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ABSTRACT 

A drug-loaded electrospun mat is a potential fibrous material for cancer treatment after a 

surgery procedure. In this study, the poly(methyl methacrylate-co-methacrylic acid) [P(MMA-

co-MAA)] copolymer was synthesized by semi-continuous heterophase polymerization as a 

nanofiber carrier to load an anticancer drug, doxorubicin hydrochloride (DOX). Eudragit® S100 

(ES100) nanofibers loaded with DOX were also prepared for comparison. The electrospun 

nanofibers were loaded at different DOX concentrations, where the homogeneous fiber 

morphology did not change with the drug loaded increase. The confocal microscopic images 

indicated that the drug was incorporated to a major extent into the synthesized copolymer than 

the ES100 nanofibers, through electrostatic interactions or hydrogen bonding. The In-vitro 

release profiles of DOX presented a lower release rate for the synthesized copolymer around 

12 % after 72 h, compared to 44 % released from ES100 copolymer. Both copolymers presented 

a two-stage diffusion-controlled mechanism, which obeyed Fick's second law. Based on these 

results, the synthesized methacrylic copolymer exhibited a high potential to release the drug in 

a sustained and prolonged manner. Thus, P(MMA-co-MAA) DOX-loaded electrospun mats 

have the potential to be used as local implantable fibrous material for postsurgical cancer 

treatment. 

 

Keywords: methacrylic copolymers, electrospun nanofibers, doxorubicin, drug delivery, 

Eudragit® S100 
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1. INTRODUCTION 

 

The primary goal of a drug delivery system (DDS) is to be able to direct a therapeutic agent in 

the body to the affected area and to control the rate of release in a sustained manner. For this, it 

is necessary to find an optimal formulation or a suitable device that allows such targeted action. 

However, the antineoplastic treatments commonly used like radiation, surgery, immunotherapy, 

thermotherapy, phytotherapy, gene therapy, and chemotherapy, affect healthy cells at different 

levels, thus causing well-known side effects [1]. For solid tumor diseases, the most common 

strategy is surgical removal, followed by one of the aforementioned treatments. In this context, 

most of the research works have been focused on strategies able to attack cancer cells in 

different ways, either to completely destroy them or to avoid their growth. In this regard, 

ultrafine polymeric nanofibers (NFs) containing antineoplastic agents have emerged as a 

promising option for preventing local tumoral cell recurrence after a tumor extraction by 

surgery [2]. Furthermore, moderate and sustained release over time of the antineoplastic agent 

is sought, in order to avoid side effects related to a burst release and high drug concentration. 

 

Electrostatic spinning or electrospinning is an electro-hydrodynamic process by which 

polymeric fibers with diameters in the sub-micrometer down to nanometer range can be 

produced using a wide variety of natural or synthetic polymers solutions. The obtained fibers 

exhibit several interesting and advantageous characteristics, including large surface area to 

mass or volume ratio that promotes the efficient delivery of hydrophilic/hydrophobic drugs, 

highly interconnected pores between depositing fibers of the electrospun mats, versatility for 

surface functionalization. When they are used as drug delivery carriers, they also present high 

drug loading and encapsulation efficiency, as well as the ability to modulate the drug release 

which in turn depends on a variety of parameters like fiber diameter, morphology, and porosity. 

 

In recent years, several reports have appeared in the specialized literature regarding the use of 

NFs from biodegradable polymers that are accepted for their use in humans, as carriers of 

antineoplastic drugs. Among them, doxorubicin is one of the first-line antineoplastic drugs used 

for a wide range of cancers like breast, prostate, ovarian, testicles, lung, bladder, stomach, and 

other cases like solid tumors, leukemia, and Kaposi sarcoma [3]. One of the first reports was 

that of Zeng et al. [4], who documented the preparation of NFs of poly(L-lactic acid) (PLLA) 

containing doxorubicin hydrochloride (DOX) and paclitaxel to give loaded NFs with mean 

diameters between 0.4 and 1 µm. The release tests indicated that DOX-loaded NFs exhibited 
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the highest release rate. Xu et al. prepared NFs based on poly(ethylene glycol)-poly(L-lactic 

acid) of about 0.5 µm in mean diameter, containing DOX [5], and a blend of DOX and paclitaxel 

[6]. The authors found that at higher drug concentrations, the release rate was slow, and that of 

paclitaxel was even slower than that associated with DOX, due to the compatibility between 

the polymer and the drug. Later, PLLA-based NFs were used for loading DOX [7,8], and 

specifically, Qiu et al. [8] prepared first silica nanoparticles loaded with DOX to later 

incorporate them into the precursory fiber solution, and a very slow release rate of DOX was 

found during the release studies. 

 

NFs of poly(lactic-co-glycolic acid) containing DOX loaded into hydroxyapatite nanorods [9] 

and DOX loaded into layered nanohydroxyapatite [10] were prepared. The results obtained in 

the corresponding release tests showed that the drug was released in a very slow rate. Other 

interesting report is that of Dai et al. [11], who prepared poly(lactic acid) NFs containing a 

blend of DOX and natural pearl powder in order to obtain a material that simultaneously would 

release an antineoplastic drug and act as a scaffold for tissue growth. More recently, Gohary et 

al. [12] prepared NFs of poly(ɛ-caprolactone)/poly(ethylene oxide) blend containing silica 

nanoparticles previously loaded with DOX. The results showed a very slow release of the drug 

of only 35 % in 780 h. On the other hand, Radmansouri et al. [13], reported chitosan NFs loaded 

with cobalt ferrite nanoparticles and DOX for combining chemotherapy and hyperthermia. It is 

noteworthy that a common characteristic in all the reports mentioned above lies in the use of 

the electrospinning technique to obtain drug-loaded NFs. 

 

Regarding the use of different polymer-based nanofibers to release anticancer drugs, the use of 

targeted release formulations is a common way to ensure that the drug can be freed only in a 

localized zone of the body where cancer cells are present. In this sense, one such family of 

materials correspond to the pH-sensitive polymers, and among them, the pH-responsive 

Eudragit® methacrylic copolymers. Drug release profiles provided by Eudragit®-based DDS 

include time-controlled release, colon-targeted release, and sustained release [14–16]. 

Eudragit® L100, L100-55, and S100 are specifically designed for targeting the lower parts of 

the gastro-intestinal tract; these polymers are insoluble at low pH, dissolving only at pH 6.0, 

5.5, or 7.0, respectively. Eudragit® L100-55 was used by Shen et al. [15] to prepare electrospun 

fibers containing sodium diclofenac with an increase in the drug release from less than 3 % to 

total release when pH varied from 1.0 to 6.8, respectively. Similar results were observed by Yu 

et al. for the same copolymer with ketoprofen [17], helicid [18], or by Illangakoon et al. with 
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mebeverine hydrochloride [19]. Eudragit® S100 fibers containing uranine and nifedipine have 

shown to give rapid release of the incorporated drugs at pH 6.8, however no In-vitro studies 

were performed at lower pH values [20]. 

 

Furthermore, there are very few studies related to methacrylic fibrous materials for DDS, and 

they are even scarcer for cancer treatment. For instance, these studies used different polymers 

from the Eudragit® family, which have been loaded with 5-Fluorouracil [21], paclitaxel [22], 

or moxifloxacin hydrochloride [23]. To the best of our knowledge, and despite its recognition 

as a biocompatible material approved by the FDA for human intake, there are no reports 

concerning Eudragit® S100 [poly(methyl methacrylate-co-methacrylic acid) in a 2:1 

MMA:MAA molar ratio] as the fibrous material, containing DOX as the anticancer drug. 

 

Based on the background previously described, the main objective of the present study is to 

describe the preparation of DOX-loaded Eudragit® S100 nanofibers as polymer models, and 

those based on a methacrylic copolymer of different molar mass but with the same chemical 

composition, synthesized in our laboratories, by the electrospinning technique, meant for colon 

targeted delivery. The influence of molar mass on nanofibers formation, drug loading, and In-

vitro drug release is investigated. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

For the copolymer synthesis, sodium dodecyl sulfate (SDS, 98.5 %), sodium bis(2-ethylhexyl) 

sulfosuccinate (AOT, 96 %), and ammonium persulfate (APS, 99 %) were purchased from 

Sigma-Aldrich (Toluca, México) and were used as received. Methyl methacrylate (MMA) and 

methacrylic acid (MAA) also from Sigma-Aldrich, were purified using a prepacked column for 

removing monomethyl ether hydroquinone (MEHQ). Doxorubicin hydrochloride (DOX) was 

purchased from MedChemExpress USA, New Jersey, and was used as received. Eudragit® 

S100 (ES100) was supplied by Evonik Nutrition & Care GmbH, Germany. Ethanol and 

dimethylformamide (DMF) were purchased from Sigma-Aldrich and used as received. 

 

2.2. Synthesis of P(MMA-co-MAA) copolymer 

A full detailed synthesis procedure was published in a previous report [24]. In brief, the 

polymerization was conducted using a 600 mL jacketed glass reactor equipped with a reflux 

condenser and mechanical steering using the following reactants: 465.5 g of water, 0.5 g of 
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APS, 3.5 g of SDS, and 1.5 g of AOT. All the reactants were charged into the reactor and the 

mixture was subjected to 530 rpm at 70 °C. The reaction was initiated with the addition of the 

monomer mixture in two steps to complete a final dosage of 62 g of MMA/MAA (2:1 molar 

ratio). The addition was carried out at a constant flow of 55.5 mL/h for 1 h using a dosing pump 

(Kd Scientific-100). The reactivity ratio of methyl methacrylate (r2) is comprised between 0.2 

to 0.4, while that corresponding to methacrylic acid (r1) is around twice as high [25]. At the end 

of the dosing period, the polymerization was allowed to continue for 30 min and the reaction 

was finalized by cooling the reactor, yielding the product as a stable white latex. The evolution 

of instantaneous and global conversions with time and the corresponding characterization of 

this copolymer are reported in previous publications [24, 26-28]. 

 

2.3. Electrospinning precursory solutions, DOX loading, and spinning conditions 

The latex obtained was treated in a Mini Spray Dryer B-290 (Buchi equipment) with an inlet 

temperature of 190 °C and outlet temperature of 73 °C, working at 90 % aspirator and 40 % 

pumping, to obtain the corresponding copolymer powder. 

 

In order to obtain homogeneous and smooth nanofibers during the electrospinning process, 

solutions at 12 and 6 wt.-% of ES100 and P(MMA-co-MAA), respectively, in an ethanol/DMF 

mixture (70/30 vol. and 65/35 vol.-%, respectively) were prepared. The different polymer 

concentrations and solvent mixture ratios were due to the difference in molar mass between 

both polymers (𝑀𝑛̅̅ ̅̅
ES100 = 50,000 g mol-1, 𝑀𝑛̅̅ ̅̅

P(MMA−𝑐𝑜−MAA) = 200,000 g mol-1. This 

difference in molar mass was corroborated by size-exclusion chromatography (SEC, see 

Supplementary Information, Figure S1), where the copolymer was previously treated with a 

methylating agent (trimethylsilyl diazomethane) to promote substitution of the polar group from 

methacrylic acid with a methyl group, thus allowing the copolymer to be solubilized in THF to 

perform the analysis. The spinning solutions of ES100 and the synthesized copolymer were 

prepared by first dissolving the corresponding polymer amount in 15 mL of ethanol/DMF. 

 

To obtain DOX-loaded mats, the polymer amount for each formulation was first mixed in solid-

state with different DOX concentrations of 3, 5, and 10 wt.-% (as compared with polymer 

content), and then 15 mL of the corresponding ethanol/DMF mixture was added. All the 

samples were stirred under dark conditions for 12 h. The fibrous materials were obtained with 

a FLUIDNATEK by Bioinicia equipment and the electrospinning process was subjected to the 
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following conditions: flow rate of 1 mL h-1, a voltage of 20 kV, plate collector, and needle-to-

plate collector distance of 15 cm. 

 

Drug loading content (DLC) was determined by taking into account the mass ratio of DOX in 

the electrospun mat (𝑀𝐷𝑂𝑋𝑓) and the mass of the electrospun mat (𝑀𝑁𝐹𝑠) for each formulation, 

according to Equation (1). Drug loading efficiency (DLE) was determined by the ratio of 𝑀𝐷𝑂𝑋𝑓 

and the mass of DOX initially added in the polymer solution (𝑀𝐷𝑂𝑋𝑜), according to Equation 

(2). The samples were completely dissolved in 1 mL of methanol and vigorously mixed by 

using ultrasound with 3 mL of phosphate buffer solution (PBS) at pH 7.4. The mixtures were 

analyzed in an Ultraviolet/Visible (UV/Vis) spectrophotometer SHIMADZU UV-2401PC. The 

DOX concentration in the electrospun mats was calculated by triplicate measurements of 

absorbance at 483 nm using a drug calibration curve in PBS at pH 7.4. 

 

𝐷𝐿𝐶(%) =
𝑀𝐷𝑂𝑋𝑓  (𝑚𝑔)

𝑀𝐷𝑂𝑋𝑓 + 𝑀𝑁𝐹    (𝑚𝑔)
× 100 %                                                                                    (1) 

 

𝐷𝐿𝐸(%) =
𝑀𝐷𝑂𝑋𝑓  (𝑚𝑔)

𝑀𝐷𝑂𝑋𝑜   (𝑚𝑔)
× 100 %                                                                                                   (2) 

 

2.4. Characterization techniques 

2.4.1. Viscosity Measurements 

The linear viscoelastic properties of the precursory solutions were measured in the Anton Paar 

rheometer, Physica MCR 301 model, using a set-up of concentric cylinders double-gap at room 

temperature. 

 

2.4.2. Morphological analyses 

The morphological analysis of the nanofibers was carried out using a field-emission scanning 

electron microscope (FE-SEM) with an electrical high tension (EHT) of 3.0 kV, and all the 

samples were previously coated with gold/palladium in a Cressington sputter coating 

equipment. The images were analyzed with the Image J software to estimate average fiber 

diameters (𝐷̅𝑓). Diameter distributions were obtained by measuring 400 fibers (using 5 different 

SEM images). Obtained data were represented by means of box-bars charts, where the boxes 

reflected 50 % of the population of values located between quartile 1 (Q1 = 25 % of the 
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population) and 3 (Q3 = 75 % of the population), while the bars represented the amplitude of 

the distribution according to the most probable values or those that appeared more frequently. 

 

2.4.3. Contact angle measurements 

To assess the hydrophobicity of the mats, the contact angles of the electrospun mats were 

measured using a Kruss EasyDrop goniometer at ambient temperature with distilled water (d-

water). For these measurements, 5 d-water drops of 10 µL each were put on a rectangle of 

electrospun mat and the angle formed between the surface of the mat and the water drop was 

measured using a monochrome interline CCD (25/30 fps) camera. 

 

2.4.4. Thermal analyses 

Thermal properties were evaluated through thermogravimetric analysis (TGA) (TA 

Instruments, Q400) and differential scanning calorimetry (DSC) (TA Instruments, Q200). To 

perform TGA, the samples were heated from 30 to 600 °C under a nitrogen atmosphere, at a 

heating rate of 10 °C min−1 and then under oxygen flow up to 800 °C. Regarding DSC, the 

heating was carried out from room temperature to 200 °C at a heating rate of 10 °C min−1, the 

samples were isothermally maintained at 200 °C for 2 min, and then cooled down at the same 

rate to −70 °C. A second heating cycle under the same conditions was conducted. 

 

2.4.5. FTIR spectroscopy 

Attenuated total reflectance Fourier transform infrared (FTIR) analysis was carried out on a 

Nicolet iS50 spectrophotometer (ThermoFisher Scientific) in transmittance mode. The 

scanning range was equal to 1800 - 650 cm-1. 25 scans were registered, and the resolution was 

set at 1 cm-1. 

 

2.4.6. Fluorescent confocal tests 

The distribution and dispersion of DOX were determined through the fluorescence emission of 

nanofibers loaded with DOX using a Zeiss LSM700 confocal laser scanning microscope that 

comprised an upright Zeiss Axio Imager Z1. The nanofibers loaded with different 

concentrations of DOX were excited at 550 nm, and the emission spectra were recorded at the 

same wavelength. 
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2.4.7. UV-Vis spectroscopy 

UV-Vis spectra were obtained using a Shimadzu UV-2401PC spectrophotometer at room 

temperature with a dual-beam light source lamp of xenon and deuterium. The measurements 

were taken at medium scanning speed and spectral bandwidth of 1 nm. 

 

2.4.8. In-vitro release studies 

For the release studies, all the electrospun mats were cut in disk shapes of 12 mm diameter with 

10 mg average mass (by triplicate). The DOX loaded NFs materials were dispersed in 3 mL of 

PBS at pH 7.4 using an ultrasonic bath and then put into a dialysis tube (Spectra/Pro® MWCO: 

3.5 kDa, diameter 10 mm, from SpectrumTM). The dialysis tubes were introduced into 50 mL 

of PBS solution inside amber flasks. The flasks were put inside a temperature-controlled bath 

at 37 °C under 500 rpm magnetic stirring. 3 mL aliquots of the medium were taken at different 

predetermined periods of time and replaced by 3 mL of fresh PBS solution at every sampling 

point. The released fraction of DOX was quantified from UV measurements at 𝜆𝑚𝑎𝑥 483 nm 

using a calibration curve of DOX in PBS. 

 

3. RESULTS AND DISCUSSION 

3.1. Rheological study of ES100 and P(MMA-co-MAA) solutions at different copolymer 

concentrations and solvent ratios 

 

Rheological studies of the polymer solutions corresponding to ES100 and P(MMA-co-MAA) 

copolymers were carried out in order to evaluate the apparent viscosity as a function of the 

shear rate at different polymer concentrations and solvent ratios (ethanol/DMF). For the ES100 

system, the polymer concentration was varied from 4 to 14 wt.-%, while for the P(MMA-co-

MAA) system, the concentration ranged from 4 to 10 wt.-%. These concentrations were taken 

based on solubility tests and the difference in molar masses of copolymers. Although polymers 

generally exhibit a pseudo-plastic behavior, characterized by a decrease in viscosity as the shear 

rate increases, in the case of the ES100 systems, characteristics of a Newtonian fluid were 

observed in all the samples, while for P(MMA-co-MAA) systems, the solutions showed a slight 

tendency towards a pseudo-plastic behavior beyond 7 wt.-% concentrations. 

 

Likewise, the concentration regimes in which the polymer solutions of both systems promoted 

the formation of homogeneous fibers were determined, by measuring the zero-shear viscosity 

(𝜂𝑜) in the region of linear viscoelasticity for all solutions (Figures 1a, b). The 𝜂𝑜 values were 
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plotted as a function of polymer concentration (Figure 1c) in order to evidence a significant 

slope change, associated with the entanglement degree of polymeric chains. These results 

showed, on the one hand, that the different solvent ratio for the ES100 and P(MMA-co-MAA) 

solutions did not show a significant change in the viscosity curves. However, the ES100 systems 

prepared with an 80/20 solvent ratio (ethanol/DMF) did not show signs of precipitation with 

respect to time, unlike the solutions prepared with a 70/30 ratio, which precipitated after 4 h. 

On the other hand, the P(MMA-co-MAA) system showed similar behavior, precipitating the 

copolymer after 2 hours with a 50/50 solvent ratio, unlike the 65/35 ratio solutions, which did 

not present precipitation. Taking into account these results the following conditions were 

selected for the electrospinning process: 12 wt.-% of ES100 in ethanol/DMF 70/30 vol.-%, and 

6 wt.-% of P(MMA-co-MAA) in ethanol/DMF 65/35 vol.-%. The same conditions were used 

during the electrospinning process of polymer solutions in the presence of DOX for both 

systems. 

 

 

Fig. 1 Rheological studies of (a) ES100 and (b) P(MMA-co-MAA) solutions at different 

polymer concentration, (c) Dependence of zero-shear viscosity (𝜂𝑜) on polymer concentration. 

 

3.2. Effect of DOX on fiber formation  

The morphology and the average diameters (𝐷̅𝑓) of fibers without and with loaded DOX are 

discussed in this section. In the latter case, the electrospinning solutions of P(MMA-co-

MAA)/DOX did no present heterogeneity or phase separation, indicating that the drug was 

homogeneously dispersed. However, those prepared with ES100 presented a small DOX 

precipitation after 5 h during the electrospinning process. Despite this, all the electrospun fibers 

(with and without DOX) are mostly smooth, continuous, and homogeneous (i.e. no beads were 

observed) throughout the length of the fibers (Figures 2a-d, and see Supplementary 

Information, Figures S2, S3). 
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The 𝐷̅𝑓 values of ES100/DOX NFs were equal to 350 and 370 nm, while for P(MMA-co-

MAA)/DOX fibers, the 𝐷̅𝑓 values were equal to 450 and 570 nm. Such values were similar to 

those reported for 50 % of the population of the fibers without the drug (Figures 2e, f), where 

𝐷̅𝑓 for the unloaded fibers were 300 and 450 nm for ES100 and P(MMA-co-MAA), 

respectively. These results corroborated the differences observed in rheological studies, in 

which an increase in apparent viscosity of almost two orders of magnitude was observed for 

P(MMA-co-MAA) with a concentration of 6 wt.-% (𝐷̅𝑓 = 570 nm), associated with the highest 

molar mass, compared to ES100 with a concentration of 12 wt.-% (𝐷̅𝑓 = 370 nm). Thus, it could 

be inferred that the presence of the drug did not promote significant changes in the viscosity of 

the precursory solutions. On the other hand, the difference in 𝑀𝑛
̅̅ ̅̅  values could promote a higher 

load efficiency due to the presence of a higher content of carboxylic groups in the polymer 

chains that could be linked to the drug by electrostatic interactions or hydrogen bonding. 

 

 

Fig. 2 SEM images; (a) ES100 nanofibers, (b) ES100 with 10 wt.-% DOX, (c) P(MMA-co-

MAA) nanofibers, (d) P(MMA-co-MAA) with 10 wt.-% DOX, (e) Fiber diameters of ES100 

at different DOX concentrations, (f) Fiber diameters of P(MMA-co-MAA) NFs at different 

DOX concentrations. 

 

3.3. Characterization of fibers loaded with DOX 

The quantification of the DOX content in the fibers of ES100 and P(MMA-co-MAA) was 

carried out by means of the calibration curve of the drug in the phosphate solution (PBS) at pH 

7.4, where the samples were completely dissolved, via UV-Vis measurements (see 
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Supplementary Information, Figure S4). The values of drug loading content (DLC) and drug 

loading efficiency (DLE) are summarized in Table 1 where the standard deviation (SD) is also 

indicated in each case. 

 

Table 1 Drug loading content (DLC) and drug loading efficiency (DLE) of DOX in methacrylic 

nanofibers. 

 
Copolymer 

Theoreti

cal DOX 

(wt.-%) 

DLC  

(wt.-%) 

SD 

(%) 

DLE 

(wt.-%) 

SD 

(%) 

[DOX] 

(mg/mm2) 

SD 

(mg/mm2) 

ES100 

3 1.84 0.077 61.28 2.58 1.78 4.8E-3 

5 3.91 0.407 78.19 8.15 3.88 2.7E-2 

10 6.54 0.339 65.39 3.39 6.43 2.0E-2 

P(MMA-

co-MAA) 

3 2.80 0.165 93.42 5.51 2.66 0.157 

5 4.34 0.301 86.76 6.02 4.12 0.286 

10 7.16 0.446 71.61 4.46 6.81 0.424 

 

These results suggested that there was a better incorporation of the drug in the P(MMA-co-

MAA) copolymer, possibly due to the presence of a higher content of carboxylic groups 

(associated with the higher molar mass) that promoted electrostatic interactions and hydrogen 

bonds, in comparison with ES100 fibers. In the case of ES100-based NFs with 5 wt.-% DOX, 

the system would be close to the optimal loading value to maximize efficiency, meanwhile for 

P(MMA-co-MAA) NFs the highest DLE was obtained with 3 wt.-% DOX loading. 

 

3.4. Contact angle measurements on electrospun methacrylic fibers 

In the biomedical and pharmaceutical fields, the wettability is an important parameter since it 

can describe the interaction that a solid system (electrospun mats) may have with different 

physiological fluids. Thus, contact angle (θc) measurements of the different mats obtained were 

performed in order to analyze the effect that DOX might have on nanofibers surface. Values of 

θc lower than 90° indicate hydrophilic interactions between the solid surface and the dissolution 

medium, values of θc between 90° and 150° correspond to hydrophobic interactions, meanwhile 

θc higher than 150° is indicative of super-hydrophobic interactions [29,30]. 

 

From the values reported in Figure 3, ES100-based fibers showed a hydrophobic behavior. θc 

values increased with DOX concentration from 118° for pristine ES100 to 124° for the same 

mat loaded with 10 wt.-% of DOX, where in addition the d-water drop kept its shape for more 
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than 2 min. This behavior could probably be attributed to a poor interaction/distribution of DOX 

molecules in the polymer matrix, according to literature [9,31]. 

 

 

Fig. 3 Contact angle values of electrospun nanofibers based on ES100 and P(MMA-co-MAA) 

loaded with different DOX concentrations. The photographs correspond to the water drop falls 

on the corresponding mats loaded with 10 wt.-% of DOX. 

 

Regarding the mats prepared with P(MMA-co-MAA), that obtained without DOX showed a θc 

equal to 114°, while the mats with 10 wt.-%. DOX presented a θc value equal to 118° (see 

Figure 3). However, the d-water drop on the P(MMA-co-MAA) mat kept its shape just for a 

few seconds, i.e. a time period enough to take a snapshot and measure the contact angle. Even 

though the contact angle values also indicated a hydrophobic behavior for P(MMA-co-

MAA)/DOX, these values were lower than those for ES100. The contact angle values showed 

an irregular behavior due to the rapid collapse of the drop during the analysis. On the other 

hand, as P(MMA-co-MAA) was not subjected to a dialysis process after the synthesis in order 

to remove the surfactants, the presence of SDS and AOT within the fibers, could affect the 

surface tension of the water drop in the measurements of the contact angles causing its rapid 

collapse. The electrical conductivity measurements of the precursory solutions used to obtain 

the fibers could corroborate the presence of surfactants on the electrospun systems (Table 2). 

The difference in electrical conductivity values between ES100 and P (MMA-co-MAA) of 62 

to 239 µS/cm respectively, could be attributed to the anionic molecules of both surfactants (i.e., 

SDS and AOT). 
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Table 2 Electrical conductivity measurements of precursory solutions at different polymer 

contents. 

Polymer in 

Ethanol/DMF 

Polymer content 

(wt.-%) 

Electrical conductivity 

(µS/cm) 

ES100 

10 59.20 

12 62.18 

14 ND 

P(MMA-co-MAA) 

4 254.40 

6 328.60 

8 ND 
   ND: Not determined due to high viscosity. 

 

3.5. Thermal analysis of electrospun methacrylic fibers 

From the thermo-degradation patterns of the scaffolds formulated with ES100 and P(MMA-co-

MAA) without and with 10 wt.-% DOX (Figure 4), it could be observed around 20 % mass loss 

from 100 °C to 400 °C, attributed to water and methanol loss through intermolecular reactions 

between monomer units, promoting anhydrides formation. Chain scission and depolymerization 

of MMA unit sequences generally occur above 300 °C [32]. The mass loss from 400 to 450 °C 

could be related to the decomposition of the polymer matrix.  

 

Although the degradation temperature of these materials is much higher than the temperatures 

to which they would be exposed, the effect of the presence of DOX could be observed, where 

considering the degradation rate at its maximum value (Td) obtained by the derivative of the 

thermogram (Table 3), DOX produced an increase in the thermal stability of ES100-based mats, 

contrary to the mats based on P(MMA-co-MAA) where no significate variations were observed. 
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Fig. 4 Degradation patterns derived from TGA analysis of the electrospun fibers based on 

pristine ES100 and P(MMA-co-MAA) as well as the corresponding 10 wt.-% DOX loaded 

fibers. 

 

Table 3 Thermal decomposition temperature (Td) and glass transition temperature (Tg) of 

different obtained mats. 

Fibrous material  
Theoretical DOX 

content (wt.-%) 
Td (°C) Tg (°C) 

ES100 

0 407 143 

3 410 145 

5 413 147 

10 416 145 

P(MMA-co-

MAA) 

0 417 134 

3 414 137 

5 408 136 

10 414 137 

  

On the other hand, the increase in carbon residues at 600 °C before changing from nitrogen 

flow to oxygen from 4.2 to 5.5 % for ES100 and from 6.7 to 8.2 % for P(MMA-co-MAA), 

could be due to drug residues loaded into the electrospun nanofibers. In both cases, these values 

did not match with the theoretical values of DOX loading, where the non-homogeneous 

distribution of DOX within the fibers should be considered. 

 

Regarding DSC results (Figure 5), the addition of DOX into the polymeric fibers influenced the 

macromolecular chains allowing them to be more rigid, thus leading to slightly higher Tg values. 

On the other hand, DOX has a melting point (Tm) at 205-206 °C resulting in an endothermic 
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peak in the DSC curve, thus evidencing the presence of crystals in the drug. The absence of the 

characteristic melting peak of the drug in the DSC curves for both loaded mats suggested that 

the DOX present in the fibers became an amorphous phase and that all the added drug is bound 

to the polymer backbone as reported by other authors [33]. 

 

 

Fig. 5 DSC thermograms of ES100 and P(MMA-co-MAA) fibrous mats without and with 10 

wt.-% DOX. 

 

3.6. FTIR spectroscopy investigation of DOX-loaded fibers 

The DOX loading into the electrospun mats was confirmed by FTIR spectroscopy in 

transmittance mode, and the spectra bands most representative are presented in Figure 6. The 

DOX presence was more forcefully evidenced at the highest DOX concentration in each system 

with new bands between 1700 and 600 cm-1. The broad bands from 3500 to 3100 cm-1 were 

related to O-H stretching vibrations from the methacrylic acid units, absorbed water, and 

overlapping (H–O) signals from aromatic rings of DOX molecules (see Supplementary 

Information, Figure S5). The broad band between 3160 and 2300 cm-1 was attributed to (NH3
+) 

which was overlapped by copolymer bands. 

 

The bands at 2990 and 2945 cm-1 were associated with antisymmetric and symmetric stretching 

vibrations of (CH2) from copolymer backbone. The absorption band at 1580 cm-1 could be 

associated with (C=C) from aromatic rings of DOX, while the band at 1524 cm-1 was related 

to bending vibrations of δ(N–H). The small band at 1412 cm-1 was associated with δ(CH) 
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bending vibrations from aromatic rings. The last two bands at 990 and 805 cm-1 may be related 

to (C-O-C) stretching and ω(N-H) wagging vibrations, respectively. Most of the bands found 

in this study were in good agreement with those reported by Lanz-Landazúri et al. [34], where 

DOX was incorporated into poly(β, L-malic acid) (PMLA). FTIR results may indicate that the 

DOX amine group was directly involved in the association with carboxylic groups of the 

copolymers. 

 

 

Fig. 6 FTIR spectra of pristine ES100 and P(MMA-co-MAA) electrospun mats as well as of 

the corresponding mats loaded with 10 wt.-% DOX. 

 

3.7. Confocal fluorescent microscopy investigation of DOX-loaded fibers 

The distribution of DOX within the electrospun fibers was observed through confocal 

fluorescence microscopy, and the results are shown in Figure 7. The ES100/DOX fibers 

exhibited slightly red fibers and small red-spot emissions that increased in size and color 

intensity with drug concentration (Figures 7a-c). The red spots could be attributed to DOX 

agglomerates that could not be attached to the polymer chains, due to a low concentration of 

carboxylic groups. Likewise, the slightly red-fluorescence emission may suggest a poor 

interaction between the hydrophobic drug and the polymer matrix, as previously demonstrated 

by contact angle measurements (see section 3.4). On the other hand, P(MMA-co-MAA)-based 

nanofibers exhibited a high-intensity red-fluorescence emission and fewer DOX agglomerates 

with drug concentration increment (Figures 7d-f). These results evidence an improvement in 

the distribution and incorporation of the cationic drug which could be attributed to a higher 

concentration of carboxylic groups in the polymer chains, thus favoring the affinity between 
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the drug and the polymeric matrix, along with a higher DOX loading, according to the loading 

efficiency results (see Table 1). 

 

 

Fig. 7 Confocal fluorescence microscopy for ES100 and P(MMA-co-MAA) electrospun mats 

at 550 nm emission loaded with 3 wt.-% (a, d), 5 wt.-% (b, e), and 10 wt.-% (c, f) DOX. 

 

The fluorescence results confirmed that DOX has a good distribution not only in the fiber core 

but also in their fiber surface. Similar results were reported by Xu et al. [5], where confocal 

microscopic images indicated that DOX was well incorporated into amphiphilic poly(ethylene 

glycol)-poly(L-lactic acid) diblock copolymer nanofibers. On the other hand, Park et al. [29] 

reported an immiscible behavior of DOX with poly(lactic acid) (PLA), where DOX was not 

soluble in the pre-spinning solution with dichloromethane and DMF, hence DOX particles were 

aggregated and precipitated in the solution. Due to the lack of compatibility between DOX and 

PLA, the electrospun fibers produced large aggregates (red-spot emissions), similar to those 

observed in the ES100 mats herein investigated. 

 

3.8. In-vitro release of DOX from electrospun methacrylic fibers 

The DOX release profiles from the ES100 NFs containing different concentrations of DOX are 

shown in Figure 8a. A burst release occurred in the first 9 h at pH 7.4, with about 12, 20, and 

31 % DOX release, which corresponds to an average 7 mg DOX from the total drug content for 
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each formulation loaded with 3, 5, and 10 wt.-%, respectively (see Table 1). After this stage, 

there was a slowdown release rate in all cases of around 3 % every 24 h, reaching a release of 

about 17, 27, and 44 % at 72 h. Therefore, the release profiles showed a decrease in the release 

rate as the drug content in the NFs increased, which corroborated the trend reported in the 

literature [5,6,8,9]. 

 

 

Fig. 8 In-vitro 3-day release profiles of DOX from methacrylic fibers. (a) ES100 electrospun 

mats, (b) P(MMA-co-MAA) electrospun mats. 

 

The release profiles of the drug from P(MMA-co-MAA) NFs at different DOX concentrations 

are shown in Figure 8b. In this case, the release profiles showed a lower amount of released 

DOX in the first 9 h independently of the drug concentration, with about 7 % DOX release, 

which corresponds to an average of 3.4 mg DOX from the total drug content for each evaluated 

system (see Table 1). Similar to ES100-DOX release profiles, there was a slowdown release 

rate in all cases every 24 h of around 1 %, reaching a release close to 11 % at 72 h. However, 

the total drug released by the loaded P(MMA-co-MAA) NFs, especially those prepared with 3 

and 5 wt.-%. DOX, was quite lower than that corresponding to their counterparts of ES100 NFs 

shown in Figure 8a. It is remarkable that unlike previous literature reports [5,6,8,9], the release 

profiles of the loaded P(MMA-co-MAA) NFs displayed an increase in the release rate as the 

drug content increased. 

 

The release profiles for the electrospun mats loaded at 3 wt.-% for both methacrylic copolymers 

were extended for 20 days (see Supplementary Information, Figures S6, S7). The synthesized 

copolymer kept the release behavior during the 20 days, which could be attributed to the fact 
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that this electrospun mat did not solubilize in an aqueous solution at pH 7.4, retaining the drug 

for a longer period of time. On the other hand, the loaded ES100 mats presented a similar release 

behavior. However, after 72 h the DOX concentration decreased 7.4 % from the release 

medium. This fact suggests that a fraction of DOX could start degrading after 72 h as it was 

previously reported by Wu et al. [35], where an aqueous DOX solution was monitored at three 

different pH values for 50 h. The results showed that the DOX solution was less stable in basic 

conditions presenting an increase in the degradation rate at pH 7.4. Moreover, an increase in 

DOX concentration also promotes an increase in the degradation rate. 

 

In order to elucidate the DOX release mechanism, Xu et al. [5] identified three stages during 

the release of DOX from poly(ethylene glycol)-poly(L-lactic acid) NFs, where the first two 

stages followed a Fickian type diffusion, that is, they fitted the Higuchi model [36]. By 

comparison, there seemed to be a similarity between the two stages observed in Figures 9a and 

9b with the first two stages described in Xu’s work [5]. As a matter of fact, the experimental 

data of each stage were fitted to a straight line according to the linearized equation of the 

Higuchi model represented by Equation (3) [36]: 

 

𝑄 = 𝐾𝐻√𝑡                                                                                                                                                                 (3) 

 

where Q is the cumulative percentage drug release at time t and kH is the dissolution constant 

(see values in Table 4). 

 

Fig. 9 Linear fitting of DOX released as a representation of Higuchi’s model. (a) ES100/DOX 

fibers, (b) P(MMA-co-MAA)/DOX fibers. 
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Table 4 R-squared for each stage and diffusion constant (KH) obtained from the fit with the 

Higuchi model of experimental data of DOX release from methacrylic electrospun fibers. 

Copolymer 
Theoretical DOX 

(wt.-%) 

First 

stage (R2) 

Second 

stage (R2) 

First stage 

(KH) 

ES100 

3 0.9948 0.8770 1.68 

5 0.9770 0.9847 1.17 

10 0.9768 0.9951 0.71 

P(MMA-co-MAA) 

3 0.9445 0.9662 0.30 

5 0.9890 0.6748 0.45 

10 0.9865 0.8696 0.42 

 

 

The R2 values for each stage from the fit of experimental data with the Higuchi model are shown 

in Table 4. In all cases, the experimental data fit with the Higuchi model for the first stage; 

however, in the second stage, the values presented a lower adjustment for 3 wt.-% DOX loaded 

in ES100 fibers (Figure 9a) and for higher load than 5 wt.-% DOX in P(MMA-co-MAA) fibers 

(Figure 9b). Taking into account this analysis, it might be concluded that at least during the two 

stages identified, the DOX would be released from NFs in accordance with the Higuchi model. 

 

The drug released in the first stage for both systems could be related to the DOX located close 

to the NFs surface, while the drug release in the second stage could be related to the DOX 

contained within the NFs possibly by electrostatic interactions or hydrogen bonds. 

Nevertheless, it should be highlighted that in our study the DOX was released at lower rates 

than those reported in other works on polymeric NFs containing DOX [4–6], which should be 

beneficial for preventing cancer cell growth after the initial stage of burst drug release. 

 

When comparing the results of the loading of ES100 and P(MMA-co-MAA) NFs and the 

corresponding release studies, some interesting points could be inferred. First of all, the loading 

efficiency, and consequently the drug load, was higher in P(MMA-co-MAA)-based NFs. 

Moreover, the fraction of DOX released at a predetermined period of time (72 h) was much 

lower in the case of P(MMA-co-MAA) NFs, mainly for the loaded NFs prepared with 3, and 5 

wt.-% drug, and the release rate of DOX was significantly lower than those reported in other 

works on polymeric NFs containing DOX [4–6]. Since the MMA:MAA ratio was identical for 

both ES100 and P(MMA-co-MAA), the reason of the behavior described above could be 
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attributed to the larger size of the P(MMA-co-MAA) chains, where the entanglement of larger 

chains after they become insoluble during the spinning process favors the entrapment of drug 

molecules, thus hindering their release. 

 

4. CONCLUSIONS 

In summary, the electrospinning conditions for DOX-loaded methacrylic nanofibers based on 

ES100 and a copolymer with a similar composition synthesized by semi-continuous 

heterophase polymerization (SHP) were optimized to obtain homogeneous and smooth 

nanofibers. The DOX presence within the fibers was confirmed by several analyses, mainly by 

FTIR and confocal fluorescence microscopy studies. Drug incorporation did not affect the 

morphology and average fiber diameters with respect to those obtained without DOX. 

Moreover, the DLC was higher in case of P(MMA-co-MAA)-DOX systems, according to UV-

Vis spectra and fluorescence results. These behaviors also suggested a better drug 

incorporation/interaction with the synthesized copolymer due to a higher content of carboxylic 

groups (associated with an increase in 𝑀̅𝑛) that promoted a higher drug loading though 

electrostatic interactions or hydrogen bonds. 

 

The In-vitro release comparison between DOX-loaded ES100 and P(MMA-co-MAA) 

nanofibers was investigated to develop a facile strategy for a sustained DOX release. The DOX 

molecules were better distributed in P(MMA-co-MAA) than ES100, possibly due to the 

difference in molar masses and carboxylic groups in the polymer chains. During the release 

process, the release rate of DOX decreased as the DOX content in the fibers increased, which 

could be attributed to the hydrophobic domain between PMMA fractions from the polymer 

chain and non-bonded DOX, whereas the DOX molecules located on the fiber surface were 

released first. The two sequential stages that represented the diffusion-controlled by Fick's 

second law for both systems evidenced a higher rate of DOX diffusion for ES100 fibers, 

possibly due to the poor drug distribution in the fibers, which leads to faster drug diffusion. 

Therefore, P(MMA-co-MAA)-DOX electrospun mats could have a better DOX release control 

with respect to Eudragit fibers, leading to materials with the suitable characteristics required 

for post-surgery cancer treatment. 
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