-1. The 
insertion of VAc dispersed along the PVA chain (Figure 3f) 
forms a structure with a slight twist, resulting from the 
repulsion between the carbonyl double bonds present in 
the structure, making its energy 31.08 kcal mol-1 above the 
structure Figure 3e.

To observe the possible differences in the interactions 
between the polymer chains, an optimization was performed 
with two chains, designated as 2PVA87 and 2PVA99 

(Figures 4a and 4b). For complexation, the inter‑chain 
interaction is better tuned; thus, chains that maximize these 
interactions are favored. 2PVA99 (Figure 4b) provides a high 
interaction energy due to hydroxyls’ inter-chain hydrogen 
interactions. On the other hand, 2PVA87 (Figure  4a) 
decreases these interactions due to the presence of acetal 
groups; this provides a lower interaction energy than 
2PVA99. Furthermore, 2PVA99 (Figure 4b) has more intra 
and intermolecular hydrogen interactions with different 
orientations than 2PVA87 (Figure 4a). The presence of acetal 
groups decreases intra- and inter-chain bonds, providing 
greater mobility at the end to which they are attached and 
a slight twist at the opposite end. Hydrogen interactions 

Figure 2. Structures optimized for (a) citric acid and (b) F127.
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can provide different physicochemical characteristics to 
PVA, such as solubility and stability in water, viscosity, 
crystallinity, and melting temperature.41 Also, the hydroxyl 
groups along the chain can incorporate other molecules by 
hydrogen bonding.42

The addition of the citric acid crosslinker between the 
polymer chains was also observed in Figures 4c and 4d. 
The PVA structures with the highest interaction energy 
with CA differ from those previously shown. Citric acid 
is a polycarboxylic acid with three carboxyl groups and 
can bind to the hydroxyl groups of PVA through inter and 
intramolecular interactions, forming crosslinking between 

the chains. Crosslinking reduces the available hydroxyl 
groups of PVA and, therefore, manages to decrease its 
hydrophilic nature.18 For both DH and PVA, the formation 
of hydrogen interactions between the hydroxyl groups of 
the polymer and the acetal groups of the CA were observed. 
Another feature observed is the formation of multiple 
hydrogen bonds between CA and PVA in both degrees 
of hydrolysis. Numerous hydrogen bonds indicate more 
excellent molecular stability.43 CA benefits from structural 
distortions to act as cavities and increase its interaction 
with the polymer. For 2PVA87/CA (Figure 4c), the CA 
settles between the polymeric chains, making them more 

Figure 3. PVA99-optimized structures in (a), (b), (c), and PVA87-optimized structures with VAc (blue) fragments at (d) center, (e) end, and (f) scattered 
along the chain.

Figure 4. Optimized structure of (a) 2PVA87, (b) 2PVA99, (c) 2PVA87/CA and (d) 2PVA99/CA.
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spaced. For 2PVA99/CA (Figure 4d), it is observed that the 
CA does not graft between the polymer chains. PVA99’s 
stronger hydrogen interactions can explain this; therefore, 
its higher rigidity slightly distorts the structure to increase 
its interaction.

Adding F127 to structures already optimized with citric 
acid provides different results when comparing the other 
DH (Figure 5). For 2PVA87/CA/F127 (Figure 5a), contrary 
to expectations, F127 interacts more strongly with citric 
acid. Possibly, the acetal groups need to allow the effective 
approximation of the voluminous structure of the F127 
with the polymeric structure. In this case, the interaction 
with the polar groups of the CA becomes more stabilizing. 
For 2PVA99/CA/F127 (Figure 5b), the F127 fragment is 
located opposite the CA and linked to the polymer by 
hydrogen bonds.

Table S1 (Supplementary Information (SI) section) shows 
the energy minima of the studied structures and fragments. 
To better understand better the interaction between the PVA 
chains and with the addition of CA and F127, it was used 
as a favorable parameter. The values of 2PVA87/CA and 
2PVA99/CA in different DHs show that the interactions are 
suitable for the complexation of PVA with CA, explained 
by ∆Ecomp < 0. Compared to each other, the insertion of CA 
between the polymer chains is more favorable for PVA99 
(∆Ecomp = -60.25 kcal mol‑1) once your energy is smaller 
than for PVA87 (∆Ecomp = –39.05 kcal mol‑1). The fragments 
interaction regards the mixing of the fragments electronic 
orbitals and the electrostatic interaction resulting from the 
charge polarization caused by the polar substituents, in this 
case, VAc and OH.44 Because of the shape of the orbitals and 
the position of the substituents on the fragment frame, the 
electronic interaction becomes highly directional meaning 
that it strongly depends on the direction one fragment 
approaches the other. Larger negative values means 
that the electronic interaction is stronger, the geometry 
of the fragment is optimized and closer to the real one. 
This approach is used to describe a variety of chemical 
problems such as the interaction mode between catalyst and 

substrate,45,46 amino acids interactions,47,48 regioselectivity 
and reaction path elucidation.49-52

Evaluation of interactions by NCI

For the conformation of 2PVA99/CA/F127 of lower 
energy, no evident interactions of F127 with PVA were 
observed; therefore, we sought to evaluate the types of 
interactions that occurred in this PVA/CA/F127 system 
in both DH. The method used was the Non-Covalent 
Interaction index (NCI), which uses electronic density 
and its derivatives to demonstrate attractive and repulsive 
interactions through isosurfaces with color scale.53 RGB 
(red-green-blue) is used for the NCI to elucidate the 
dispersive interactions of small molecules and complexes.54 
This approach describes those regions in red that present 
repulsive/destabilizing interactions, while in green, a low 
number of electrons and weak delocalized interactions, and 
finally, in blue, the attractive/stabilizing interactions.53,54 
For 2PVA87/CA/F127 and 2PVA99/CA/F127, both weak 
interactions and strong stabilizing interactions were 
verified in the presence of F127 and CA in both DH. Their 
isosurfaces are shown in Figure 6. 

The NCI analyses (Figure 6) or DH demonstrate 
a similar pattern of interactions with the presence of 
regions located in dark blue between oxygens of the 
acidic hydrogens of CA and PVA and a large area in 
green for the exchange of F127 with PVA. F127, on the 
other hand, does not present hydrogen interactions as 
intense as CA. However, it is possible to observe light 
blue regions between the oxygens of F127 and the acidic 
hydrogens of PVA and/or CA, indicating weaker hydrogen 
interactions. The large green area between F127 and the 
other structures demonstrates that dispersive interactions 
play a significant role in stabilizing this complex; the fact 
that this area is more prominent for PVA99 is consistent 
with the higher interaction energy shown. In this way, with 
this computational tool, the explanations regarding the 
properties of the solution become more coherent.

Figure 5. Structures optimized for (a) 2PVA87 and (b) 2PVA99, both with CA (cyan) and F127 (green and pink).
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Solution properties

The electrical conductivity of an electrospinning 
solution plays a significant role in the average fiber 
diameter. Initially, it can be observed in Table S2 (SI 
section) that the DH provides different conductivities. 
For PVA99, the conductivity is 1203.09 ± 6.65 µS cm-1, 
while for PVA87, 950.33 ± 4.56 µS cm-1. These data were 
also reported by Zhang et al.55 which indicate that the 
increase in DH at the same polymer concentration leads 
to an increase in the conductivity of the solution due 
to aggregation and crystallization occurring at the air/
solution interface. The addition of CA to PVA87 and PVA99 
solutions in all evaluated conditions leads to an increase 
in conductivity, explained by the ionizable nature of the 
acid. CA is a weak electrolyte, with fractions of positively 
and negatively charged ions in solution. Similar data were 
found by Shi and Yang.56

In addition to electrical conductivity, rheology has 
been used to predict electrospinning solution properties by 
providing morphological correlation and spinning ability. 
Analyzing the flow behavior (Figure 7a) for PVA87 and 
PVA99 solutions makes it possible to verify a representation 

of a non-Newtonian fluid. A non-Newtonian fluid is 
characterized by a fluid behavior independent of when 
the shear stress is applied.57 Another feature that can be 
observed is pseudoplastic behavior. Pseudoplastic fluids 
have a convex curvature about the shear gradient axis 
starting from zero, yet they are solutions that have chains 
in an entangled state and, under shear stress, tend to orient 
themselves in the direction of the applied force, decreasing 
their apparent viscosity.57,58 When comparing the polymers 
in different degrees of hydrolysis, it is possible to denote 
that the PVA99 Figure 7b tends to undergo more significant 
changes in viscosity as the force is applied. 

Still, in Figure 7b, it is also possible to observe that 
PVA99 has an initial viscosity 40% higher than that of PVA87. 
The viscosity of PVA is closely related to the intra and 
inter-molecular hydrogen bonds of the chains. For PVA99, 
interactions and chain entanglement are more pronounced 
when compared to PVA87, which has acetate groups that 
manage to interrupt inter- and intra-chain hydrogen bonds, 
corroborating the results found in Figure 4b, thus having a 
lower apparent viscosity.59 For PVA87, a small hysteresis area 
is observed in the return curve, indicating that the solution 
is still fluid even after receiving a strain rate. 

Figure 6. NCI isosurface for the (a) PVA99/F127/CA and (b) PVA87/F127/CA, where the color of the PVA chain is gray, the CA structure is green and the 
entire F127 is orange.

Figure 7. Rheogram of (a) flow and (b) viscosity for PVA87 and PVA99 solutions in aqueous medium. The closed symbol represents the one-way curve, 
and the open symbol represents the turn.
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For the PVA87 solutions in the flow rheogram of 
Figure 8a, adding F127 and different percentages of CA still 
give predominantly non-Newtonian fluid characteristics, 
behaving like pseudoplastic. The addition of CA alters 
the structural configuration of the solution, bringing it to a 
similar behavior to the pure PVA87 solution; this behavior 
is in accordance with the analysis carried out in Figure 5a, 
in which, contrary to what was imagined, F127 interacts 
more strongly with citric acid. For the PVA99 solution 
in the flow rheogram (Figure 8b), the addition of F127 
and different percentages of CA also maintains the non-
Newtonian fluid characteristics of PVA, and these solutions 
behave like pseudoplastics. Contrary to the data found for 
PVA87, the addition of F127 decreases the dependence 
of the PVA99 solution on the shear rate, indicating that 
the viscosity of the solution does not change significantly 
when a force is applied. The addition of CA alters the 
structural configuration of the solution, as reported in the 
analysis of PVA99/CA/F127 (Figure 5b). The fragment 
of F127 is located in the opposite position to the CA and 
connected to the polymer by hydrogen bonds, promoting 
this conformational modification.

When analyzing the apparent viscosity of the solutions 
shown in Figure 8c, it is possible to notice that the  
PVA87/F127 solution is shear-dependent since its viscosity 
decreases with the increase of the gradient. For the  
PVA87/F127 solutions with the addition of CA, there is a 
decrease in the apparent viscosity with the increase in the 
shear gradient, reaching a viscosity close to that of the pure 
PVA87 solution. The interactions of PVA with CA occur 
through the hydroxyl and carboxylic groups present in the 
acid. The three carboxylic groups present in CA increase 
the formation of hydrogen bonds through esterification with 
the hydroxyl groups of PVA.60 PVA99 solutions, as shown 
in Figure 8d, exhibit different apparent viscosity behavior 
than PVA87 when F127 and different mass percentages of 
CA in the solution are inserted. As we saw in Figure 4b, 
PVA99 has many inter- and intrachain interactions, and the 
insertion of CA can cause a break in the sequence of these 
interactions and hydrogen bonds, according to Figure 5b. 

Table S3 (SI section) presents the rheological data for 
the different formulations of solutions for electrospinning, 
such as consistency index (k), flow behavior index (n), 
yield value (τ0), and thixotropy area (At) calculated using 

Figure 8. Rheogram of flow for (a) PVA87 with the insertion of F127 /CA and (c) PVA99 with the insertion of F127 /CA. Rheogram of viscosity for 
(c) PVA87 with the insertion of F127 /CA and (d) PVA99 with the insertion of F127 /CA. The closed symbol represents the one-way curve, and the open 
symbol represents the turn.
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equations 4, 5, and 6. k represents the average viscosity of 
all points obtained by a flow curve. The highest value of 
PVA87 solutions was obtained with the insertion of F127, 
which is related to the increased viscosity discussed above. 
For PVA99, the lowest value was also obtained by inserting 
F127. The data then agrees with the rheograms in Figures 7a 
and 8d. The flow behavior index (n) represents the shear 
dilution behavior, where n = 1, we have a Newtonian fluid, 
n < 1 pseudoplastics, and n > 1 dilatants.61 All solutions 
obtained values of n smaller than 1, able to be classified 
as pseudoplastic, and tend to have their viscosity reduced 
with the increase of the shear stress. These results are in 
accordance with the rheograms shown in Figures 7a and 
8a-8b. The thixotropy area is calculated using the hysteresis 
area, evaluating the structural organization before and after 
shear conditions.62 All solutions studied showed rheological 
behavior of rheopexy (negative At), indicating a slower 
system reorganization after suffering a high shear rate 
deformation.63 The data in align with those already reported 
in the viscosity rheograms (Figures 7b, 8c and 8d). 

Properties of the electrospun matrix

The structural and morphological effects caused by the 
electrospun matrices of PVA87-99/F127 with the addition 
of different percentages of CA mass after heat treatment 
were evaluated by SEM. PVA/F127 concentrations 
were maintained at 9% by mass, with a ratio of 8:1. 
The electrospun matrix morphology of PVA87 is shown 
in Figure 9a with average size fibers of 300 ± 58 nm of 

random distribution and flattened structure. The flattened 
morphology of PVA fibers has also been reported by 
Koski et al.64 The authors attest that high humidity and 
impact form this structure when reaching the collector. 
For the PVA99 solution, forming a film on the target 
collector was impossible. Koski et al.64 elucidated the 
relationship between the molecular weight of PVA99 and 
the concentration of the solution for the formation of 
homogeneous fibers. Using the Mark-Houwink relationship 
and relating the intrinsic viscosity to the concentration, the 
authors demonstrated that a solution with a mass proportion 
of 6% PVA99 can form fibers. Yao et al.65 indicate that 
the surface tension of the PVA solution is related to the 
degree of hydrolysis. For PVA99, the high surface tension 
needs critical electric fields well above 30 kV to form a 
stable Taylor cone. The authors indicate using non-ionic 
surfactants to decrease the surface tension of aqueous 
PVA99 solutions.

Initially, when analyzing the images of PVA87/F127 
nanofibers (Figure 9b), it can be seen that they have 
a uniform morphology and a crimped characteristic. 
El‑Aassar et al.24 report that the concentration of F127 
plays an essential role in the formation of PVA87 fibers, 
which cannot exceed 1% by mass and, when compared 
to pure PVA fibers, tend to favor the formation of 
friezes. The fibers tend to merge with the addition of CA 
(Figures 9c and 9d). Coalescence can occur when there 
is close contact between the threads or when they cross, 
producing a joint geometry.66 Wang and Hsieh67 observed 
that the addition of a cross-linker to PVA/polyethylene 

Figure 9. Morphology of electrospun matrices and fiber diameters after heat treatment of (a) PVA87, (b) PVA87/F127, (b) PVA87/F127/CA5, and  
(c) PVA87/F127/CA10.
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glycol (PGE) fibers, with a molar mass similar to that of 
this work, led to the formation of coalescing fibers with 
reduced porosity when compared to PVA/poly(ethylene 
glycol)(PEG), explained by the compaction of the fiber 
structure. When comparing the average histogram fiber 
diameters for each composition, it is observed that  
PVA87/F127 (Figure 9b) has a diameter distribution of 
191 ± 30 nm. When comparing the diameter with pure PVA 
(Figure 9a), there is a reduction of 51.33% in the diameter 
with the insertion of F127 in the polymeric solution, and the 
decrease in viscosity can explain these data. Zadeh et al.68 
point out that solvent evaporation is reduced with increasing 
viscosity, forming fibers with a larger diameter. With the 
addition of CA (Figures 9c and 9d), there was a slight 
increase in the average diameter of the fibers; however, 
when considering the standard deviation, it is impossible 
to denote significant differences. Nataraj et al.20 also 
observed a 10-150 nm change in the diameter of low 
molar weight PVA fibers (44.05 g mol-1) when crosslinked 
with 5% CA. The conductivity provided by the CA was 
essential for forming fibers with a circular cross-section 
since the viscosity of the PVA/F127/CA solutions is very 
close to that of pure PVA. The data obtained from average 
diameters align with the rheology and conductivity data 
of the solution. 

Microscopies for the PVA99 solutions (Figure 10Aa) 
demonstrate that solvent evaporation is incomplete. For 
the dissolution of PVA with a high degree of hydrolysis, 
temperatures above 110 °C should be used to break the 
inter- and intra-chain bonds in more significant numbers, 

as seen in Figure 4b. These bonds can be redone with the 
cooling of the solution or during the path to the target 
collector, causing the evaporation rate of the solvent from 
the formed gel structure to be drastically reduced.64 As 
previously reported, the viscosity of the solution is also 
closely linked with the evaporation of the solvent along the 
path to the target collector. When comparing the additions 
of CA, the one with 5% provided a better chance of fiber 
formation due to lower viscosity. This data agrees with 
those of rheology previously presented in Figure 8d. The 
high viscosity of the solutions for adding 10% CA and a 
slow solvent evaporation rate meant that the material still 
arrived highly wet at the target collector, ultimately losing 
its fiber characteristic.

To circumvent the limitation of PVA99, binary 
solvents for electrospinning have already been studied. 
Mahmud  et  al.69 evaluated the effect caused by the 
electrospinning of PVA (115 KDa, DH 98.99%) with 
ethanol-water mixtures (20 and 50%) and acetic acid-
water (20 and 50%). The authors verified the formation 
of circular fibers with 7% PVA and the acetic acid-water 
mixture and flat fibers for the same concentration using 
ethanol-water. Furthermore, larger diameters were 
observed for solutions using ethanol-water (500‑1000 nm) 
as a solvent than acetic acid-water (70-300 nm). For 
PVA (125 KDa and DH 86‑89%), it has been reported 
that adding up to 40% dimethyl sulfoxide (DMSO) can 
provide uniform formation and fibers; however, the high-
water content in the solution must be maintained for 
optimum spinning ability.70 The addition of 20 and 30% 

Figure 10. Morphology of electrospun matrices of (A) (a) PVA99/F127 (b) PVA99/F127/CA5 and (c) PVA99/F127/CA10. (B) (a) PVA99-20%Aace,  
(b) PVA99-30%AAce (c) PVA99/F127/CA5/30%AAce and (d) PVA99/F127/CA10/30%AAce.
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acetic acid (AAce) to the PVA99 solution was evaluated; 
the microscopies are shown in Figure 10B. Adding 
20% of AAce (Figure 10Ba) favors the formation of 
fibers with average diameters of 263 ± 61 nm, with the 
predominance of beads and polymer agglomerate coming 
from a slow evaporation rate. For the addition of 30% 
AAce in Figure 10Bb, more homogeneous fibers were 
observed, with an average diameter of 313 ± 77 nm, but 
still with the presence of polymer agglomerate in a smaller 
amount. Starting from the addition of 30% AAce to the 
solution, with the production of better fibers for PVA99, 
electrospinning was performed with solutions containing 
F127 and CA in the same proportions already reported. 

Microscopies for adding F127 and CA (Figures 10Bc 
and Bd) show that it does not promote the formation of 
homogeneous and regular fibers, even with the binary 
mixture of solvents. For this solution configuration 
(PVA/F127/CA) and PVA (Mw 146.000-186.000, 
+99%  hydrolyzed), no studies were reported in the 
literature, this being the first to address this system. We 
believe that, as shown in Figure 5b (system only in water), 
the hydrogen interactions are still strong for PVA99 in 
binary solution, making the surface tension and tendency 
to undergo gelation higher, as reported by Park et al.71 In 
a systematic review, Matabola et al.72 indicate that adding 
surfactants and co-solvents can help electrospinning PVA 
in high DH; however, no success reports were found. Other 
observations are the high standard deviation between 
measurements, confirming Taylor Cone’s instability and 
fibers of different diameters.

Our findings indicate that the addition of acetic acid to 
the PVA electrospinning solution improves the formation 
of nanofibers by reducing the surface tension and viscosity 
of the solution, which facilitates the electrospinning 
process. Specifically, the use of 30% acetic acid resulted 
in more homogeneous fibers with fewer defects compared 

to using water alone. This is consistent with the findings 
reported by Mahmud et al.,69 who demonstrated that 
acetic acid enhances the electrospinning performance and 
morphological characteristics of PVA nanofibers. In our 
experiments, we observed that the PVA87/F127/CA system 
produced fibers with a uniform morphology and a crimped 
characteristic when acetic acid was used as a solvent. The 
average fiber diameter was significantly reduced, which 
can be attributed to the decreased viscosity and improved 
electrospinning conditions. These results align with the 
study by Vu et al.,73 which reported that acetic acid does 
not affect the chemical properties of PVA nanofibers but 
changes their lattice structure and reduces crystallinity.

The chemical and structural characterization of the 
PVA87 and PVA99 membranes after heat treatment (HT) 
were performed by Raman spectroscopy and is shown 
in Figure  11. Behavioral differences were observed in 
the assigned bands. For the band corresponding to O-H 
stretching, a significant reduction is marked with the 
addition of CA+ HT to PVA87 (Figure 11a), indicating a 
decrease in hydrogen bonds and crosslinking. An increase 
in CA concentration is observed for the band attributed 
to aliphatic C-H2 stretching and PVA87. Kim et al.74 
also observed this effect and attributed it to higher PVA 
crosslinking. For PVA99 (Figure 11b), the observed effect 
was contrary to what was imagined, with increased OH and 
CH2 stretching bands. As we saw in the molecular modeling 
study (Figure 5), for CA, there are still O-H groups that 
do not react with PVA and F127, causing an increase in 
intensity. Thus, this characterization makes it impossible 
to attest to the PVA99 crosslinking for the studied system.

Thermogravimetric analysis (TGA) was used to evaluate 
the thermal decomposition of PVA/F127/CA fibers for both 
DH. Pure PVA membranes (Figures 12a and 12d) show 
three well-defined stages of decomposition. The first stage 
at 150 °C corresponds to the elimination of water chains. 

Figure 11. Raman spectroscopy for (a) PVA87 and (b) PVA99 membranes at different CA percentages.
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The second step near 250 °C involves eliminating hydroxyl 
side groups and forming small polyene fragments. The third 
stage, from 300 °C, corresponds to the decomposition of 
the PVA main chain.75 The derivative thermogravimetry 
(DTG) curves (Figures 12a and 12d) demonstrate that the 
maximum decomposition of PVA in the second stage, for 
PVA87, occurs at 264 °C and PVA99 at 247 °C. The more 
excellent thermal stability of PVA87 is related to the acetal 
groups present in the chains and the reduction of hydroxyl 
groups to undergo decomposition.76 Inserting F127/CA 
increases the decomposition temperature for both PVAs, 
indicating crosslinking. This temperature corresponds to 

the three-dimensional network between PVA and CA, 
as shown in Figures 5a and 5b. When comparing the 
percentages of CA to the system, for PVA87, the addition 
of 5% was more favorable, and for PVA99, the addition 
of 10%. For PVA99, as shown in Figure 5b, here are more 
points for three-dimensional network formation because 
CA accommodation is opposite to F127, and there is 
no presence of acetal groups. Also, the NCI isosurface 
(Figure  6b) demonstrates that the interaction of PVA99 
with F127 occurs along the entire chain; thus, a higher 
concentration of CA is expected to form a more stable 
three-dimensional network. For PVA87, we believe the 

Figure 12. Thermogravimetric curves (TGA) and derivative of degradation curves (DTG) for (a) PVA87, (b) PVA87/F127/CA5, (c) PVA87/F127/CA10, 
(d) PVA99, (e) PVA99/F127/CA5 and (f) PVA99/F127/CA10.
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Figure 13. SEM images of (a) PVA87/F127/CA10 and (b) PVA99/F127/CA10 after immersion in water.

acetal groups along the chain, as shown in Figure 5a, do 
not favor the entry of more CA into the structure and the 
formation of more crosslinking points; thus, excess CA 
causes the most pronounced degradation at 10 than 5%.

Stability in aqueous media was carried out for  
PVA/F127/CA10 in the two DHs studied, and 
the microscopies are presented in Figure 13. For  
PVA87/F127/CA10 (Figure 13a), the maintenance of the 
fibrous characteristic can be observed even after prolonged 
immersion in water, demonstrating crosslinking by CA. This 
fact corroborates the molecular modeling data (Figure 5a) 
and Raman spectroscopy (Figure 11a). Crosslinking 
with CA decreased water sorption by the fibers. For  
PVA99/F127/CA10 (Figure 13b), the fibrous characteristic 
of the material is almost completely lost, demonstrating 
the non-crosslinking of the material. Cross-linking of the 
material occurs when the OH groups of the CA provide 
inter and intramolecular interactions. From Figure 5a, it is 
observed that the addition of F127 decreases the effective 
bonds of CA with the polymer chains, which makes the 
crosslinking less effective. Furthermore, the increases in 
the signal of the OH groups in the Raman spectroscope 
Figure 12b also corroborate this observation.

Fraga et al.21 verified the stability of smaller Mw PVA99 
membranes cross-linked with CA10 after immersion in 
an aqueous medium for 24 h. do Nascimento et al.77 also 
confirmed the stability of PVA99 membranes with Mw equal 
to that used by us and crosslinked with CA. Therefore, 
the addition of F127 to the system can cause competition 
with CA for the active sites of the polymer, decrease the 
crosslinking efficiency, and increase water sorption.

Conclusions

The study demonstrated that PVA with 99% degree 
of hydrolysis (DH) and high molar mass is unsuitable 
for electrospinning due to high viscosity and poor fiber 

formation. In contrast, PVA with 87% DH showed better 
results when crosslinked with citric acid (CA) and combined 
with Pluronic® F127 (F127). The molecular modeling 
confirmed that CA effectively crosslinks PVA, enhancing 
stability. Rheological data indicated non-Newtonian fluid 
behavior, with PVA99 showing higher viscosity than PVA87. 
SEM analysis revealed uniform fiber morphology for  
PVA87/F127/CA, while PVA99 solutions failed to form 
homogeneous fibers. TGA confirmed the crosslinking of 
PVA87, but not PVA99, as evidenced by thermal stability and 
residue analysis. Stability tests in aqueous media further 
validated the effective crosslinking of PVA87/CA/F127. 
Thus, PVA87/CA/F127 is a promising system for electrospun 
nanofibers, particularly for drug delivery applications.

Supplementary Information

Supplementary data are available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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