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A B S T R A C T

Eudragit® FS (EudFS), a novel anionic metachrylate terpolymer with pH dependent solubility was
processed using electrospinning (ES) for the first time and melt extrusion (EX) for controlled
delivery of a poorly water-soluble model drug, spironolactone (SPIR). Optimization of ES showed
good spinnability of EudFS. Nanofibrous products could be obtained using fairly polar solvents
(acetone, dichloromethane-ethanol (1:1), dimethylformamide). Drug-loaded nanofibers were
prepared using novel alternating current electrospinning at multiple times higher throughput
than direct current electrospinning. Melt extrusion proved to be also a feasible technique to
prepare EudFS-based solid dispersions above 100 °C. The viscoelasticity of EudFS melts was
characterized in terms of temperature, frequency and heating time dependence. Solid state
analyses revealed amorphous SPIR content in the electrospun fibers, however, signs of residual
crystallinity could be detected in the extruded sample with 20% SPIR according to XRPD and EDS
mapping. In vitro dissolution of the EudFS-based solid dispersions showed superior control of
drug release compared to the physical mixture of crystalline SPIR and EudFS. At gastric pH where
the polymer is insoluble the drug was more restrained in the ground extrudates than in the
electrospun fibers. This state was followed by a quick burst as the pH rose to 7.4. EudFS, well-
processed by electrospinning or melt extrusion, proved to be a promising matrix for oral drug
delivery applications especially targeting the colon.

1. Introduction

Pharmaceutical industry faces nowadays many challenges including technological evolution towards continuous processes and to
address the needs of patients through advancing formulation development. In the last decades of drug discovery the use of high
throughput screening and combinatorial chemistry methods resulted in the growth of number of new drug candidates with poor
water solubility [1,2]. Insufficient solubility can lead to less efficient oral bioavailability due to the low dissolved concentration for
absorption [3]. Nevertheless, in many cases the development of a final oral formulation must not only focus on simply enhancing
solubility but a precise control on dissolution properties should be also built into the product [4]. Besides sustained and zero-order
release formulations ensuring more constant blood levels and less frequent dosing, targeted oral delivery is also of great therapeutic
importance for various applications [5]. Examples for targeted delivery include the avoidance of gastric mucosal damage induced by
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non-steroidal anti-inflammatory drugs [6] or protection of acid-liable active compounds (e.g., proton pump inhibitors [7], peptides
and proteins [8]) from the inactivating effects of gastric conditions, to treat local diseases in the intestine or the colon (e.g. Crohn’s
disease, carcinomas or infections) [9], and reduce colonic bacterial growth [10]. Different approaches have been reported especially
targeting the colon, for instance, forming a poorly absorbed prodrug which is metabolized to the active compound by colonic bacteria
[11], delayed release formulations exploiting the relatively constant small intestine transit time [12] or embedding the drug in a
biodegradable matrix (e.g., polysaccharides) [13]. Yet, the simplest strategy remains the use of excipients with pH-dependent so-
lubility (e.g., as a coating or matrix) exploiting the increasing pH along the gastrointestinal tract from acidic in the stomach (pH 1–2)
to slightly basic in the small intestine (pH 7–8) which then drops to pH 6–7 in the colon [14,15].

Eudragit® FS is a novel methyl acrylate-methyl methacrylate-methacrylic acid terpolimer (Fig. 1a) available in a 30% aqueous
dispersion (FS 30 D) while the solid granule form (FS 100, hereinafter referred to as “EudFS”) reaches the market soon. Due to the
free carboxylic acid moiety on the polymer chain EudFS is soluble only above pH 7.0 making it a promising excipient for colon-
targeted delivery but in parallel it was also designed for dissolution enhancement of poorly soluble substances. Few researches have
reported the use of Eudragit® FS, these formulations were prepared with conventional methods of pellet coating [16], wet granulation
(binder component) [17] or even hot melt extrusion exploiting the low glass transition temperature (Tg) of about 50 °C of the
thermoplastic polymer [18,19]. However, these colonic delivery systems contained model drugs with good water solubility (e.g., 5-
fluorouracil, 5-aminosalicylic acid, theophylline) and no studies have evaluated the potential of EudFS as a matrix for dissolution
enhancement purposes. Taking into account the low colonic fluid volume and the higher viscosity of colonic luminal content, colonic-
targeted delivery of poorly soluble compounds is rather challenging due to the reduced drug dissolution and mucosal absorption [20].

Continuous formulation technologies are essential elements of future pharmaceutical production also predicted by regulatory
agencies (e.g., FDA [21]) due to the simpler process control and scale-up, lower investment and operating costs and a safer plant with
small footprint compared to traditional batch production [22,23]. Melt extrusion (EX) is a versatile continuous formulation tool to
prepare drug-loaded solid dosage forms with controlled release kinetics. Improved dissolution of the drug is achievable through the
intense mixing of the rotating twin screws inside the heated extruder turning the API into amorphous with higher aqueous saturation
solubility embedded into a well-soluble matrix. Although EX has been used for the production of marketed pharmaceutical products
(Isoptin SR-E, Kaletra, Onmel, etc. [24]) and as a key step in the first end-to-end continuous pharmaceutical manufacturing plant
[25], it can be detrimental to thermally labile compounds and the specific surface area of the ground extrudate is also limited.

Electrospinning (ES) is another approach for the continuous production of drug-loaded fibrous solid dispersions in a gentle way
from polymeric solutions when exposed to the drawing force of the electrostatic field. A wide variety of applications of the elec-
trospun micro- and nanofibers have been reported including biomedical purposes (e.g., tissue engineering [26], wound dressings
[27], implants [28] and oral drug delivery systems) and also oral drug delivery systems with controlled release properties [29–33].
The drug dissolution from the fibers can be enhanced by the large surface area as well as the molecularly dispersed amorphous drug,
but sustained, zero order or site specific release is also attainable depending on the type of polymeric matrix used [34–36]. The main
limitation of ES, i.e., the low specific throughput rates, can be overcome by combining electrostatic and centrifugal forces at either
low [37] or high revolution speeds [38]. Moreover, recent reports have also shown that applying an alternating current high voltage
source instead of generally used direct current supplies can simply multiply the throughput rate of ES [39–41].

Thus, in this work we focused on the development of melt extruded and electrospun EudFS-based solid dispersions.
Spironolactone (SPIR, Fig. 1b), a steroidal diuretic was selected as model drug possessing poor water solubility independently from
pH as opposed to earlier studies dealing with the combinations of a well-soluble drug and EudFS. Since EudFS has not been processed
earlier using ES, optimization experiments had to be carried out first. Viscoelastic properties of EudFS were also explored to un-
derstand melt processing better. Utilizing these characteristics, EudFS-SPIR solid dispersions were prepared by high yield alternating
current ES (ACES) and EX. The physical state of the dispersed drug was thoroughly investigated with various analytical methods.
Through the pH-dependent solubility of the EudFS matrix controlled release was expected as the pH was varied in vitro.

Fig. 1. Formula of (a) Eudragit® FS and (b) spironolactone.
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2. Materials and methods

2.1. Materials

Eudragit® FS 100 (EudFS, Preparation 4155 F, lot number: 19939/12), an anionic methacrylate copolymer with an average
molecular weight of 280.000 Da was provided kindly by Evonik Industries AG (Essen, Germany). SPIR from Sigma-Aldrich (Budapest,
Hungary) was used as API. Absolute ethanol (EtOH), methanol (MeOH), isopropanol (iPrOH), acetonitrile (ACN), dichloromethane
(DCM), acetone (ACT) and dimethylformamide (DMF) were purchased from Molar Chemicals (Budapest, Hungary).

2.2. Melt extrusion

Drug-loaded extrudates were prepared by a HAAKE MiniLab micro compounder (Thermo-Haake, Karlshruhe, Germany). The
homogenized physical mixture of EudFS and SPIR was fed in the hopper of the miniextruder. Samples were prepared at 100 °C and
120 °C, the rotation speed was set to 100 rpm.

2.3. Direct Current Electrospinning (DCES)

The DCES tests were conducted using an NT-35 high voltage direct current supply (MA2000; Unitronik Ltd, Nagykanizsa,
Hungary). The electrical potential applied on the spinneret electrode was 25 kV in all cases. A grounded aluminum plate covered with
aluminum foil was used as collector. The distance of the spinneret and the collector was 20 cm. Solutions of the polymeric excipient
and the drug were prepared for electrospinning using a magnetic stirrer (600 rpm). The solutions were dosed by a SEP-10S Plus type
syringe pump through a needle spinneret (1 mm ID, 2 mm OD) at 1.5–5 mL/h rate depending on the solvent used.

2.4. Alternating Current Electrospinning (ACES)

The ACES experiments were conducted using an FME-24 voltage transformer (24,000 V/100 V ratio) (Transzvill Ltd, Budapest,
Hungary) fed by a 0–230 V variable transformer. The electrical potential applied on the spinneret electrode was 25 kV (root mean
square, RMS) at the frequency of the mains voltage (50 Hz). The sinusoidal AC high voltage was controlled by manual feedback using
the variable transformer based on the measured output signal of a high voltage probe connected to the electrode. The preparation of
polymer solutions was identical to that of used for DCES. The solutions were dosed by a SEP-10S Plus type syringe pump (Aitecs,
Vilnius, Lithuania) through the same spinneret (1 mm ID, 2 mm OD) with a general dosing rate of 30 mL/h. The flying fibers were
collected in a basket fixed to an insulating PVC rod positioned above the spinneret in 20–100 cm distances.

2.5. Rheology

Viscosity measurements as a function of temperature were carried out on the pure polymer and the extruded samples using an AR
2000 Rotational Rheometer (TA Instruments, New Castle, Delaware) in oscillating mode with a parallel plate configuration. The
upper moved portion was a 40 mm diameter steel plate and the lower portion was a Teflon-coated Peltier plate. The material was
placed on the preheated Peltier plate and melted. The upper plate was then lowered to the gap of 500 µm. The controlled variable was
the oscillating torque, oscillatory tests were carried out at 1000 Nm torque and 1 Hz frequency, and dynamic stress sweep tests
confirmed that the measurements were made in the linear viscoelastic region. The temperature was ramped down from 180 °C to
100 °C with a linear rate of 5 °C/min. Frequency and time sweep tests were carried out under the same circumstances at appropriate
melting temperatures between 0.01–100 Hz and 1 Hz oscillation frequency, respectively.

2.6. Scanning Electron Microscopy (SEM) coupled with fiber diameter analysis and Energy-Dispersive Spectrometry (EDS)

Morphology of the samples was investigated by a JEOL 6380LVa (JEOL, Tokyo, Japan) type scanning electron microscope and
elemental mapping was also accomplished using the energy-dispersive X-ray detector of the equipment. Each specimen was fixed by
conductive double-sided carbon adhesive tape and sputter-coated with gold prior to the examination. Applied accelerating voltage
and working distance were 15–30 kV and 10 mm, respectively. During the elemental mapping the intensity of the detected X-ray
radiation was between 5000 and 12,000 counts/s. A randomized fiber diameter determination method was used based on SEM
imaging as described in our previous work [42], n = 100 measurements were made on each sample.

2.7. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry measurements were carried out using a TA Instruments Q2000 DSC apparatus (New Castle,
Delaware) (sample weight: ∼2–3 mg, closed aluminum pan, 50 mL/min nitrogen purge gas). The temperature program consisted of
an isothermal period, which lasted for 1 min at −30 °C, with subsequent linear heating from −30 °C to 200 °C at the rate of 10 °C/
min. Purified indium standard was used to calibrate the instrument.
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2.8. X-ray powder diffraction (XRPD)

Powder X-ray diffraction patterns were recorded by a PANanalytical X’pert Pro MDP X-ray diffractometer (Almelo, The
Netherlands) using Cu-Kα radiation (1.542 Å) and Ni filter. The applied voltage was 40 kV while the current was 30 mA. The
untreated materials, a physical mixture composition, the extrudates and the fibrous samples as spun were analyzed for angles 2θ
between 4° and 42°.

2.9. Transmission Raman spectroscopy

A Kaiser RamanRxn2® Hybrid analyzer (Kaiser Optical Systems, Ann Arbor, USA) coupled with PhAT (Pharmaceutical Area
Testing) probe was utilized in transmission mode to acquire the spectra of the solid dispersions and reference substances. Prior
analysis, 100 mg of each material was compressed into flat tablets with a diameter of 13 mm (Camilla OL95; Manfredi, Torino, Italy).
The samples were illuminated by a 400 mW, 785 nm Invictus diode laser. The laser beam was lead through a transmission accessory
which enabled illuminating the tablets from below, while the Raman photons were collected by the PhAT probe. The diameter of
laser spot size was optically expanded to 6 mm and the nominal focus length was 250 mm. Spectra were acquired in the spectral
range of 200–1890 cm−1 with a resolution of 4 cm−1. Acquisition time of 2 min was required to achieve desired quality spectra. Two
repeated Raman measurements were performed per tablets by measuring both sides of the samples.

2.10. Phase-solubility tests of SPIR

Solubility of SPIR was determined in different aqueous media according to Higuchi and Connors [43]. Excess amount of crys-
talline SPIR (10–15 mg) was weighted in a glass vial and 5 mL of solvent was added. The suspension was stirred with a magnetic bar
for 4 h at 25±1 °C, the vial was thermally isolated from the thermal dissipation of the stirrer plate. The suspension was then filtered
through a 0.45 μm PVDF filter discarding the first 3 mL of the filtrate. Equilibrium concentration of SPIR was determined with high
performance liquid chromatography (Agilent 1200 series LC System; Santa Clara, California) using an Agilent Eclipse C18 (3.5 μm,
100 × 4.6 mm) column. The mobile phase consisted of 70% acetonitrile and 30% water (volume ratios). The flow rate was 1.0 mL/
min, the detection wavelength was set to 242 nm and the injected volume was 10 μL. The solubility tests were performed in triplicate.

2.11. In vitro dissolution measurement

The dissolution studies were performed using a Pharmatest PTWS 600 dissolution tester (USP II apparatus (paddle); Hainburg,
Germany). Samples equivalent to 25 mg of SPIR were added directly into the dissolution vessel containing 700 mL dissolution liquid
(0.1 N HCl solution prepared according to USP). After 2 h, the pH was adjusted to 7.4 by adding 300 mL phosphate buffer in the
dissolution vessel (prepared according to USP). The temperature was maintained at 37 ± 0.5 °C and stirred at 100 rpm. An on-line
coupled Agilent 8453 UV–Vis spectrophotometer (Palo Alto, California) was used to measure the concentration of dissolved SPIR at a
wavelength of 244 nm. Percentage of dissolution was readily calculated according to the calibration curve of SPIR due to the lack of
absorption peaks of EudFS in this range.

3. Results and discussion

3.1. Optimization of electrospinning of Eudragit® FS

Processing a novel polymer into electrospun fabric always starts with the elaboration of a polymeric solution capable to form
defect-free fibers when injected into the electrostatic field. The main task was to find an optimal EudFS concentration for the solution
preceded by solvent selection. Different organic solvents were tested to dissolve EudFS. Polar solvents such as alcohols (e.g., pure
EtOH, MeOH, iPrOH) did not dissolve the polymer but rather led to swelling. In turn, the application of less polar solvents, e.g., ACT,
ACN, DCM or even DMF resulted in clear EudFS solutions in wide concentration ranges. Therefore, three generally used solvent
systems were selected for further electrospinning experiments, namely, ACT, DMF and the mixture of DCM and EtOH (50:50 V/V%).

Both DCES and ACES were able to process the EudFS solutions into fibrous fabrics (Fig. 2). As expected, the solutions with volatile
solvents resulted in lower optimal EudFS concentrations for electrospinning (0.75 g EudFS in 10 mL DCM-EtOH (1:1) and 1.2 g in
10 mL ACT) while DMF of high boiling point necessitated a more concentrated solution (3.25 g in 10 mL DMF) for ideal fiber
formation.

Starting with DCES, far below the optimum concentrations electrosprayed particles were formed regardless the solvent used.
Increasing the concentration of EudFS yielded bead-on-string structures with spherical as well as spindle-like particles attached to
thin fibers. At last the optimal amount of dissolved EudFS provided defect-free nanofibers. Above the optimum the fibers were still of
acceptable quality but noticeably thicker (not shown). DCES was only able to process the solutions at the low dosing rate of 5 mL/h
maximum depending on the solvent (Table 1.). In contrast to DCES, processing the optimal solution compositions with ACES the
throughput could be multiplied to 30 mL/h using the same spinneret as during DCES while maintaining excellent fiber quality.
However, the solution with DMF could not be processed with ACES since only spattering of the liquid occurred with negligible fibrous
fraction. A previous work has shown that it is possible to form AC electrospun fibers from concentrated polymeric DMF solutions at
elevated flow rates [39], thus, the spinnability of the polymer in a given solvent might be more significant during ACES than the
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hampering effect of too high viscosities.
Fiber diameter evaluation was also conducted on the optimized electrospun samples (Table 1). Noteworthy that the AC elec-

trospun samples had significantly larger average fiber diameters than those produced under DC conditions from the same solutions.
Nevertheless, all the electrospun products can be considered nanofibrous with narrow size distribution even if ACES was conducted at
multiple times higher throughput rate. One might expect that EudFS fibers prepared from DMF solutions are the thinnest due to the
longer elongation time of the slowly drying flying fibers; in fact, however, ACT solutions provided fibers with the smallest average
diameters regardless the type of voltage source.

Fig. 2. Scanning electron microscopic images of DC and AC electrospun EudFS samples below and at the optimum concentration using DCM-EtOH (1:1), ACT, DMF as
solvent (25 kVRMS, see Table 1).

Table 1
Compositions, preparation method, dosing rates, diameter of optimized and SPIR-loaded AC and DC electrospun fibers as well as melt extruded samples based on
EudFS.

Sample Preparation
method

Solvent Dissolved amount in 10 mL pure solvent
(mg)

Flow rate (mL/
h)

Mean fiber or particle diameter (μm ± SD)

EudFS SPIR

Opt 1 DC DCES DCM-EtOH
(1:1)

750 0 5 0.44 ± 0.12

Opt 1 AC ACES DCM-EtOH
(1:1)

750 0 30 0.54 ± 0.16

Opt 2 DC DCES ACT 1200 0 5 0.29 ± 0.10
Opt 2 AC ACES ACT 1200 0 30 0.38 ± 0.12
Opt 3 DC DCES DMF 3250 0 1.5 0.49 ± 0.10
Opt 3 ACa ACES DMF 3250 0 <5 –
ES 10% ACES DCM-EtOH

(1:1)
750 83.3 30 0.58 ± 0.23

ES 20% ACES DCM-EtOH
(1:1)

750 187.5 30 0.59 ± 0.18

EX 10%b EX – – – – <400
EX 20%b EX – – – – <400

a Fibrous product could not be collected.
b Mixture of EudFS and either 10% or 20% SPIR melt extruded at 120 °C.
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3.2. Preparation of EudFS-SPIR electrospun fibers

Based on the optimized solution compositions for electrospinning drug-loaded fibers were attempted to prepare using DCES
technique. The mixture of DCM-EtOH (1:1) was selected as solvent for experiments due to the fast drying and the relatively high
DCES feeding rates available (5 mL/h). However, DCES of the EudFS solutions was rather challenging since the dosed solution tended
to dry on the tip of the spinneret in every few minutes leading to halting and subsequent spattering of the liquid jet which partly
soaked the electrospun fibers on the collector.

Thus, ACES was used to formulate drug-loaded fibers instead of dealing with DC electrospun mats with questionable morphology.
As opposed to the effect of static DC high voltage, the AC-charged EudFS solution undergoes vigorous movements and several liquid
jets are ejected from the surface also meaning multiple times higher throughput rates. The morphology of the obtained fibers with
10% (ES 10%) and 20% (ES 20%) SPIR content prepared at 30 mL/h feeding rate can be seen in Fig. 3.

Despite the intensified fiber formation during ACES the drug-loaded EudFS electrospun samples were free from defects such as
beads or droplets. Furthermore, fiber diameter analyses showed that the SPIR content did not influence significantly the average
thickness of the AC electrospun fibrous samples (0.54 ± 0.16 μm, 0.58 ± 0.23 μm and 0.60 ± 0.18 μm for ACES fibers with 0%,
10% and 20% SPIR, respectively). In turn, DCES of the exactly same solutions provided considerably thicker fibers with higher SPIR
loading (0.44 ± 0.12 μm, 0.51 ± 0.13 μm, 0.90 ± 0.20 μm for DCES fibers with 0%, 10% and 20% SPIR, respectively (Fig. S1)).
Taking into account that SPIR acts as ballast in the matrix and also increases the viscosity of the solution, more significant fiber
thickening could have been expected also with ACES. These observations are in good agreement with earlier results that drug-loading
has an opposite effect on fiber diameter when comparing AC and DC types of voltage source [40].

3.3. Melt extrusion of EudFS supported by oscillatory rheology

Melt extrusion experiments confirmed that EudFS readily melts at relatively low processing temperatures with no signs of de-
gradation (see later) providing a somewhat translucent yellowish extrudate. However, the extrusion of EudFS alone was found to be
challenging below 100 °C barrel temperatures due to the difficult manual feeding into the hopper at extreme viscosities. Introducing
SPIR as active ingredient into the EudFS matrix at 10% and 20% level did not prevent extrusion even at 100 °C but the yellowish-
white opaque appearance of the extrudate implied that only a solid suspension formed rather than solid solution. In order to form
amorphous solid dispersions the temperature of the extruder has been raised to 120 °C considered to be still safe for processing the
drug; the obtained extrudates were yellow translucent with 10% SPIR but still opaque with 20% SPIR content (see Fig. S2 for the
appearance of extrudates).

In order to study the viscoelastic behavior of EudFS alone and in combination with SPIR at melted state, oscillatory rheology
measurements were conducted as a function of temperature and shear rate (Fig. 4).

The complex viscosity of EudFS showed a clear exponential dependence as a function of temperature obtaining nearly linear
curves on logarithmic scale (Fig. 4A). Incorporation of 10% and 20% SPIR gradually decreased the viscosity of the extruded melt
indicating a plasticizing effect. The large difference between the processing temperature (120 °C) and the melting point of the
crystalline API (∼210 °C) indicates that the melted polymer dissolves the drug quite well with the help of intense shear forces inside
the extruder leading to molecularly distributed systems and, thus, plasticization. More investigation on the physical state of the drug

Fig. 3. Scanning electron microscopic images of AC electrospun EudFS-based fibers with 10% and 20% SPIR (30 mL/h, 25 kVRMS).
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in the matrix can be seen in Section 3.4.
The frequency response of a viscoelastic melt was also evaluated since the processing conditions (e.g., the rotation speed of the

extruder) usually differ from those of used during standard rheology measurements. The EudFS melt showed a definite change in
complex viscosity as the frequency was varied at different temperatures (Fig. 4B). At low frequencies (< 1 Hz) EudFS melt exhibited
great resistance against oscillating stress but that could have been overcome by applying higher shear rates decreasing the complex
viscosity even by several orders of magnitude. Thus, instead of increasing the temperature the adjustment of higher screw speeds can
facilitate the extrusion of EudFS-based compositions.

Another important aspect of processing a new polymeric excipient using melting methods is thermal stability. Although ther-
mogravimetric measurements indicated that no thermal decomposition of EudFS occurs below 300 °C (Fig. S3), an apparent change
was observed after heating EudFS for longer period of time. Only gelation occurred when some of the previously heated EudFS
samples were left in ACT overnight even if it was found to be an excellent solvent to dissolve the unprocessed polymer. Therefore,
time sweep tests were conducted to monitor the complex viscosity of EudFS at elevated temperatures (Fig. 5).

At 120 °C practically no deterioration could be detected in the viscoelasticity of EudFS after 1 h heating and a negligible rise in
complex viscosity was detected at 140 °C. However, at 160 °C and above significantly higher viscosities could be measured even after
10 min. In the latter cases phase angle also dropped sharply indicating a more elastic behavior. In fact, the increasing complex
viscosities could be denoted only to the higher elastic modulus (G′) values, the loss modulus (G″) remained stagnant over time. The
described gelation phenomenon of heated EudFS with ACT as well as the emerging elasticity both imply that a cross-linked rubber-
like molecular structure may be formed at elevated temperatures which may also affect drug release.

Fig. 4. (A) Complex viscosity of EudFS and extruded EudFS-based solid dispersions with 10% and 20% SPIR as function of temperature (ω = 1 Hz). (B) Complex
viscosity of EudFS as a function of frequency at different temperatures.

Fig. 5. Complex viscosity (○) as well as phase angle (■) of EudFS melted at different temperatures as a function of time (ω = 1 Hz).
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3.4. Physical state of SPIR in EudFS-based solid dispersions

The physical state of the components in the extruded and electrospun samples was first investigated using DSC and XRPD (Fig. 6).
The DSC thermogram of pure SPIR clearly shows the melting of the crystalline structure at 208 °C as a sharp peak. Similarly, the

melting of 5% SPIR could be readily detected in the presence of EudFS in the physical mixture reference. The expectedly amorphous
EudFS also exhibited an endothermic peak at around 57 °C. This peak denotes a strong enthalpy relaxation above the known Tg of the
polymer and it also emerged on every thermogram of the drug-loaded samples. The melting-like glass transition of EudFS is similar to
the thermal behavior of other amorphous Eudragit polymers such as Eudragit E [45]. The Tg related peak appears at systematically
lower temperature for a given drug concentration in the case of the extrudates compared to the electrospun fibers presumably due to
the different thermal history of the samples. The enthalpy relaxation occurred at somewhat lower temperature with 10% SPIR content
than 20% in both the ES and EX samples which is controversial with the clear plasticizing effect of SPIR detected during the rheology
measurements. The unprocessed polymer showed another endothermic phenomenon starting from 150 °C with a slight baseline shift.
That shift can be assigned to various reasons such as evaporation of a volatile compound (e.g., even bound water) as evidenced by
thermogravimetric measurements (Fig. S3) or the suspected molecular changes at higher temperatures indicated by the rheology
measurements but it is hardly a glass transition. In the case of the solid dispersions an endothermic peak could be observed around
175 °C, which were more pronounced with 20% SPIR content. Considering that crystalline SPIR melts above 200 °C, the DSC results
solely do not confirm the presence of residual or re-formed drug crystallinity.

Further analyses were conducted using XRPD (Fig. 6). The most intense diffraction peaks of crystalline SPIR could be also
identified in the physical mixture with EudFS at around 2θ = 16–18°. EudFS alone was found to be fully amorphous, only a wide
hump, characteristic for materials with unorganized molecular structure, was detected. The solid dispersions did not show SPIR
crystallinity except for the EX 20% sample with weak peaks emerging from the amorphous background. Higher drug loading as well
as low extrusion temperatures well below the melting point of the API resulted in a partly amorphous solid suspension. Nevertheless,
the other samples may have also contained small crystals since those are difficult to detect with XRPD.

Transmission Raman spectroscopy was used as another powerful and quick tool sensitive to transitions from crystalline to
amorphous and also polymorphic structural changes. The Raman spectra of amorphous and crystalline SPIR distinctly differ, the
carbonyl stretching of the thioacetyl group at 1690 cm−1 broadens and merges with the adjacent peak at 1668 cm−1 owing to the
more perturbed molecular environment of the distributed drug as opposed to the organized crystal lattice (Fig. 7, see the full Raman
spectra of SPIR and EudFS in Fig. S4). Even if the Raman spectra of EudFS-based samples were unfavorably affected by high
fluorescence levels, the degree of crystallinity in the solid dispersions could be qualitatively estimated, after baseline correction, due
to the non-interfering Raman scattering of EudFS in the region. In the case of the physical mixture of 5% crystalline drug and the
polymer the vibration peak at 1690 cm−1 clearly emerged. The drug-loaded solid dispersions – even EX 20% – did not show any sign
of crystallinity, only the wide merged peak could be acquired at around 1670 cm−1. Nevertheless, the peak of SPIR at 1617 cm−1

shifted toward higher wavenumbers indicating the presence of drug-polymer interactions stronger in the electrospun samples than in
the extruded materials.

Since DSC, XRPD and transmission Raman spectroscopy were not fully able to distinguish between samples with or without low
level crystalline traces, another technique was implemented with the intention to determine the physical state of SPIR in the EudFS
matrix. EDS mapping is capable to explore the spatial distribution of a certain chemical element if it differs from those composing the
molecules of the matrix. The thioacetyl group of SPIR contains one sulfur atom while EudFS not (Fig. 1), thus, crystalline SPIR can be
detected as higher intensity sulfur characteristic X-ray domains on the EDS map. Accordingly, the sulfur map of the physical mixture

Fig. 6. Differential scanning calorimetry thermograms (DSC) and X-ray powder diffraction patterns (XRPD) of crystalline spironolactone (SPIR), Eudragit® FS (EudFS),
physical mixture of EudFS and 5% SPIR, and EudFS-based SPIR-loaded extrudates and AC electrospun fibers.
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shows the larger EudFS granules (dark areas) surrounded by the micronized SPIR particles (red pixels) (Fig. 8).
The EDS results of the electrospun fibers gently compressed into flat sheets as well as the fractured surface of the EX 10% sample

revealed high levels of SPIR homogeneity, no evidence was shown for crystalline or even amorphous SPIR clusters. Prior to elec-
trospinning the crystalline structure of the drug becomes molecularly dispersed by dissolving in the polymer solution; ideally, it is not
recovered due to the fast drying, thus, a fibrous solid solution can be obtained. In the case of the EX 20% extrudate severe in-
homogeneities could be observed in the sulfur distribution marked by yellow arrows (Fig. 8e). Most likely the larger SPIR particles
remained crystalline during the extrusion at 120 °C creating a solid suspension with EudFS also evidenced by XRPD and the uneven
surface of the fractured extrudate. As opposed to electrospinning, the formation of the solid dispersion and the disruption of the
crystal lattice occurs at the same time in the extruder; thus, if the conditions are not sufficient (e.g., short residence time, low
temperature) the drug partly remains in crystalline state. It is noteworthy that when extrusion was conducted at 100 °C instead of
120 °C the EDS maps showed traces of crystalline drug even in the extrudate with 10% SPIR content (Fig. S5).

3.5. In vitro dissolution characteristics

The drug-loaded electrospun fibers and ground extrudates were subjected to dissolution tests consisting of an initial acid stage in
0.1 N HCl for 2 h followed by a buffer stage in pH 7.4 phosphate buffer for another 6 h based on FDA recommendations for controlled
release formulations (Fig. 9) [46].

Poorly soluble micronized SPIR showed slow dissolution following first-order kinetics; however, within 2 h almost half of the
25 mg dose dissolved at pH = 1.2. The drug release continued at pH 7.4 and it was practically unaffected by the pH of the dissolution
media. In fact, the solubility of crystalline SPIR was found to be rather independent of the pH evidenced by solubility measurements

Fig. 7. Transmission Raman spectra of crystalline spironolactone (SPIR), Eudragit® FS (EudFS), physical mixture of EudFS and 5% SPIR, and EudFS-based SPIR-loaded
extrudates and AC electrospun fibers.

Fig. 8. Energy-dispersive elemental mapping of (a) the physical mixture of Eudragit® FS and 5% spironolactone, and EudFS-based SPIR-loaded (b, d) compressed AC
electrospun fibers and (c, e) extrudates, distribution of S atoms.
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(purified water: 25.8 ± 0.3 mg/L, 0.1 N HCl: 26.5 ± 0.3 mg/L, 100 mM pH= 7.4 phosphate buffer with or without 0.1 M chloride
ion present: 18.1 ± 0.1 and 19.5 ± 0.1 mg/L, respectively; 25 ± 1 °C) since the drug molecule does not contain any ionizable
group (Fig. 1b). The presence of 225 mg/L EudFS in 100 mM pH = 7.4 phosphate buffer (the same EudFS concentration as in the
dissolution vessel after dissolving 250 mg of ES 10% or EX 10%) increased the solubility of crystalline SPIR significantly but only at
low extent (with or without 0.1 M chloride ion present: 31.7 ± 0.5 and 31.2 ± 0.3 mg/L, respectively). The physical mixture of
25 mg SPIR and 225 mg EudFS showed an additional increase in dissolution speed and extent presumably due to the surfactant effect
of the polymer by reducing the surface tension and increasing the solubility of SPIR even though the polymer is basically not soluble
at acidic pH.

The release rate of SPIR from the electrospun solid dispersions was more moderate in hydrochloric acid compared to the crys-
talline drug. Higher drug loading in the fibers resulted in faster dissolution in the acid stage; however, that was reversed in the pH 7.4
phosphate buffer media. At lower pH the diffusion of the drug dispersed in the insoluble polymer might have been the main release
mechanism; therefore, ES 20% fibers with more SPIR in the matrix showed higher release rates than ES 10%. As EudFS starts to
dissolve above pH 7.0, the ES 10% fibers dissolved completely within another 2 h in the pH 7.4 buffered media while the ES 20%
sample loaded with twice as much hydrophobic drug exhibited a prolonged release. It is notable that the huge surface area of the
nanofibers as well as the higher solubility of the amorphous drug are both evident reasons of the faster drug dissolution even at acidic
pH.

The ground extrudates displayed less than 5% drug release at pH 1.2 regardless SPIR content. Raising the pH to 7.4 resulted in a
quick solubilization of the EX 10% extrudate reaching 90% dissolution after 1.5 h followed by the pH shift. The dissolution speed
from the EX 20% sample was just half of that of EX 10% meaning that approximately 3 h was required for the 90% SPIR release. The
residual crystallinity detected in the EX 20% sample was not critical during dissolution since only small amounts were present in the
matrix. The observed change in viscoelastic behavior of EudFS as a consequence of higher processing temperatures was expected to
lower the dissolution speed, however, the fast release of the drug at basic pH indicates that the molecular structure of the polymer
was practically intact.

Thus, in the case of the extruded samples favorable controlled dissolution could be observed which can be attributed to the special
pH-dependent solubility of the EudFS matrix as well as the sufficient particle size of the ground materials (sieved through 400 μm
sieve). As opposed to the electrospun nanofibers with huge surfaces, the larger extruded particles mostly maintained their shape at
acidic pH keeping the drug entrapped and only started to dissolve at higher enteric pH.

4. Conclusions

A novel polymer excipient, Eudragit® FS 100 was investigated for controlled delivery of poorly water soluble spironolactone on
account the pH dependent solvation of the anionic metachrylate terpolymer. Electrospinning and melt extrusion were selected as
feasible continuous techniques to prepare polymer-drug solid dispersions. Electrospinning trials showed good spinnability for
Eudragit® FS in different solvents (acetone, dichloromethane-ethanol (1:1), dimethylformamide) using both direct and alternating
current type high voltage supply. Alternating current electrospinning was found to be promising to prepare good quality drug-loaded
nanofibers for further experiments exploiting the multiple times higher throughput rate as well as the avoidable fiber thickening
compared to direct current electrospinning. Solvent-free melt extrusion could be suitably conducted above 100 °C, translucent ex-
trudates with 10% and 20% drug content was prepared. Melt rheology measurements revealed that spironolactone acted as a
plasticizer and also an inverse relationship between complex viscosity of Eudragit® FS and the frequency of oscillating shear. Further

Fig. 9. Dissolution profiles of SPIR from drug-loaded Eudragit® FS-based AC electrospun fibers (as spun) and ground extrudates with 10% or 20% SPIR. The error bars
indicate the standard deviations (n = 3) [25 mg dose, 0–2 h: 700 mL 0.1 N HCl, 2–8 h: 1000 mL pH = 7.4 100 mM phosphate buffer, USP Dissolution Apparatus 2
(paddle), 100 rpm, 37 °C].
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investigations showed an unfavorable change in viscoelastic behavior of the polymer when the melt state was maintained at higher
temperatures (> 120 °C) for a longer time. Among the different techniques used for solid phase analysis, XRPD and Energy-dispersive
X-ray spectroscopy mapping were found to be sensitive to small amounts of crystalline traces only in the EX 20% sample, otherwise
spironolactone turned into an amorphous form during electrospinning and melt extrusion. The shift in Raman peaks especially in the
case of the electrospun samples implied the presence of stronger polymer-drug interactions. The in vitro dissolution results confirmed
the capability of Eudragit® FS to prevent drug release at acidic pH and accelerate it above pH 7.0 despite the otherwise low solubility
of spironolactone. A higher extent of API dissolved in the first acid stage of the dissolution from the electrospun samples due to the
huge surface area. In contrast, the ground extrudates showed a more satisfactory drug release with negligible dissolved amount at
gastric pH and a quick dissolution at pH 7.4. According to the results, Eudragit® FS 100 is an excellent matrix for the preparation of
various solid dispersions ensuring efficient control on dissolution characteristics of drugs even with poor solubility.
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Figure S1. Scanning electron microscopic images of direct current electrospun (DCES) Eudragit® FS-

based fibers with 0%, 10% and 20% SPIR (5 mL/h, 25 kV). 

 

  



 

Figure S2. Photograph of melt extruded Eudragit® FS samples with or without spironolactone (SPIR) 

content processed at 100°C or 120°C. The grid lines denote 10 mm steps. 

 

 

 

Figure S3. Thermogravimetric profiles of Eudragit® FS 100 measured in air and nitrogen atmosphere 

[TA Q5000 device, TA Instruments (New Castle, DE, USA); 40°C/min heating rate; 50 mL/min gas flow; 

Platinum-HT type sample pan; 10 mg sample size]. 

 

 

 



 
 

Figure S4. Transmission Raman spectra of crystalline spironolactone and Eudragit® FS 100. 

 

 

 

 

 
 

Figure S5. Energy-dispersive elemental mapping of Eudragit® FS-based solid dispersions with (a) 10% 

and (b) 20% spironolactone melt extruded at 100°C, distribution of S atoms. 

 


