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A B S T R A C T   

Obtaining new materials for drug delivery through the electrospinning of biopolymers is a strategic approach in 
the pharmaceutical industry. Incorporating nanoparticles into polymeric matrices influences the morphology of 
the produced fibers and, consequently, the drug release process. In this study, we produced long cylindrical 
blended fibers based on pectin, poly(ethylene oxide) (PEO), zein, and hydroxypropyl methylcellulose acetate 
succinate (HPMCAS) for hydroxychloroquine (HCQ) delivery in the presence of cellulose nanocrystals (CNC) and 
nanofibrils (CNF). Both CNC and CNF contributed to retaining HCQ in the polymeric matrix for a longer dura-
tion, but the CNC-containing fibers had the slowest release rate. The release profiles of HCQ molecules were best 
fitted using the First Order Model for all types of fibers. The application of the obtained fibers may be of great 
interest as delivery platforms for HCQ release, particularly in cases such as colon cancer treatment.  
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1. Introduction 

Electrospinning is a technique used for preparing fibers with micro- 
or nanometer diameters by applying a high electrical potential differ-
ence between a needle connected to a power supply and a grounded 
plane electrode [1]. It can be used to fabricate materials for tissue en-
gineering [2–4], catalysis [5], energy storage [6,7], membranes [8,9], 
and drug release [10,11]. Applications are determined by the fiber 
characteristics, such as reduced diameter and increased length [12], 
high surface area [13], chemical composition [14], wettability [15], and 
mechanical properties [16]. Polymers are widely used to produce elec-
trospun fibers, and employing biopolymers in electrospinning processes 
is an interesting strategy due to their abundance and relative ease of 
obtaining biodegradable and biocompatible materials [17], such as zein 
[18], pectin [19], chitosan [20], and gelatin-based [21] electrospun 
fibers. 

Pectin is a high molecular weight polysaccharide consisting of D- 
galacturonic acid units abundant in citrus fruit cell walls, where it is the 
main component [22]. Its versatility allows applications in tissue engi-
neering [23], anticancer treatment [24], food packaging [25], and drug 
delivery [26], but production of electrified fibers from this biopolymer 
still faces some challenges [27–29] such as its low jet-forming ability 
[30]. An alternative to improve this property involves increasing the 
viscoelasticity of solutions or dispersions by blending pectin chains with 
other natural or synthetic polymers [30,31]. 

The addition of poly(ethylene oxide) (PEO), which is a biocompat-
ible and non-toxic polymer with hydrophilic properties [32], improves 
the electrospinning process. It does so by increasing the viscoelastic 
properties of the solutions and dispersions, thereby stabilizing the 
Taylor cone [33–35]. However, fibers produced from pectin and PEO 
can be solubilized in water, limiting their application in the aqueous 
phase [31]. In this case, the addition of zein, a hydrophobic polymer, 
can be used as a complement to produce more water-resistant fibers 
through the mixture of these polymers [36]. 

Zein is a protein mainly found in the endosperm of corn grain 
composed of about 17 amino acids, mostly nonpolar, which contribute 
to its hydrophobic character [37]. It becomes soluble in alkaline [38] or 
hydro-alcoholic media, thus allowing the molecule structure to open and 
form hydrogen bonds, electrostatic and/or van der Waals interactions 
with the solvent [39]. Zein-based viscoelastic solutions are suitable for 
electrospinning processes and its fibers can be used for encapsulation 
[40], food packaging [36,41], and drug delivery [42,43]. Furthermore, 
obtaining platforms for drug release by blending pectin, PEO, and zein 
with another polymer that helps pectin in preventing drug crystalliza-
tion is vital for pharmaceutical applications. 

Hydroxypropyl methylcellulose acetate succinate is used mainly in 

drug delivery as it inhibits crystallization and improves dispersion sta-
bility and solubility of drug molecules [44,45]. In the medicinal area, it 
has been used to develop nanocontrollers for theophylline release [46] 
and drug release for colon cancer treatment [47]. Many studies have 
shown that adding PEO can improve the formation of HPMC or zein 
polymeric fibers during the electrospinning process [33–35]. 

Previous studies have shown that pectin in the presence of nano-
cellulose is a good matrix for delivering hydroxychloroquine (HCQ) 
molecules from films in a release medium that mimics gastric and colon 
pH [48]. However, as pectin is highly soluble in aqueous media, the 
material could not be used for long periods (over 48 h). Zein and 
hydroxypropyl methylcellulose acetate succinate-based (HPMCAS) 
electrospun fibers with and without nanofibril cellulose were also 
investigated as a metronidazole benzoate and metronidazole release 
platform for periodontal treatment [49]. Results showed that differences 
in drug and polymeric matrix hydrophilicity can tune the release of the 
active compound, and nanocelluloses played an important role in the 
drug release. 

Nanocelluloses are versatile bio-based materials that can be extrac-
ted through chemical, enzymatic, and mechanical treatments [50]. CNC 
are usually obtained by acid hydrolysis and are predominantly 
composed of crystalline domains, resulting in high stiffness [51–53]. 
Their excellent properties, such as high surface area, reactivity, and 
self-assembly abilities [54], allow their use in tissue engineering [55, 
56], biosensors [57], and drug delivery [58]. CNF are elongated nano-
structures composed of both crystalline and amorphous domains 
commonly obtained by a TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl 
radical)-mediated oxidation process followed by mechanical fibrillation 
[59,60]. Properties such as high surface area, low density, and flexibility 
[61] enable a wide applicability range, including food packaging [62], 
coatings [63], electronics [64], and drug delivery [65]. 

In this scenario, electrospinning blended fibers of pectin, poly 
(ethylene oxide) (PEO), zein, and HPMCAS that are less soluble than 
pure pectin in aqueous systems could be more suitable for hydroxy-
chloroquine release due to the arrangement of hydrophilic and hydro-
phobic polymeric chains. The increment of nanocellulose in the fibers 
could also modify HCQ release, as observed in a previous work [48]. 

Hydroxychloroquine (HCQ) is a 4-aminoquinoline, a chloroquine 
derivative first introduced in the 1950s to treat malaria [66]. Currently, 
it is also commonly used for treating autoimmune diseases, such as lupus 
erythematosus [67], rheumatoid arthritis [68], and Sjögren’s syndrome 
[69]. Recent studies have pointed to HCQ as an adjuvant in treating 
cancer cells, inhibiting cellular autophagy through an increase in lyso-
somal pH [70]. Other studies have reported on its application in treating 
lung cancer [71], gastric cancer [72], and colon cancer [73]. 

In this paper, we aimed to produce cylindrical and defect–free pectin 

Fig. 1. Schematic illustration of pectin/PEO/zein/HPMC-AS fibers preparation method.  
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fibers blended with poly(ethylene oxide) (PEO) (used to improve the 
viscoelasticity of dispersions), zein (added to enhance the fiber water- 
resistance properties), and hydroxypropyl methylcellulose acetate suc-
cinate (HPMCAS) (added to decrease drug crystallization synergistically 
with pectin) containing hydroxychloroquine (HCQ) by electrospinning. 
The study examined the impact of adding CNC and CNF on fiber 
composition and drug release. The fibers were analyzed using FTIR, 
SEM, and DSC to understand their chemical composition, morphology, 
and thermal behavior. Drug release in a medium simulating colon pH 
was studied, and kinetic models of the drug release were developed. The 
polymer fiber platforms obtained exhibited water resistance and an 
improved drug delivery profile, with cellulose nanoparticles playing an 
important role in modulating HCQ release. 

2. Experimental section 

2.1. Materials 

Citrus pectin (Genu® pectin type LM-102 CP Kelco Brazil SA), zein 
(Sigma® Mv 20 kDa), hydroxypropyl methylcellulose acetate succinate 
(Ashland® HPMC-AS Mv 100 kDa), and poly(ethylene oxide) (Aldrich® 
Mv 600 kDa) were used as received. Powder hydroxychloroquine sulfate 
(HCQ) was purchased from APSEN (Brazil). Nanocelluloses were pro-
duced from elephant grass leaves. Cellulose nanocrystals were obtained 
through conventional acid hydrolysis extraction with sulfuric acid [52, 
59], whereas cellulose nanofibrils were obtained by TEMPO-mediated 
oxidation followed by sonication [52,59]. 

2.2. Pectin/PEO/zein/HPMCAS fibers preparation 

Solutions of 2 % (w/w) pectin and 8 % (w/w) poly(ethylene oxide) 
(PEO) were prepared in water. Solutions of 10 % (w/w) zein and 15 % 
(w/w) hydroxypropyl methylcellulose (HPMCAS) were prepared using a 
3:7 (w/w) water/ethanol mixture. All solutions underwent swelling for 
24 h, then kept under magnetic stirring at 200 rpm for approximately 
10 min for homogenization. The final systems formed by 1 % (w/w) 
pectin, 4 % (w/w) PEO, 5 % (w/w) zein, 7.5 % (w/w) HPMCAS were 
mixed for 30 minutes at 200 rpm. For systems containing nano-
celluloses, 10 ml of 0.48 % (w/v) CNC or 3 ml of 1.4 % (w/v) CNF were 
added, resulting in 1 % (w/w) of nanocellulose in the dispersions. After 
adding 800 mg HCQ to the solutions or dispersions, these were stirred 
for 30 minutes. 

Fig. 2. Micrographs of the electrospun fibers: (a) without HCQ or nanocellulose, (b) with HCQ and without nanocellulose, (c) with HCQ and CNC, (d) with HCQ and 
CNF. Clusters and agglomerates are indicated by dotted red circles. 

Table 1 
Composition (% (w/w)) of pectin/PEO/zein/HPMCAS fibers with and without 
nanocellulose and HCQ obtained by electrospinning, considering the total 
amount of components.  

Fibers (% (w/w)) HCQ (% (w/ 
w)) 

5.7 % pectin/22.9 % PEO/28.6 % zein/42.8 % HPMCAS — 
5.5 % pectin/21.8 % PEO/27.3 % zein/41.0 % HPMCAS 4.4 % 
5.2 % pectin/20.7 % PEO/25.9 % zein/38.9 % HPMCAS/5.2 % 

CNC 
4.1 % 

5.2 % pectin/20.7 % PEO/25.9 % zein/38.9 % HPMCAS/5.2 % 
CNF 

4.1 %  
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Electrospinning was conducted in a Faraday cage (1.00 × 1.00 ×
0.60 m3) to minimize the influence of external electric fields. Temper-
ature (25 ± 2 ◦C) and humidity (55 ± 1 % RH) were measured using a 
thermo-hygrometer (MT-242 Minipa). For fiber formation, the solutions 
were placed in a 60 ml polypropylene syringe (Embramac, Brazil) and 
pumped under a 4.0 ml/h flow using a syringe pump (Samtronic® 
670–39557D/28). A stainless-steel needle of 1.20 mm diameter was 
used as the upper electrode and connected to the pump by silicone tubes. 
A 12 kV current was applied using a high voltage source (Spellman 
CZE1000R), and an aluminum frame (10 × 10 cm2) coated with 
aluminum foil and positioned at 9 cm from the needle was used as a 
counter electrode to collect the fibers. The produced fibers were kept in 
desiccators for at least 48 h before analysis. Fiber solubility was deter-
mined by loss of mass due to contact with a buffer solution at pH 6.8, 
resulting in solubility ranging from 8 to 11 ± 1.5 % (w/w) in the first 

Fig. 3. SEM micrographs and corresponding EDX chlorine mapping of the electrospun fibers: (a and b) without HCQ or nanocellulose, (c and d) with HCQ and 
without nanocellulose, (e and f) with HCQ and CNC, (g and h) with HCQ and CNF. 

Table 2 
Element content (in weight %) obtained by EDX-mapping analysis of the elec-
trospun fibers.  

Element Weight % 

Without HCQ or 
nanocellulose 

With HCQ and 
without 
nanocellulose 

With HCQ 
and CNC 

With HCQ 
and CNF 

C  60.1  53.3  56.5  59.9 
O  37.5  43.5  38.5  36.7 
Cl  1.6  2.6  4.5  3.0 
Na  0.8  0.7  0.5  0.4  
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120 minutes and 19–34 ± 2 % (w/w) after 24 h. The Supplementary 
Material (Fig. SM1) contains pictures of the electrospinning setup and 
the produced fibers. The fiber preparation method is illustrated in Fig. 1, 
and Table 1 presents the final fiber composition. 

2.3. Methods 

2.3.1. Scanning electron microscopy (SEM) 
Fiber images were obtained using a Prisma E (Thermo Scientific®) 

microscope operating at 15 kV, by secondary electron imaging (SEI) and 
backscattered electron imaging (BEI). Fibers were deposited in an 
aluminum sample holder (1×1 cm2), fixed with carbon tape and coated 
with an evaporated palladium-gold alloy using a Bal-Tec MED 020 
Sputter. The fiber diameter was determined by measuring 100 random 
points of two different micrographs (scale bar of 20 μm) for each sample 
using the Image J software (imagej.nih.gov). 

2.3.2. Fourier transform infrared (FTIR) 
FTIR spectra of pectin/zein/HPMCAS/nanocellulose fibers with or 

without hydroxychloroquine were obtained using a Bruker FT-IR Tensor 
II spectrometer, operating with KBr insert holder or ATR (attenuated 
total reflectance) accessory. Spectra were obtained by accumulating 128 
scans within the spectral range of 500–4000 cm− 1 with a 4 cm− 1 

resolution. 

2.3.3. Differential scanning calorimetry (DSC) 
Fiber DSC (approximately 5 mg) hermetically sealed in an aluminum 

holder were obtained using a PerkinElmer 6000, with temperature ramp 
starting at − 70 ◦C (keeping constant for 10 min), and then heating to 
230 ◦C at 10 ◦C min− 1. Analyses were conducted under a nitrogen at-
mosphere at a flow rate of 50 ml.min− 1. 

2.3.4. Hydroxychloroquine modified release 
Modified HCQ release was conducted using a SOTAX® AT 7 equip-

ment, following the general USP method [74]. Approximately 200 mg of 
each fiber, corresponding to ca. 8.8 or 8.2 mg of the drug were used for 
each USP basket apparatus at 37 ◦C and 50 rpm. Phosphate buffer (pH 
6.8) was used as a dissolution medium, and 1 ml aliquots of this medium 
were collected after 15, 30, 45, 60, 120, and 180 min and filtered 
through a 0.22-μm membrane. HCQ presence was quantified by UV-Vis 
spectroscopy (Genesys 10 S UV-Vis) at 343 nm and a calibration curve of 
the same wavelength [75]. Tests were performed in quintuplicate for all 
fiber samples and under sink conditions. 

3. Results and discussion 

Morphological analysis of fibers without HCQ or nanocelluloses 

(Fig. 2 a) showed a cylindrical shape with smooth surfaces, no beads, 
and average diameter of 2.09 ± 0.9 μm. When hydroxychloroquine is 
incorporated (Fig. 2 b), but not nanocelluloses, the fibers present a 
similar morphology with a decreased average diameter of 1.7 ± 0.5 μm. 

Fibers containing cellulose nanocrystals and HCQ (Fig. 2 c) presented 
long and rough cylinders with an average diameter of 1.09 ± 0.5 μm and 
several clusters, which hindered distinguishing separated fibers at 
certain regions and may stem from the low solvent evaporation during 
the spinning stage [76]. Fibers containing HCQ and CNF (Fig. 2 d) 
presented long cylinders and an average diameter of 1.9 ± 0.7 μm. 
Histograms of the fiber diameter are available in the Supplementary 
Material (Figure SM2). 

Chlorine mapping of the fibers (Fig. 3), obtained using SEM coupled 
with energy-dispersive X-ray spectrometry (SEM EDX-Mapping), 
showed that this element is distributed throughout the fibers, indi-
cating that HCQ molecules are uniformly dispersed on the polymeric 
electrospun matrix. SEM EDX-Mapping of other elements present on the 
fibers can be found on the Supplementary Material (SM3). Table 2 
presented the percentage of chlorine and other elements in the fibers, 
showing that fibers containing HCQ molecules had higher values of the 
Cl-element, suggesting an effective incorporation of the drug on the 
fibers. 

FTIR spectra of pristine components are shown in Fig. 4 a and they 
presented the typical bands for the polymers and the drug. Spectra ob-
tained for the HCQ-containing fibers without nanocelluloses (control) 
and with added CNC and CNF (Fig. 4 b) had similar profiles, showing 
bands related to HCQ molecules that suggest drug incorporation on the 
electrospun fibers. The presence of a soft band in the region of 
700–600 cm− 1 is attributed to the axial deformation of the drug’s C-Cl 
bond [75]. The band at 3290 cm− 1 is due to the OH stretching of pectin, 
PEO, cellulose, and HCQ, and the NH stretching of HCQ and zein [39, 
76− 78]. This band was shifted to lower wavenumbers in the fibers 
compared with the individual components (3400 cm− 1), suggesting 
intermolecular interactions among the polymers, nanoparticles, and the 
drug, mainly due to changes in the hydrogen bond interactions of the 
produced fibers [37,39]. The band in the 2800 cm− 1 region is attributed 
to the C-H stretching of the pectin, PEO, zein, HPMCAS, and HCQ aro-
matic skeleton [76,79]. The bands at approximately 1740 cm− 1 are due 
to carboxyl groups from HPMCAS and pectin. Bands at around 
1650 cm− 1 and at 1544 cm− 1 are associated with the C––O and COO−

stretching of the zein amide I and II groups, respectively [48,79]. These 
bands were shifted to higher wavenumbers in the fibers compared with 
zein (bands at 1620 and 1537 cm− 1, respectively), which can be 
explained by the presence of zein in the α-helix structure and an increase 
of the β-sheets disordered in the fibers [37,79]. The strong band around 
1100–1050 cm− 1 is related to the C-O-C stretches of pectin, PEO, and 
HPMC-AS chains and C-N-C and C-O of HCQ [48,79]. 

Fig. 4. FTIR spectra of (a) pristine components (HCQ (brown line), HPMC-AS (purple line), zein (olive line), PEO (orange line) and pectin (magenta line)) and (b) the 
fibers with HCQ (control) (black line) and fibers with HCQ and CNC (red line) or CNF (blue line). 
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Fig. 5 and Supplementary Material (Fig. SM4) illustrate the DSC 
thermal analysis of HCQ-loaded fibers and for the pristine components, 
respectively. DSC curves (Fig. 3) were similar for all fibers, showing an 
endothermic event at around 75 ◦C related to the evaporation of water 
molecules unbound in the polymer matrix [80,81]. The two small 
endothermic shoulders observed at around 150 ◦C and 210 ◦C stem from 

the melting process of HCQ crystals in the fibers, suggesting good 
interaction with the polymeric matrix given the decreased melting point 
of the pristine drug observed (reported temperatures of 161 ◦C and 220 
◦C, respectively, that can be found in Supplementary Material Fig. SM3) 
[77,78]. For temperatures above 240 ◦C, all fibers started to present 
exothermic events possibly related to molecule degradation. 

In comparing the release profiles (Fig. 6), we observed that the HCQ- 
containing fibers without nanoparticles (control) showed a faster release 
from the beginning, reaching a release of 99 % (w/w) within 180 min 
which suggests that the formulation came close to the release plateau 
and thus would be unable to continue releasing the drug for a prolonged 
period. 

Fibers with CNF and CNC showed a slower and similar initial HCQ 
release in the first 15 min. After 15 min, CNF-containing fibers show a 
variation of 18.2 % (w/w) in HCQ release between 15 and 30 min, 
whereas fibers with CNC show a variation of 6.9 % (w/w) and therefore 
a slower release profile. This difference continues until 120 min. From 
120 min to 180 min, drug release from CNF-containing fibers becomes 
slower with a release variation of 10.8 % (w/w) whereas fibers with 
CNC show a variation of 23.6 % (w/w). CNF-containing fibers reached a 
total of 95 % (w/w) HCQ release at 180 min, suggesting that they 
reached the release plateau. Fibers with CNC, on the other hand, reached 
a total of 85 % (w/w) HCQ release at 180 min and showed an increasing 
release profile, indicating that the formulation has the potential to 
continue drug release after 180 min. 

Different parameters can be used to explain the differences in drug 
release profile. Properties such as porosity, roughness, diameter, and 
intermolecular interactions between components play a key role in 
release kinetics. Cellulose nanocrystals have a high surface area that 
allows to establish strong interactions between the drug and the polymer 
matrix, providing greater HCQ retention [79]. Similar pattern was 

Fig. 5. DSC curves of (a) fibers with HCQ (control), (b) fibers with CNC, and (c) 
fibers with CNF. 

Fig. 6. Release profile of hydroxychloroquine in sodium phosphate buffer (pH 
6.8) for pectin/Zein/HPMCAS/HCQ fibers without nanoparticles (control) 
(black line), with cellulose nanocrystals (red line) and with nanofibrils 
(blue line). 

Table 3 
Fitted parameters using First order (using the entire profile) and Korsmeyer- 
Peppas (using up to 60 % (w/w) release profile) models for HCQ release kinetics.  

HCQ release 
Model 

Parameters Fibers 
Control 

Fibers with 
CNC 

Fibers with 
CNF 

First order k1 

R2 
0.010 
0.993 

0.001 
0.992 

0.002 
0.999 

Korsmeyer- 
Peppas 

n 
kK-P 

R2 

0.481 
0.085 
0.924 

0.880 
0.009 
0.985 

0.688 
0.028 
0.952  
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observed in a previous work which elaborated pectin thin films for 
modified HCQ release [48]. In comparing the electrospun fibers and 
pectin films, the former show a slower release rate. At 120 minutes, for 
example, pectin films at pH 4 released 99 % (w/w) of the drug [48], 
whereas 65 % (w/w) of HCQ was delivered from pectin/PEO/-
zein/HPMCAS/CNC fibers. In fact, this new formulation enables a more 
effective drug delivery as this new platform is less soluble in aqueous 
medium and has a higher surface area. When aiming for an even slower 
release mode, pectin/PEO/zein/HPMCAS/nanocellulose fibers are a 
better option as drug-loading platforms. 

The kinetic study of HCQ release from pectin/zein/HPMCAS fibers 
without and with nanocelluloses used two mathematical models, 
namely first order (Eq. (1) and Korsmeyer-Peppas (Eq. (2) [82–84]. 

Qt = 1 − ek1 t (1)  

Qt = kK− Ptn (2)  

in which Qt is the fractional drug release at a given time, k1 and kK-P are 
the release constants for each release kinetic model, and n is the diffu-
sion exponent. Table 3 shows the values found for these parameters, as 
well as for the coefficient of determination (R2). 

As can be observed, the model that best fitted the HCQ release pro-
cess from the fibers in an aqueous medium at pH 6.8 was the First Order 
model, characterized by the higher R2 value. This suggests that the 
release hue does not undergo intumescence, and that drug release occurs 
by diffusion obeying a proportionality between concentration in the 

matrix and in the medium. 
Fig. 7 depicts the chemical structure of the components of the elec-

trospun fibers and the potential main molecular interactions between 
nanocellulose and HCQ within the polymer-nanoparticle-drug network 
formed through electrospinning. The proposed mechanisms are sup-
ported by on SEM-EDX chlorine mapping, FTIR data, DSC analysis, and 
drug release results. 

It is expected that pectin, PEO, zein and, HPMC-AS can interact 
primarily through hydrogen bonds and electrostatic interactions due to 
the presence of –OH, –COO-, and –NH groups in their structures [26,32, 
37,44] (Fig. 7(a)). FTIR results for the electrospun fibers exhibited shifts 
in the bands related to –OH, C––O, and –COO- groups, corroborating 
these intermolecular interactions among the fiber-forming components. 
Nanocelluloses and HCQ molecules can also interact with each other and 
with the polymer chains via hydrogen bonds [59,85] (Fig. 7(b)). DSC 
results indicated that interactions between HCQ molecules became 
weaker, while EDX chlorine mapping showed that the drug is uniformly 
distributed on the fibers. Drug release results suggested that HCQ mol-
ecules interact more strongly with CNC, leading to slower drug release, 
compared to CNF. Despite both cellulose nanoparticles having the same 
backbone chemical structure, CNC are modified with sulfate half-ester 
groups, while CNF contain carboxylate functional groups [59]. More-
over, the higher specific surface area of CNC compared to CNF, when 
considering the same amount of nanoparticles added to the systems [59, 
63], may explain the enhanced behavior of CNC-containing electrospun 
fibers. Thus, CNC potentially have more sites to interact with the drug 

Fig. 7. Schematic representation of (a) the polymeric network within electrospun fibers, illustrating the generic chemical structure of the polymers (pectin, zein, 
HPMCAS, and PEO), nanoparticles (CNF or CNC), and HCQ. (b) The primary intermolecular interactions in the electrospun fibers, particularly between nanocellulose 
and HCQ, which may include hydrogen bonds, electrostatic interactions, and van der Waals forces according to the functional groups present in these components. 
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molecules, explaining the slower drug release in comparison with the 
drug release profile observed in the other fibers. 

4. Conclusion 

Our study showed that electrospun pectin/PEO/zein/HPMCAS- 
based fibers with and without nanocellulose particles for HCQ de-
livery resulted in long cylindrical microfibers and a few surface defects, 
using a green solvent to produce the fibers. The drug was uniformly 
distributed on the fibers and interacted with polymer chains and cellu-
lose nanoparticles mainly via hydrogen bonds and electrostatic in-
teractions. The addition of cellulose nanoparticles (CNC or CNF) can 
modulate HCQ release profiles, giving an adequate drug release rate. 
Fibers containing cellulose nanocrystals showed a more efficient release 
process, ensuring a slower delivery rate, whereas fibers without nano-
cellulose are recommended for processes requiring a faster drug action. 
The drug release kinetics for all fibers followed the First Order model. 
Future research should focus on creating thinner fibers in the nanoscale 
range, which have larger surface areas, and release the drug over an 
extended period. To achieve this, changes in the solvent of the electro-
spun systems, while still using a green solvent, and the development of a 
polymeric matrix with greater affinity for HCQ molecules should be 
explored. 
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