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A B S T R A C T   

The development of flexible and porous materials to control antibacterial delivery is a pivotal endeavor in 
medical science. In this study, we aimed to produce long and defect-free fibers made of zein and hydroxypropyl 
methylcellulose acetate succinate (HPMCAS) to be used as a platform for the release of metronidazole (MDZ) and 
metronidazole benzoate (BMDZ) to be potentially used in periodontal treatment. Microfibers prepared via 
electrospinning under a 2:3 (w/w) zein to HPMCAS ratio, containing 0.5 % (w/w) poly(ethylene oxide) (PEO) 
and 1 % (w/w) cellulose nanofibril (CNF) were loaded with 40 % (w/w) MDZ, 40 % (w/w) BMDZ, or a com
bination of 20 % (w/w) of each drug. The addition of CNF improved the electrospinning process, resulting in long 
fibers with reduced MDZ and BMDZ surface crystallization. MDZ- and BMDZ-incorporated fibers were semi
crystalline and displayed commendable compatibility among drugs, nanocellulose and polymeric chains. Release 
tests showed that zein/HPMCAS/PEO fibers without CNF and with 20 % (w/w) MDZ/ 20 % (w/w) BMDZ 
released the drug at a slower and more sustained rate compared to other samples over extended periods (up to 5 
days), which is a favorable aspect concerning periodontitis treatment.   

1. Introduction 

Periodontitis is a bacterial infectious disease that damages dental 
ligaments, leading to the formation of periodontal pockets due to 
detachment of the junctional epithelium and even the destruction of 
bones [1,2]. Periodontitis treatment requires scraping the bacterial 
plaque from these tissues concomitantly with application of antimicro
bial agents, such as metronidazole, minocycline hydrochloride, azi
thromycin, chlorhexidine, and doxycycline [1–5]. Metronidazole is an 
antimicrobial with broad spectrum of action [6,7] and is also available 
as a prodrug, metronidazole benzoate (BMDZ), with a solubility ca. a 
hundred times lower than that of MDZ. The combined use of both in 
formulations is a good strategy to enhance the drug's residence time at 

the site of application. 
Systemic administration of these antimicrobials causes adverse ef

fects, prompting a shift towards local administration. The main chal
lenge is to maintain a high drug concentration at the site for a prolonged 
period [7,8]. Mouthwashes and supragingival irrigations containing 
antimicrobials are ineffective in this regard as they do not penetrate the 
periodontal pocket [9] or are quickly washed by the crevicular fluid, 
with half of the drug eliminated within the first minute [10]. 

To maintain the necessary drug concentration in the periodontal 
pocket, a balance is required between the amount of drug released and 
the amount lost through leaching to the crevicular fluid or absorption 
into the bloodstream. An effective release system for this purpose must 
have a high initial drug load, providing a rapid release at the beginning 
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(“burst”) of the treatment, followed by a slowed and sustained release 
rate as the flow of crevicular fluid decreases due to the drug effect on 
inflammation. 

Different studies have investigated drug platforms suitable for 
treating periodontal diseases, including polymeric films, microspheres, 
gels, nanoparticles, and electrospun fibers [11–16]. In this scenario, 
electrospinning-produced fibers have received substantial attention as 
one can modulate their diameter (surface area), morphology, chemical 
composition, and density during the process, providing more flexible 
and mucoadhesive materials loaded with large amounts of active agents 
[8,17–25]. 

Despite such increasing portfolio of interesting studies on composite 
systems for treating periodontitis, research on the challenges related to 
controlling the drug releasing rate are still scarce. To fulfill the release 
requirements in both the beginning and later stages of the process, this 
study proposes loading the drugs with different ratios of hydrophobicity 
on electrospun fibers combining the hydrophobic polymer zein and the 
hydrophilic polymer HPMCAS [26,27]. 

As a water-insoluble polymer, zein is a good candidate for oral cavity 
insertion, serving as a platform for releasing MDZ and BMDZ molecules 
[28,29]. Moreover, zein electrospun fibers exhibit other attributes 
important for materials intended for this use, as softness, flexibility, 
comfort to the touch, and ease of handling, particularly when ethanol is 
used as a solvent. Yet, considering its poor mechanical and adhesive 
properties [30], the addition of other polymers should be explored to 
form improved composites. 

Several studies have focused on obtaining electrospun fibers by 
blending hydroxypropyl methylcellulose (HPMC) with other macro
molecules. [26,27,31–34]. Simultaneously, studies showed that the 
addition of cellulose nanofibrils (CNF) decreased the drug release rate 
on nanocellulose-containing films [35–38], suggesting that incorpo
rating such nanoparticles into electrospun fibers can extend drug release 
while potentially assisting in the electrospinning process. 

Herein we aimed to obtain defect-free, long cylindrical fibers to be 
used as a platform for the release of BMDZ (a hydrophobic drug) and 
MDZ (a hydrophilic drug), to potential treatment of periodontitis. For 
such, zein fibers were blended with HPMCAS and loaded with BMDZ, 
MDZ or a BMDZ/MDZ mix by electrospinning, while the effect of adding 
CNF to the electrospun composite fibers was also investigated. Assays on 
the drug release profiles were conducted in aqueous medium to mimic 
human saliva, allowing the calculation of drug release kinetics. 
Morphological investigations showed that CNF addition resulted in 
water-resistant fibers without defects (such as beads or film-formations), 
but nanocellulose decreased the release of BMDZ and MDZ. Given the 
adequate burst drug effect and prolonged and sustainable release ach
ieved, the electrospun fibers comprising zein and HPMCAS with both 
drugs are potential drug delivery platforms for periodontitis treatment. 

2. Experimental section 

2.1. Materials 

Zein 20 kDa, Poly(ethylene oxide) (PEO) 600 kDa, Metronidazole 
(MDZ) and Metronidazole benzoate (BMDZ) were purchased from 
Sigma/Aldrich. Hydroxypropyl methylcellulose acetate succinate 
(HPMCAS) 100 kDa was supplied by Ashland Inc. Ethanol 99.5 % was 
purchased from Synth. Cellulose nanofibrils (CNF) were produced from 
elephant grass leaves using TEMPO (2,2,6,6-tetramethylpiperidine-1- 
oxyl radical)-mediated oxidation followed by sonication [39]. CNF 
exhibited an elongated morphology (Fig. SM1), with an average length 
of 600 ± 300 nm, an average diameter of 10 ± 6 nm, and an aspect ratio 
of 100 ± 30 [39]. They are reported to be colloidally stable, with 
average zeta potentials as negative as – 60 mV, as also characterized in 
previous works [38,39]. Composite systems were prepared using a 30 % 
(w/w) water and 70 % (w/w) ethanol hydroalcoholic solution. All 
chemicals were applied as received. Milli-Q deionized water (resistivity: 

18 MΩ cm) was used throughout the process. 

2.2. Preparation of Zein/HPMCAS/CNF fibers 

A hydroalcoholic solution (water/ethanol 3:7 (w/w)) containing 5 % 
(w/w) zein, 7.5 % (w/w) HPMCAS and 0.062 % (w/w) poly(ethylene 
oxide) (PEO) was prepared to result in a dried fiber mass of 39.8 % zein, 
59.7 % (w/w) HPMCAS and 0.5 % (w/w) PEO, which correspondent to 
Zein:HPMCAS ratio of 2:3 (w/w). For the nanocellulose-containing 
systems, an aqueous CNF dispersion was added dropwise to the poly
meric solutions under magnetic stirring for 1 h, as to achieve a 0.125 % 
(w/w) in the dispersion and 1.0 % (w/w) in the final dry weight of the 
fibers. MDZ and/or MDZ powder were added under magnetic stirring to 
the solution, in different proportions, to result in 7.99 % (w/w) of drugs 
in the solution and 40 % (w/w) in the dried fiber mass. The total solid 
content for dispersions without and with the drugs were approximately 
12.7 % (w/w) and 19.4 % (w/w), respectively. Both MDZ and BMDZ 
were solubilized in the hydroalcoholic dispersions, although BMDZ had 
lower solubility and were not ready soluble. In this case, zein (hydro
phobic polymer) played an important role in the solubilization/disper
sion of BMDZ molecules for the electrospinning process. 

Finally, the solutions or dispersions were placed in a 60 mL poly
propylene syringe and pumped at a 4.0 mL h− 1 flow rate using a Sam
tronic® 670 – 39557D/28 syringe pump. The syringe was connected to a 
silicone tube, which was attached to a stainless-steel needle (∅ = 1.20 
mm) acting as a spinneret upper electrode to which a 15 kV voltage was 
applied. All needles were polarized using a ± 30 kV high voltage supply 
(Spellman CZE1000R). A square aluminum grounded counter electrode 
(10 × 10 cm2) was covered with an aluminum foil to collect the fibers 
and placed 15.0 cm from the needle. Electrospinning experiments were 
performed inside a Faraday cage (1.00 × 1.00 × 0.60 m3) to minimize 
external influences. Temperature (25 ± 2 ◦C) and relative humidity (55 
± 1 % RH) were monitored during the experiments using a MT-242 
Minipa thermo-hygrometer. The produced fibers were kept in a desic
cator for 72 h before measurement. Table 1 present the final composi
tion of the solutions/dispersions and the final composition of the fibers. 

The solubility of the fibers without the drugs was determined by the 
loss of mass due to the contact with a buffer solution at pH 7.0, resulting 
in solubility of 0.061 ± 0.003 (g L− 1) in the first 180 min and 0.091 ±
0.002 (g L− 1) in 24 h. The quantity of drugs on fibers was determined by 
separately placing samples of approximately 30 mg in 100 mL of 0.1 M 
sodium phosphate buffer (pH 7.0), which was remained in an ultrasound 
bath for 120 min. Drugs were then quantified by HPLC resulting in 
approximately 34.6 ± 2.7 % (w/w) of the drugs on the fibers. Tests were 
performed in quintuplicate. 

Table 1 
Composition (% w/w) of Zein/HPMCAS solutions/dispersions used to obtain the 
fibers and composition (% w/w) of Zein/HPMCAS fibers obtained by electro
spinning, considering the total amount of the components.  

Solutions/dispersions (water/ethanol 3:7 (w/w)) BMDZ MDZ 

5.0 % Zein/ 7.5 % HPMCAS/ 0.062 % PEO – – 
5.0 % Zein/ 7.5 % HPMCAS/ 0.062 % PEO 3.94 % 3.94 % 
5.0 % Zein/ 7.5 % HPMCAS/ 0.062 % PEO / 0.125 % CNF – – 
5.0 % Zein/ 7.5 % HPMCAS/ 0.062 % PEO / 0.125 % CNF 3.94 % 3.94 % 
5.0 % Zein/ 7.5 % HPMCAS/ 0.062 % PEO / 0.125 % CNF 7.99 % – 
5.0 % Zein/ 7.5 % HPMCAS/ 0.062 % PEO / 0.125 % CNF – 7.99 % 
Fibers BMDZ* MDZ* 
39.8 % Zein/ 59.7 % HPMCAS/ 0.5 % PEO – – 
23.9 % Zein/ 35.9 % HPMCAS/ 0.3 % PEO 19.9 % 19.9 % 
39.4 % Zein/ 59.1 % HPMCAS/ 0.5 % PEO/ 1.0 % CNF – – 
23.8 % Zein/ 35.7 % HPMCAS/ 0.3 % PEO/ 0.6 % CNF 19.8 % 19.8 % 
23.8 % Zein/ 35.7 % HPMCAS/ 0.3 % PEO/ 0.6 % CNF 39.6 % – 
23.8 % Zein/ 35.7 % HPMCAS/ 0.3 % PEO/ 0.6 % CNF – 39.6 %  

* Amount of drugs in % w/w considering the final dry mass of Zein/HPMCAS 
fibers. 
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2.3. Methods 

2.3.1. Zeta potential and conductivity of Zein/HPMCAS solutions/ 
dispersions 

Biopolymeric solutions or dispersions were placed in polystyrene 
cuvettes, and zeta potential and conductivity were measured at room 
temperature using a DLS Malvern Zetasizer Nano series Nano-ZS model 
ZEN3600. 

2.3.2. Rheology measurements of Zein/HPMCAS solutions/dispersions 
Rheological experiments of polymeric solutions and dispersions were 

conducted on a Haake RheoStress 1 rheometer (Thermo Fisher Scienti
fic) equipped with a plate-plate configuration (60 mm diameter, 1.0 mm 
gap). All flow curves were conducted in the shear rate from 0.05 to 100 
s− 1 and all oscillatory experiments were carried out within the visco
elastic linear range with the frequency sweeps in the range of 0.01 to 10 
Hz at 1 Pa. Experiments were performed using an external water-bath 
system at controlled temperature of 25.0 ◦C ± 0.1 ◦C. 

2.3.3. Scanning Electron Microscopy (SEM) 
Fibers were fixed to the microscope sample holder and coated with 

an evaporated palladium‑gold alloy using a Bal-Tec MED 020 Sputter. 
SEM analysis was performed on a Bruker Philips XL-30 FEG microscope 
operating at an acceleration voltage of 15 kV. SEM images were ob
tained by Secondary Electron Imaging (SEI) and Backscattered Electron 
Imaging (BEI). 

The average diameter size of the fibers was estimated for a total of 
100 randomly chosen points on the fibers of each sample using the 
Image J software (imagej.nih.gov) and the obtained values were statis
tically different. 02 SEM micrographs of the fibers with a scale bar of 20 
μm were used to find the fiber diameters. 

2.3.4. Fourier Transform Infrared (FTIR) 
FTIR spectra of zein/HPMCAS/CNF fibers with or without MDZ and 

BMDZ were obtained with a Bruker FT-IR Tensor II spectrometer, 
operating with ATR (attenuated total reflectance) accessory or the KBr 
insert holder. Spectra resulted of 128 scans within the spectral range of 
500 to 4000 cm− 1 with a resolution of 4 cm− 1. 

2.3.5. X-ray Diffraction (XRD) 
Fiber crystallinity was measured using a Rigaku MiniFlex X-ray 

diffractometer equipment with CuKα radiation of 1.5418 Å, 40 kV and 
30 mA. Diffractograms were obtained in the 2.0◦ to 70.0◦ range, with 
10.0◦min− 1 steps. 

2.3.6. Differential Scanning Calorimetry (DSC) 
DSC curves for the fibers were obtained using a PerkinElmer 4000 

equipment under nitrogen atmosphere at a 50 mL min− 1 flow rate, using 
hermetically sealed aluminum crucibles. Temperature was adjusted to 
− 70 ◦C, kept constant for 10 min. Finally, the samples were heated from 
− 70 ◦C to 230 ◦C at a 10 ◦C min− 1 heating rate. 

2.3.7. In vitro evaluation of the BMDZ and MDZ modified release profile 
In vitro temperature-controlled (37 ◦C ± 2 ◦C) assays were per

formed using Franz-type vertical diffusion cells (volume = 30 mL, sur
face area = 4 cm2) (Unividros, Ribeirão Preto, Brazil) with constant 
agitation at 300 rpm on a magnetic stirrer. A saline solution (pH 7.0) 
containing 0.16 mol L− 1 Na2HPO4, 0.00138 M KH2HPO4, and 0.136 
mol L− 1 NaCl was used as the receiving medium. The pH was adjusted to 
7.0 using 0.1 mol L− 1 HCl or 0.1 mol L− 1 NaOH solutions. Previously 
hydrated cellulose ester membranes (Fisher Scientific®) (MWCO 0.5–2 
kDa) were inserted between the donor and recipient compartments. A 
disc of surface area 1.71 cm2 was weighted and placed in the donor cell 
compartment and the equivalent drug mass was calculated individually 
(approximately 10 mg of fibers, which corresponds to ca. 3.46 mg of the 
drugs). One mL aliquots of the receiving liquid were collected at 

predetermined times for the total time and the equivalent volume was 
replaced with a new solution. The experiment was performed over five 
days. Tests were performed in quintuplicate and under sink conditions. 

Drug concentrations were measured by high-performance liquid 
chromatography (HPLC) (Shimadzu – PROEMINENCE), with UV diode 
array detector (DAD - model SPDM20A), reverse-phase column (C-18) 
Shim-pack VP-ODS model (4.6 mm × 25 cm), particle diameter of 5.0 
μm, 313 K (40 ◦C), and 0.8 mL min− 1 flow rate. Mobile phase used 
methanol/ultrapure water 40:60 (v/v) in linear gradient mode (Meth
anol 40 % - 90 %), with injection volume of 20 μL and detection at 320 
nm. Results were obtained using LabSolutions (Shimadzu) software. 
Sample concentrations were calculated by comparing curves con
structed from metronidazole (MDZ) (FLUKA Sigma®) and metronida
zole benzoate (BMDZ) (USP) primary standards using the straight-line 
regression equation y = ax + b, where ‘y’ is the peak area ratio, ‘a’ the 
slope, ‘b’ the intercept and ‘x’ the unknown drug concentration. 

3. Results and discussion 

3.1. Effect of PEO and Cellulose Nanofibril (CNF) on the formation of 
Zein/HPMCAS fibers 

Relative humidity, temperature, surface tension, conductivity, and 
viscoelasticity of dispersions/solutions are important variables to 
consider when conducting electrospinning processes, as these properties 
influence the size and morphology of electrospun fibers [32,40–42]. 

In this study, we added a small amount of PEO (0.5 % (w/w)) 600 
kDa to the Zein/HPMCAS solutions to enhance viscoelasticity and 
improve the quality of the produced fibers. [43,44] This approach was 
necessary as it was not possible to obtain fibers with the 5 % (w/w) Zein 
and 7.5 % (w/w) HPMCAS polymer solution (Fig. SM2). In fact, studies 
demonstrated that zein produced beaded fibers and other defects at low 
concentration and the addition of PEO in Zein or HPMC solutions 
improved the electrospinning process and the production of fibers with 
fewer defects [43,45–49]. 

Electrospinning of Zein/HPMCAS and PEO produced long cylindrical 
fibers without beads and an average diameter of 1.84 ± 0.44 μm 
(Fig. 1a). Conversely, electrospinning of Zein/HPMCAS and PEO loaded 
with 40 % (w/w) BMDZ produced fibers with an average diameter of 
1.36 ± 0.40 μm. We observed drug crystallization into square and 
rectangular particles heterogeneously aggregated and distributed across 
the fiber surface (Fig. 1b). The crystallization was also observed for the 
fibers of Zein/HPMCAS and PEO loaded with 20 % (w/w) BMDZ and 20 
% (w/w) MDZ, with an average diameter of 1.91 ± 0.57 μm (Fig. 1c). 

Since decreasing drug crystallinity is essential to obtain good drug 
delivery platforms [27,31,32,50], we added a low amount of cellulose 
nanofibrils (CNF) to the Zein/HPMCAS and PEO solutions to obtain fi
bers with more BMDZ molecules incorporated into the polymeric matrix 
(Fig. 1d). BMDZ-loaded zein/HPMCAS/CNF fibers presented an average 
diameter of 2.17 ± 0.67 μm. The presence of few BMDZ crystals 
attached to the CNF-containing electrospun fiber surface indicates that 
drug crystallization occurred to a much lesser extent than in the fiber 
without CNF. The histograms obtained for the fiber diameters can be 
found in the Supplementary Material (Fig. SM3). 

Fibers formed by two other Zein:HPMCAS ratios (3:2 (w/w) and 1:1 
(w/w)) were also obtained. For instance, fibers formed by (i) 59.1 % (w/ 
w) Zein/ 39.4 % (w/w) HPMCAS/ 0.5 % (w/w) PEO/ 1.0 % (w/w) CNF 
and its correspondent fiber with the drugs (35.7 % (w/w) Zein/ 23.8 % 
(w/w) HPMCAS/ 0.3 % (w/w) PEO/ 0.6 % (w/w) CNF and 39.6 % (w/ 
w) drugs), and fibers of (ii) 49.2 % (w/w) Zein/ 49.2 % (w/w) HPMCAS/ 
0.5 % (w/w) PEO/ 1.0 % (w/w) CNF and the correspondent fibers with 
drugs (29.7 % (w/w) Zein/ 29.7 % (w/w) HPMCAS/ 0.3 % (w/w) PEO/ 
0.6 % (w/w) CNF and 39.6 % (w/w) drugs). However, those fibers were 
not appropriated to be used as drug platform as they presented many 
defects, for instance beads, regions forming films and fibers with great 
variance in the diameter (very thin and thick fibers in the same sample), 
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which can be observed in the Supplementary Material (Fig. SM4). 
In this study, microfibers were produced instead of nanofibers 

probably due to the hydroalcoholic solutions formed by ethanol have 
low superficial tension and/or low charge density values of the electri
fied jet and, consequently, thicker fibers were produced when compared 
to the fibers obtained using water as a solvent, as it was reported else
where [51–55]. Although fibers were obtained on a microscale, the 
membrane produced was suitable to be used as a potential platform for 
the release of BMDZ and/or MDZ. 

The addition of CNF particles also played an important role in the 
viscoelasticity of the Zein/HPMCAS dispersions, and, consequently in 

the electrospinning process and in the quality of produced fibers 
(Table 2). Results of zeta potential and conductivity (Table 2) showed 
similar values for all Zein/HPMCAS solutions or dispersions, suggesting 
that these properties were not the main factor in obtaining Zein/ 
HPMCAS fibers. However, the zero-shear viscosity (η0) of the systems 
presented significant differences. 

Generally, the electrospinning process is facilitated by high values of 
zero-shear viscosity due to the entanglements formed between poly
meric chains, leading to a high viscoelastic fluid [45,46,56]. Thus, Zein/ 
HPMCAS solutions or dispersions with low η0 values may present poor 
electrospinnability and/or formation of fibers with beads or other de
fects. In this case, the addition of BMDZ molecules in Zein/HPMCAS/ 
PEO solution led to a lower η0 value compared to the solution without 
the drug, for instance, η0 was 7 times smaller for the system with the 
drug, and BMDZ crystallization was observed on the polymeric fiber 
surface (Fig. 1 b). 

On the other hand, the addition of small amount of nanocellulose in 
the Zein/HPMCAS/PEO solutions with and without the drug increased 
the η0 values by at least 2 times, and a lower content of drug- 
crystallization were observed on the fibers (Fig. 1 c). Comparing 
η0 values of the solution/dispersions with the diameters of the fibers 
shown in Fig. 1 a, b, and c, it is noticeable that a lower η0 corresponds to 
a smaller diameter. This relationship holds true even though the 
dispersion of Zein/HPMCAS/PEO with BMDZ presented a higher total 
solid content (19.4 % (w/w)) compared to the solution without the drug 
(12.7 % (w/w)). The dispersion of Zein/HPMCAS/PEO/CNF with BMDZ 
exhibited the highest η0 value, resulting in fibers with the largest 
diameter. 

Furthermore, the addition of nanocellulose in Zein/HPMCAS/PEO 
solutions increased the viscoelasticity of the system, since storage 

Fig. 1. SEM surface images for (a) Zein/HPMCAS/PEO fibers, (b) Zein/HPMCAS/PEO fibers with BMDZ, (c) Zein/HPMCAS/PEO fibers with BMDZ and MDZ, and (d) 
Zein/HPMCAS/PEO/CNF fibers with BMDZ. Yellow arrows in (b), (c), and (d) indicate drug particles and aggregates. Scale bars: 50 μm. 

Table 2 
Zeta potential, conductivity and zero-shear viscosity of the polymeric solutions 
and dispersions with and without the drugs.  

Solution/dispersion % (w/w) Zeta potential 
(mV) 

Conductivity 
(μS/cm) 

η0 (Pa. 
s) 

Zein/HPMCAS/PEO − 0.518 ±
0.069 

533.0 ± 32.4  5.146 

Zein/HPMCAS/PEO/7.99 % 
BMDZ 

− 0.459 ±
0.037 

461.0 ± 26.3  0.721 

Zein/HPMCAS/PEO/3.94 % 
BMDZ/ 3.94 % MDZ 

− 0.474 ±
0.050 

443.0 ± 20.1  1.100 

Zein/HPMCAS/PEO/CNF − 0.484 ±
0.034 

528.0 ± 32.7  10.267 

Zein/HPMCAS/PEO/CNF/7.99 
% BMDZ 

− 0.435 ±
0.035 

487.0 ± 21.0  15.803 

Zein/HPMCAS/PEO/CNF/3.94 
% BMDZ/ 3.94 % MDZ 

− 0.417 ±
0.024 

455.0 ± 24.3  22.788 

Zein/HPMCAS/PEO/CNF/7.99 
% MDZ 

− 0.423 ±
0.031 

498.0 ± 28.9  10.918  
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modulus (G') values are higher than lost modulus (G") as a function of 
frequency (f) for Zein/HMPCAS/PEO/CNF compared to the Zein/ 
HPMCAS/PEO solution. These results can be found in the Supplemen
tary Material (Fig. SM5). The higher G' value, the more viscoelastic the 
fluid becomes, and the G'/G" curves for this system resemble a visco
elastic system formed by polymers or wormlike micelles in a semi- 
diluted solution [57,58]. 

This result suggests that CNF can act as physical crosslinkers between 
zein and/or HPMCAS chains, leading to a more effective entanglement 
and network formation due to the intermolecular interactions formed 

among the macromolecules, primarily via hydrogen bonds [59–64]. A 
higher density of entanglements results in increased viscosity values (η0) 
(Table 2), and the polymeric dispersions become more viscoelastic, 
facilitating the electrospinning process and allowing a more adequate 
drug impregnation. Indeed, CNF addition can both increase the visco
elasticity of the dispersion and improve the interaction between the 
polymeric chains and the drugs, decreasing drug crystallinity and 
influencing their release behavior [35,36]. Moreover, adding CNF is a 
more suitable strategy to obtain fibers with lower solubility than using 
higher amounts of PEO, since this polymer is highly water soluble, 

Fig. 2. SEM images of Zein/HPMCAS/CNF (a, b) alone and loaded with (c, d) 40.0 % (w/w) BMDZ, (e, f) 40.0 % (w/w) MDZ, and (g, h) 20.0 % (w/w) BMDZ +20.0 
% (w/w) MDZ. Scale bars: (a, c, e, g) 50 μm and (b, d, f, h) 20 μm. 
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producing less stable drug platforms for aqueous media. 
Considering these findings, we proceeded with characterizing the 

Zein:HPMCAS ratio of 2:3 (w/w), i.e., 39.4 % (w/w) Zein/ 59.1 % (w/w) 
HPMCAS/ 0.5 % (w/w) PEO/ 1.0 % (w/w) CNF fibers without drugs or 
loaded with different amounts of BMDZ and/or MDZ molecules (fibers 
composition of 23.8 % Zein (w/w)/ 35.7 % (w/w) HPMCAS/ 0.3 % (w/ 
w) PEO/ 0.6 % (w/w) CNF and 39.6 % (w/w) drugs). We also investi
gated the effects of adding nanocellulose on the release kinetics and the 
BMDZ and MDZ release curves. 

3.2. Morphological, chemical, and thermal characterization of Zein/ 
HPMCAS/CNF fibers with or without drugs 

To investigate the morphology of Zein/HPMCAS/CNF fibers, alone 
or loaded with mobilized drugs, we obtained SEM images at two 
different magnifications (Fig. 2). The histograms obtained for the Zein/ 
HPMCAS/CNF fibers diameter are in the Supplementary Material 
(Fig. SM3). 

SEM images of composite fibers alone (Fig. 2a, b) showed long 
randomly oriented cylinders with diameter of 1.32 ± 0.29 μm, without 
granules and with a smooth surface. The addition of 40 % (w/w) BMDZ 
(Fig. 2c, d), 40 % (w/w) MDZ (Fig. 2e, f), and 20 % (w/w) BMDZ/ 20 % 
(w/w) MDZ (Fig. 2g, h) resulted in long fibers with diameters of 2.13 ±
0.56, 1.54 ± 0.33, and 2.31 ± 0,68 μm respectively, without beads but 
with some aggregates and drug crystals. The fiber diameters of Zein/ 
HPMCAS/PEO/CNF with and without the drugs also increased with the 
increment of η0 values of the dispersions (Table 2). Moreover, the 
membrane loaded with BMDZ and MDZ molecules (Fig. 2g, h) showed 
fibers less uniform in diameter and exhibiting a rougher surface when 
compared with the composite fibers with a single type of drug loaded 
into the polymer matrix (Fig. 2c–f). 

However, even for the BMDZ/MDZ-loaded fibers, the high content of 
incorporated drugs was not detrimental to the composite cohesion, as 
only a small amount of drug crystals was formed on their surface. Xue 
et al. [23] observed similar trends for drug crystallization on the fiber 
surface of systems containing 20 % (w/w) metronidazole mobilized in 
polycaprolactone fibers. In turn, He et al. [24] observed that fibers 
formed by polycaprolactone and zein presented MDZ crystals in loads 
superior to 20 % (w/w). Thus, our findings indicate that adding cellulose 
nanofibrils proved to be an efficient strategy for producing Zein/ 
HPMCAS/CNF membranes for BMDZ and/or MDZ release at higher 
concentrations than usually reported in the literature. CNF contributed 
to both the electrospinning and drug incorporation. 

FTIR spectra of individual components are shown in Supplementary 
Material (Fig. SM6) and they presented the typical bands for the pristine 
polymers and drugs. FTIR spectra of Zein/HPMCAS/CNF fibers loaded 
with different amounts of BMDZ and MDZ are shown in Fig. 3. 

Main adsorption bands in the spectra for the electrospun fibers 
(Fig. 3), particularly those located at 3500–3000 cm− 1 and 1700–1600 
cm− 1, presented shifts in wavenumber and changes in relative areas as 
compared to the pure components (Fig. SM6). Zein/HPMCAS fibers 
without drugs presented a broad band centered at 3305 cm− 1 due to the 
overlapping of N–H and O–H stretching vibrations, which were shifted 
to lower wavenumbers, suggesting intermolecular interactions among 
polymeric chains and the nanoparticles [64,65,68]. The CNF-fiber 
containing 40.0 % (w/w) BMDZ showed similar profile compared to 
the membrane without drugs, except by the shift of the mentioned band 
towards 3292 cm− 1, indicating changes in the hydrogen bond in
teractions among BMDZ and the macromolecules. 

The addition of MDZ molecules leads to the overlapping of this band, 
with a sharp band at 3215 cm− 1 being attributed to the presence of this 
drug into the electrospun CNF-fiber. Moreover, there were shifts to
wards higher wavenumbers for bands related to amide I (1700–1600 
cm− 1) of the zein structure. A band attributed to amide I was observed at 
1651 cm− 1 for the fiber without drug and at 1654, 1655, 1652 and 1654 
cm− 1 for CNF-fibers containing 40.0 % (w/w) BMDZ, 40.0 % (w/w) 

MDZ, 20.0 % (w/w) BMDZ/ 20.0 % (w/w) MDZ and for fibers without 
CNF containing the drugs, respectively. This band was shifted by about 
12–16 cm− 1 compared to pure zein, phenomenon assigned to the pre
dominant presence of zein in the α-helix structure and increased disor
dered β-sheets [64,65]. No significant shifts were observed for other 
typical or fingerprint absorption bands, indicating that the polymers and 
drugs remained stable during the electrospinning process, with only 
specific intermolecular interactions occurring among the components. 

Fig. 4a shows the XRD pattern of pristine components. Zein powder 
presented typical broad peaks at 2θ = 9.7◦ (10.1 Å distance) and 20.1◦

(4.9 Å distance), related to the inter-α-helix packing and the backbone 
distance of the macromolecular chains, respectively [27]. XRD dif
fractograms for HPMCAS fibers revealed broad peaks around 2θ = 11.4◦

(8.6 Å distance) and 19.5◦ (5.1 Å distance) [65]. Conversely, the crys
talline drugs showed characteristic well-defined diffraction peaks at 
11.4◦ (8.6 Å distance) and 13.5◦ (7.3 Å distance) for BMDZ samples [66] 
and at 12.2◦ (8.1 Å distance) and 13.8◦ (7.1 Å distance) for MDZ samples 
[23], among other various sharp and intense peaks. These findings 
confirmed that the macromolecules exhibit a semicrystalline to amor
phous nature, while both drugs show high crystallinity in their native 
form. Diffractograms of electrospun Zein/HPMCAS/CNF fibers alone or 
loaded with drugs presented important differences between each other 
and when compared with the pure components (Fig. 4b). 

Drug-free electrospun fiber showed diffraction halos centered at 2θ 
= 9.7◦ and 20.9◦. Drug-loaded fibers formed semicrystalline materials, 
presenting some peaks related to the presence of BMDZ (12.0◦, 19.3◦, 
22.0◦, 25.0◦) and/or MDZ (12.4◦, 13.96◦, 19.6◦, 25.6◦, 27.8◦), a slight 
shift when compared with data for pure drugs and overlapping with the 
amorphous halo of Zein/HPMCAS/CNF samples. We also observed a 
substantial decrease in the number and intensity of these peaks, indi
cating that the crystallinity of both drugs decreased during electro
spinning due to intermolecular interactions between polymeric chains 
and drug molecules, namely electrostatic interactions and hydrogen 
bonds, as previously reported for other drugs mobilized on different 
polymer platforms [38,67]. Crystallinity and stability of the drugs dur
ing electrospinning were verified by DSC of the fibers (Fig. 5). 

DSC curves of pure zein and HPMCAS (Fig. 5a) showed a broad 
endothermic peak at 80.3 ◦C and 71.9 ◦C, respectively, attributed to the 
evaporation of water molecules trapped within their chains [24,32] 
Moreover, the glass transition temperatures of zein and HPMCAS were 
approximately 170 and 140 ◦C, respectively, and the endothermic peak 
at 280 ◦C observed on the zein DSC curve is due to its degradation [68]. 

Fig. 3. FTIR spectra of Zein/HPMCAS/PEO and Zein/HPMCAS/PEO/CNF 
electrospun fibers: without drugs or loaded with 40.0 % (w/w) BMDZ, 40.0 % 
(w/w) MDZ, or 20.0 % (w/w) BMDZ + 20.0 % (w/w) MDZ. 
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Conversely, the sharp endothermic peaks at 103.8 and 168.5 ◦C on the 
DSC curves for BMDZ and MDZ, respectively, were attributed to their 
melting point, according to their XRD-verified crystalline profile 
[20,29]. DSC thermograms of Zein/HPMCAS/CNF fibers (Fig. 5b) 
showed a broad endothermic peak at 61.1 ◦C, similar to that observed 
for pure zein and HPMCAS compounds, and is also attributed to the 
evaporation of unbound water molecules adsorbed on the polymeric 
composite. 

Zein/HPMACS/CNF fibers loaded with 40 % (w/w) BMDZ, 40 % (w/ 
w) MDZ and 20 % (w/w) BMDZ/20 % (w/w) MDZ showed a small 
endothermic peak at 99.6, 146.3, and 127.3 ◦C, respectively, due to 
melting of the drug crystals. When incorporated into the electrospun 
fibers, the melting point of both drugs showed a significant decrease. 
Temperature values changed from 103.8 to 99.6 ◦C for BMDZ and from 
168.5 to 146.3 ◦C for MDZ, suggesting a good intermolecular interaction 
between drug molecules and polymer chains [29]. 

Moreover, the fibers loaded with 20 % (w/w) of each drug showed a 
single peak, indicating strong intermolecular interactions between both 
drugs and between the macromolecules, since the melting point of the 
drug in the fiber decreased considerably compared with the melting 
point of pure MDZ and no peak related to BMDZ molecules was 
observed. All drug-loaded fibers showed exothermic peaks at around 
285 ◦C related to membrane degradation/oxidation, regardless of the 
chemical structure of the drug [29]. 

3.3. Modified drug release 

Differences in the diameter, roughness, surface area, component 
proportions, and intermolecular interactions of electrospun fibers can 
influence the mechanism and rate of drug release from membranes in an 
aqueous medium. Fig. 6a shows the release of BMDZ and/or MDZ from 
Zein/HPMCAS/CNF (with cellulose nanofibrils) or Zein/HPMCAS 
(without CNF) electrospun fibers. The drug percentage is related to the 
total amount of BMDZ and/or MDZ in the polymeric matrix. These 
values are also presented in Table SM1 in the Supplementary Material. 

The release profiles of BMDZ and MDZ molecules from polymeric 
fibers showed different characteristics depending on the drug release 
stage. At short times up to 1 h, drug release from CNF-containing fibers 
was approximately 11, 77, and 32 % (w/w) for the material loaded with 
40 % (w/w) BMDZ, 40 % (w/w) MDZ and 20 % (w/w) BMDZ/ 20 % (w/ 

w) MDZ, respectively; and 32 % (w/w) for membranes containing 20 % 
(w/w) BMDZ/ 20 % (w/w) MDZ without nanocellulose. CNF-containing 
fibers loaded with only BMDZ molecules had slower drug release in 
short times whereas the equivalent electrospun membranes with 40 % 
(w/w) MDZ showed a drug burst effect, as reported by other authors 
[8,29,69]. At long times (up to 48 h), drug release values were 71, 81, 
and 55 % (w/w) for Zein/HPMCAS/CNF membranes loaded with 40 % 
(w/w) BMDZ, 40 % (w/w) MDZ and 20 % (w/w) BMDZ/ 20 % (w/w) 
MDZ, respectively, and 83 % (w/w) for Zein/HPMCAS fibers loaded 
with a 20 % (w/w) mixture of each drug. By this time (48 h), the release 
of drugs from these three formulations with CNF particles had already 
stopped. 

The fibers obtained with the addition of CNF showed better quality, 
with a more uniform and smoother surface as (Fig. 1c) compared to fi
bers without the addition of CNF (Fig. 1b). However, the release of drugs 
from formulations containing CNF reached a plateau after 48 h (Fig. 6a), 
indicating that there was no further release of drugs. None of the for
mulations with CNF reached a 100 % (w/w) release, suggesting that 
CNF, despite guaranteeing the quality of the fibers, hindered the total 
release of the drugs. On the other hand, despite their low quality, the 
fibers without the addition of CNF enabled the release of the drugs 
during the 5 days of experiment, without reaching a plateau, and thus 
demonstrating a release profile suitable for the proposed purpose. 

Fig. 6b provides a closer look at the release profile of individual 
drugs from Zein/HPMCAS/CNF or Zein/HPMCAS fibers loaded with 20 
% (w/w) BMDZ/ 20 % (w/w) MDZ. The drug release values at 30 min, 1 
h, 6 h, and 48 h are also presented in Table SM2 in the Supplementary 
Material. It is possible to state that the use of the two drugs MDZ and 
BMDZ, concomitantly in the systems, allows obtaining the bimodal 
release profile, suitable for the proposed system. In the first hours of the 
experiment, MDZ is quickly released, allowing rapid initial action of the 
drugs and then BMDZ is released more slowly, allowing the maintenance 
of release and prolonged effect of the drugs up to 48 h for the formu
lation with CNF and up to 5 days for those without CNF. 

The appropriated drug release rate is related to the use of the mini
mum concentration of the drug that is effective against a specific path
ogenic agent during the treatment [3,20,24,25,69]. For instance, Reise 
et al. [25] verified that electrospun polyactide (PLA) fibers using 
acetone as solvent and with 0.1–40 % (w/w) MDZ presented antibac
terial efficacy for A. actinomycethemcomitans, P. gingivalis and F. 

Fig. 4. XRD patterns of (a) pure components: zein, HPMCAS, BMDZ, and MDZ, and (b) Zein/HPMCAS/PEO fiber without or with CNF; the later were loaded with 
40.0 % (w/w) BMDZ, 40.0 % (w/w) MDZ, 20.0 % (w/w) BMDZ + 20.0 % (w/w) MDZ or did not contain any drug. 
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Fig. 5. DSC curves of (a) pure components: zein, HPMCAS, BMDZ, and MDZ, and (b) Zein/HPMCAS/PEO and Zein/HPMCAS/PEO/CNF fibers: alone or loaded with 
40.0 % (w/w) BMDZ, 40.0 % (w/w) MDZ, and 20.0 % (w/w) BMDZ + 20.0 % (w/w) MDZ. 
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nucleatum, that have the minimal inhibitory concentrations of 256 μg/ 
mL, 0.031–1.5 μg/mL and approximately 0.030 μg/mL, respectively. 2 
mg fibers loaded with 10.0–40 % (w/w) MDZ with at least 10 % (w/w) 
release rate were effective to inhibit F. nucleatum, A. actino
mycethemcomitans and P. gingivalis at the first 24 h and eliminated bac
terial agents from day 6 up to 18. 

The study of Srithep et al. [29] also demonstrated that 6 mg fibers 
formed by poly(L-lactide) (PLLA)/ poly(D-lactide) (PDLA) with 10 % (w/ 
w) MDZ presented at least 30 % (w/w) MDZ release rate at the first 12 h 
and the fibers had antimicrobial activity for P. gingivalis after 24 h, with 
minimal inhibitory concentration of approximately 0.5 mg/mL MDZ. In 
this study, 10 mg of Zein/HPMCAS fibers contain 3.46 mg of total drugs 
content and at least 10.53 % (w/w) drug release rate at 1 h (Table 3), 
which implies in a minimal drug concentration of 0.35 mg/mL consid
ering the small amount of saliva in the pocket of the oral cavity. This 
drug concentration value is sufficient to inhibit bacterial growth even at 
the first hours of the drug release, according to the authors [25,29]. 

To calculate the release kinetics for BMDZ and MDZ, we considered 

the four most used models, such as first order, Higuchi and Korsmeyer- 
Peppas, given by the equations [70–72]: 

Qt = 1 − ek1 t (1)  

Qt = kH
̅̅
t

√
(2)  

Qt = kK− P tn (3)  

where Qt is the drug release at a given time, represented by a fractional 
number; k0, k1, kH, and kK-P are the kinetic constants for each given 
model, and n is the diffusion exponent. Table 3 lists the fitted parameters 
and regression coefficient (R2) using the four models for BMDZ and MDZ 
release from Zein/HPMCAS electrospun fibers with and without cellu
lose nanofibril. The fit plots are in the Supplementary Material (Fig. SM7 
and SM8). 

Our findings show that the Kormeyer-Peppas model (higher R2 

values) was a better fit for the drug release profiles from polymeric fi
bers, and the release profile of mixed BMDZ and MDZ followed the same 
pattern as the other fibers. Moreover, the R2 values for all MDZ release 
kinetic models of the Zein/HPMCAS/CNF fibers with 40 % MDZ were 
significantly low, probably due to the MDZ burst release effect. 

Interestingly, for most fibers adjusted by the Korsmeyer-Peppas 
model, the diffusion exponent (n) values were <0.5, indicating that 
the drug release resulted from the diffusion mechanism and obeys Fick's 
first law, meaning that the drug molecules diffuse through Zein/ 
HPMCAS matrix, in agreement with other studies [21,25]. Moreover, a 
drug diffusion coefficient of n = 0.45 refers to its diffusion from a cyl
inder, as in the BMDZ release from Zein/HPMCAS/CNF membrane with 
40 % (w/w) BMDZ. Conversely, CNF-free fibers containing 20 % (w/w) 
BMDZ/ 20 % (w/w) MDZ presented n > 0.5 for individual BMDZ release, 
suggesting an anomalous transport mechanism (non-Fickian diffusion). 

Our research reveals that Zein/HPMCAS fibers can be produced 
using a green, environmentally friendly solvent instead of hazardous 
ones [8,20,25,29,69]. Also, fibers were obtained with high amount of 

Fig. 6. BMDZ and MDZ release profile: (a) Drug molecules were mobilized on 
electrospun Zein/HPMCAS/CNF at different concentrations: 40.0 % (w/w) 
BMDZ, 40.0 % (w/w) MDZ, and 20.0 % (w/w) BMDZ + 20.0 % (w/w) MDZ; 
and specifically at 20.0 % (w/w) BMDZ + 20.0 % (w/w) MDZ onto Zein/ 
HPMCAS fibers (without CNF); (b) Individual drug release profile of BMDZ and 
MDZ mobilized in Zein/HPMCAS/CNF or Zein/HPMCAS fibers containing 20 % 
(w/w) of each drug mixed. 

Table 3 
Fitted parameters using First order, Higuchi and Korsmeyer-Peppas models to 
calculate the drug release kinetics. (The kinetic parameters were calculated 
using the entire profile, except for the Korsmeyer-Peppas model that was used up 
to 60 % release). The amount of the drugs in the fibers is given in % (w/w).  

Drugs release from Zein/HPMCAS fibers with and without CNF 

Model Parameters 40.0 % 
BMDZ 

40.0 
% 
MDZ 

20.0 % 
BMDZ 
+20.0 % 
MDZ 

20.0 % 
BMDZ+ 20.0 
% MDZ 
without CNF 

First order k1 1.80 ×
10− 4 

5.00 
×

10− 5 

7.30 ×
10− 5 

3.30 × 10− 4 

R2 0.67 0.16 0.65 0.90 
Higuchi kH 0.95 0.15 0.40 0.93 

R2 0.85 0.20 0.81 0.87 
Korsmeyer- 

Peppas 
n 0.45 0.04 0.15 0.27 
kK-P 0.61 4.10 2.85 2.28 
R2 0.97 0.40 0.95 0.95 

Individual drug release from Zein/HPMCAS fibers with 20.0 % BMDZ þ 20.0 % 
MDZ 

Model Parameters With CNF Without CNF 
20.0 % 
BMDZ 

20.0 
% 
MDZ 

20.0 % 
BMDZ 

20.0 % MDZ 

First order k1 1.30 ×
10− 4 

2.50 
×

10− 5 

3.00 ×
10− 4 

6.40 × 10− 4 

R2 0.65 0.38 0.98 0.90 
Higuchi kH 0.80 0.13 1.16 0.73 

R2 0.83 0.47 0.98 0.67 
Korsmeyer- 

Peppas 
n 0.49 0.04 0.66 0.30 
kK-P 0.20 3.65 1.07 3.27 
R2 0.92 0.67 0.99 0.92  
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BMDZ and or/ MDZ molecules, showing adequate release rate to reach 
the minimal inhibitory concentration of some bacterial agents. In 
particular, Zein/HPMCAS/PEO fibers with 20 % (w/w) BMDZ +20 % 
(w/w) MDZ showed the better release rate as the membranes released 
sufficient amount of the drugs at the first 24 h (74 % (w/w) release rate) 
and had a more sustained-release at long times up to 5 days (93 % (w/ 
w)). Moreover, in thesis, the combination of BMDZ and MDZ molecules 
in the fibers is strategic, since a higher concentration of MDZ at the first 
hours maintain the concentration of the drug adequate to treat the 
periodontal disease, followed by an increased BMDZ release rate during 
5 days, keeping the minimal concentration of the drug efficient to inhibit 
and or/ eliminate the pathogen agents. 

Further study should be investigated aiming at obtaining fibers in the 
nano scale, since thinner fibers have higher surface and probably the 
drug release rate should be higher [29]. For this purpose, changing the 
ethanol/water proportions and the concentration of the polymers and 
the nanocellulose particles are required. Moreover, obtaining CNF- 
membranes with higher sustained-drug release for at least up to 21 
days, with sufficient drug concentration to act as antibacterial material 
are desirable. 

4. Conclusion 

This study showed that electrospun fibers composed of HPMCAS- 
blended zein, both without and with the incorporation of cellulose 
nanofibrils, have the potential to effectively control the release of BMDZ 
and MDZ over a period of 5 days and 48 h, respectively, as confirmed by 
simulated release assays. Notably, the fibers formed by Zein/HPMCAS/ 
PEO with 20 % (w/w) BMDZ and 20 % (w/w) MDZ showed an improved 
release profile for the intended application in periodontitis treatment. 
This enhancement can be attributed to the presence of nanocellulose, 
which contributed to a reduction in the drug release rate. Nevertheless, 
cellulose nanoparticles indeed played a crucial role not only in modu
lating drug release but also in facilitating the electrospinning process 
and ensuring the overall quality of the produced fibers. These platforms 
hold potential utility in treating periodontal pockets, where fibers with 
CNF can be strategically combined with those without nanoparticles to 
finely modulate drugs release. 
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