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Abstract

In this work, an important step is taken towards the bioavailability improvement of poorly water-
soluble drugs, such as flubendazole (Flu), posing a challenge in the current development of many
novel oral-administrable therapeutics. Solvent electrospinning of a solution of the drug and poly(2-
ethyl-2-oxazoline) (PEtOx) is demonstrated to be a viable strategy to produce stable nanofibrous
amorphous solid dispersions (ASDs) with ultrahigh drug-loadings (up to 55 wt% Flu) and long-
term stability (at least one year). Importantly, at such high drug loadings, the concentration of the
polymer in the electrospinning solution has to be lowered below the concentration where it can be
spun in absence of the drug as the interactions between the polymer and the drug result in increased
solution viscosity. A combination of experimental analysis and molecular dynamics simulations
revealed that this formulation strategy provides strong, dominant and highly stable hydrogen bonds
between the polymer and the drug, which is crucial to obtain the high drug-loadings and to preserve
the long-term amorphous character of the ASDs upon storage. /n vitro drug release studies confirm
the remarkable potential of this electrospinning formulation strategy by significantly increased
drug solubility values and dissolution rates (respectively tripled and quadrupled compared to the

crystalline drug), even after storing the formulation for one year.
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Introduction

Approximately 40% of all marketed drugs and an estimated 90% of drugs in the pipeline can be
classified as poorly water-soluble. [1,2] According to the Biopharmaceutical Classification System
(BCS), these class 1 or 1V active pharmaceutical ingredients (APIs) suffer from dissolution-related
problems, which directly lowers their bioavailability. [3] Flubendazole (Flu) is a poorly water-
soluble benzimidazole methylcarbamate anthelmintic, categorized as a BCS class IV compound.
It is commonly used against gastrointestinal parasites in pigs and chickens. [4,5] Research has

shown that Flu is highly effective as a microfilaricidal drug for e.g. lymphatic filariasis (river



blindness) and onchocerciasis (elephantiasis), which are tropical diseases caused by filariae, i.e.
parasitic roundworms. These human filarial infections affect over 150 million people in tropical
areas. [4-11] Current oral formulations appear to be significantly less effective compared to
parenterally administered doses due to the poor water-solubility of this highly crystalline drug.
Unfortunately, severe reactions were reported around the injection site. [5,7,9,10,12] Therefore, a
new formulation, preferably for oral administration, with enhanced Flu-bioavailability is required,
which remains a major challenge. In fact, solubility-limited bioavailability is a significant general
problem for poorly water-soluble drugs, since oral drug delivery is, and remains, the preferred
route for drug administration. [13]

The formation of amorphous solid dispersions (ASDs) is one of the prominent routes to overcome
poor water-solubility. [14] Chiou and Riegelman gave a broad definition of the term solid
dispersion entailing all types of solid dispersions. [14,15] However, the focus nowadays lies
mostly on the completely amorphous solid dispersion of a hydrophobic API dispersed into an
amorphous hydrophilic polymeric matrix to form a glass solution. [14,16] Vialpando et al.
successfully obtained stable Flu-containing ASDs using polyvinylpyrrolidone (PVP) through
spray drying and by using ordered mesoporous silica (OMS) with a maximum Flu-loading of 25
and 40 wt% respectively. [4] Nonetheless, several processing and stability issues remained.
Indeed, while the amorphous state ensures a higher solubility and a faster dissolution rate due to
its higher internal energy, it also provides an increased molecular mobility. This mobility is the
cause of a lower overall physical stability, often resulting in recrystallization of the API in the
formulation over time. [3,13,17,18] This physical instability can, however, be overcome by a
rational selection of both the processing technigque used to form the ASD and the polymer support,
thereby ensuring a molecularly dispersed system which promotes API-polymer interactions and a
high enough glass transition temperature to store the formulations in the glassy state. [13,17,19—
21]

Solvent electrospinning is a polymer processing technique that produces membranes of nanofibers,
with a diameter typically below 500 nm, upon application of electrostatic forces onto a viscous
polymer solution. [22—-24] It is hypothesized that the exceptionally fast solvent evaporation during
electrospinning compared to other solvent processing techniques, e.g. solvent casting, [25] results
in the random and higly dispersed kinetic entrapment of the API molecules within the rapidly dried

polymer matrix. [17,26-28] The consequently reduced API-mobility is key for lowering the



driving force for recrystallization, thus enhancing the physical stability of the ASD. [27,28]
Moreover, the high porosity and large specific surface area of the nanofibrous nonwovens are
beneficial for enhancing the dissolution rate of ASDs. [27,29-32] Combined with its easy
implementation and up-scalability, electrospinning of API-polymer solutions is a promising ASD
formulation technique. [26,29,33] Furthermore, the technique is very versatile, by altering the
polymer or working coaxially, release profiles may be tuned to be sustained, thus broadening the
possibilities tremendously. [34-38] Vigh et al. successfully applied electrospinning of PVP as a
formulation technique for Flu, and explored its upscaling. Although promising, the obtained stable
ASDs had a maximal Flu-loading of only 20 wt%. [39] To enhance patient compliance and
comfort, it is preferred to reach as high as possible drug loadings, as this allows to reduce tablet
size and the amount of excipient that is introduced into the body. However, limited research is put
into drug loading capability, for both immediate release as for sustained release formulations.
[35,40-44]

By selecting a proper polymeric carrier that induces specific API-polymer interactions such as Van
der Waals forces or hydrogen bonds, the API-mobility can be reduced, hindering nucleation and
recrystallization, and consequently enhancing biopharmaceutical properties such as shelf life-
stability and solubility, even at higher API-loadings. [19,20,27] Good API-polymer miscibility is
necessary [17,19,20] and the polymer should ideally maintain a supersaturated state upon
dissolution, allowing a higher amount of API to be absorbed by the body. [19,20,45] Recent
research demonstrated a better physical stability of ASDs of glipizide with poly(2-ethyl-2-
oxazoline) (PEtOx) compared to ASDs with PVP. [46,47] Indeed, thanks to its amorphous nature
combined with the presence of good hydrogen bond accepting groups, PEtOX is a good alternative
to the generally applied amorphous hydrophilic polymers such as polyethylene glycol, polyvinyl
alcohol and PVP(-derivatives). [17,27,56,48-55] PEtOx is a biocompatible, hydrophilic polymer
comprised of tertiary amide units as part of the main chain and does not readily interact with
proteins and cells, i.e. stealth behavior. [49-51,54,55,57] Several studies on PEtOx have shown
zero cytotoxicity, high stability in the human body and no mucosal irritation or tissue damage,
indicating that the polymer is safe to be used inside the body. [53,58,59] Based on limited research,
it is already clear that PEtOx is a suitable and promising candidate as excipient for ASD
formulations, enabling increased dissolution rates for the APIs it is being formulated with.
[46,47,59]



In this work, the solubility enhancement (hence bioavailability, as soluble Flu can be taken up
through the intestines) of Flu was investigated following formulation of highly drug-loaded
PEtOx-based nanofibrous ASDs by electrospinning of Flu-PEtOx blends. Based on the chemical
structures of Flu and PEtOX, it was expected that hydrogen bonding would occur between the two
compounds, which is crucial for the physical stability of the ASDs. The Flu-PEtOX interactions
were indeed revealed by infrared spectroscopy (ATR-FTIR) and additionally supported by an
innovative multi-scale modeling approach, combining static density functional theory (DFT)
calculations and molecular dynamics simulations using a new in-house derived polymer force
field. For the latter, the complete electrospun Flu-PEtOx ASD structure was computationally
mimicked resulting in the construction of realistic Flu-PEtOx ASD configurations, which were
subjected to an extensive equilibration protocol. These models not only provided a tool to
fundamentally understand the API-polymer interactions, but also to predict their influence on the
final ASD behavior. Interestingly, the strong Flu-PEtOx hydrogen bonds allowed for ultra-high
Flu-loadings (up to 55 wt%) in combination with decreased PEtOx concentrations in the spinning
solutions, without affecting electrospinnability. The amorphous character of the ASDs was
experimentally observed by modulated temperature differential scanning calorimetry (MDSC) and
X-ray analysis, even after storage of one year. Theoretical self-diffusivity coefficients were
calculated to investigate the Flu dynamics and underpin the long-term kinetic stability of the
produced ASDs. Finally, the solubility and in vitro release of Flu was evaluated under sink
conditions for various drug loadings. A comparison with ASDs formulated by solvent casting
demonstrated the superior potential of electrospinning as a formulation technique that provides

time-stable ASDs with high drug-loading and significanlty enhanced drug-solubility.

Experimental Section/Methods

Materials

Flu was purchased from UTAG (Almere, Netherlands). Defined PEtOx with an My, of 50 kDa was
synthesized as described below and according to previous literature. [60] 2-Phenyl-2-oxazoline
(99%), tetrafluoroboric acid (48 wt% in H>0) and methanol (>99.8%) were purchased from Sigma-
Aldrich (Overijse, Belgium). Ninhydrin, barium oxide and ethyl acetate (acroseal® grade) were

bought from Acros Organics (Geel, Belgium) and used as received. 2-Ethyl-2-oxazoline (Polymer



Chemistry Innovations, Tuscon, USA) was purified by distillation over ninhydrin and
bariumoxide. Formic acid (FA) (>98%) and hydrochloric acid (HCI) (37% in H2O) were purchased
from Sigma Aldrich (Overijse, Belgium) and used as such. All tests requiring an aqueous solution
(pure H20 or 0.1 M HCI solution) were carried out with distilled water of type 111 as considered in
ISO Standard 3696.

Synthesis of poly(2-ethyl-2-oxazoline) with an My, of 50 kDa

PEtOx with a molar mass of 50 kDa was synthesized according to a recently reported method.
[60,61] Prior to polymerization, the solvent, ethyl acetate, and the monomer, 2-ethyl-2-oxazoline,
were dried and purified. The initiator was a proton-initiated 2-phenyl-2-oxazoline tetrafluoroborate
(HPheBF4) salt that was recrystallized from methanol. Before the reaction started, the initiator,
HPheBF4 salt was gently melted under vacuum overnight to release any residual solvents. Using
a VIGOR Sci-Lab SG 1200/750 Glovebox System, all reactants were added in the actual
polymerization vessel containing the right amount of initiator needed for the polymerization. The
reaction was aimed at a 70% conversion using a monomer-to-initiator ratio of 714:1 leading to an
expected My, of 50 kDa. Maintaining an inert, nucleophile free atmosphere, the reaction mixture
was stirred at 60 °C in an oil bath for 5 days and 4 hours until the desired My of 50 kDa was
reached. Subsequently, the polymer mixture was terminated using an excess of a 1 M methanolic
KOH solution. The polymer solution was purified by four consecutive steps of dilution with

distilled water followed by rotary evaporation of the solvent under reduced pressure.

Polymer characterization

Size- exclusion chromatography was performed on an Agilent 1260-series HPLC system equipped
with a 1260 online degasser, a 1260 1ISO-pump, a 1260 automatic liquid sampler, a thermostatted
column compartment set at 50°C equipped with two PLgel 5 um mixed-D columns (7.5 mm x 300
mm) and a precolumn in series, a 1260 diode array detector, and a 1260 refractive index (RI)
detector. The used eluent was N,N-dimethyl acetamide containing 50 mM of LiCl at a flow rate of
0.5 mL/min. The spectra were analyzed using the Agilent Chemstation software with the GPC add
on. Molar mass values and molar mass distribution, that is, dispersity (D), values were calculated
against PMMA standards. A M, of 62 kDa and a B of 1.3 was obtained (see Section S1, Figure
S1.1).



Electrospinning of solid dispersions

Electrospinning solutions were prepared by dissolving different amounts of Flu in FA. After full
dissolution of Flu, the polymer was added and the solution was stirred until a homogeneous
transparent solution was obtained. Mass concentrations are expressed by weight percentages
defined for the polymer as the ratio of PEtOx mass and the sum of the PEtOx and solvent mass
(Eq. (5)). For the amount of Flu in the system, the wt% is defined as the ratio of the mass of Flu
to the sum of the Flu and PEtOx mass (Eq. (6)). The dynamic viscosity of the solutions was
determined by an LVDV-II Brookfield viscometer (spindle S18, average error of 8%). All
electrospinning experiments were carried out using a mononozzle set-up with an 18 gauge Terumo
mixing needle without bevel. A stable Taylor cone was typically achieved at a flow rate of 0.1
ml-h, a tip-to-collector distance of 20 cm, a voltage between 20 and 27 kV and a negative voltage
at the collector of -5 kV. All electrospinning experiments were carried out under climatized
conditions at 25°C and 30% relative humidity in a Weisstechnik WEKK 10.50.1500 climate
chamber. After electrospinning all samples were stored in a climatized lab at (23 £ 1)°C and a
relative humidity of (25 + 2)%.

MpEtox
Wt%pprox = (5)
MpEtox + Msotvent
Mgy,
wtY%pp, = (6)

Mpw + MpEox

Solvent casting

An entire range of ASDs with a Flu-loading ranging from 5 to 55 wt% was prepared via solvent
casting (SC). In order to obtain homogeneous solutions a 15 wt% concentration of PEtOx was
used. All solutions were prepared by dissolving different amounts of Flu in FA. After full
dissolution of Flu the polymer was added and the solution was stirred. Once homogeneous
solutions were obtained, the solutions were left overnight in a fumehood for FA evaporation. To
ensure full solvent evaporation, the samples were stored in a desiccator and kept under vacuum for
1 week after which the samples were stored in a climatized lab at (23 = 1)°C and a relative humidity
of (25 £ 2)%.

Scanning electron microscopy
All produced nanofibrous membranes were analyzed on a Phenom XL Scanning Electron
Microscope (SEM) at an accelerating voltage of 10 kV. Prior to analysis the samples were coated



with gold using a sputter coater (LOT MSC1T). The nanofiber diameters were measured using
FiberMetric software. The average diameters and their standard deviations were based on 500

measurements per sample.

Attenuated total reflectance Fourier transform infrared spectroscopy

Infrared (IR) spectra were recorded with a Nicolet™ IS50 Fourier Transform Infrared (FTIR)
spectrometer equipped with an Attenuated Total Reflectance (ATR) accessory (diamond crystal)
from Thermo Scientific. Samples were excited with light of wavenumbers ranging from 4000 up
to 400 cm™. A resolution of 1 cm™ and 32 scans for each sample was applied.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a Mettler-Toledo TGA/SDTA851e with
Large Furnace and autosampler, using 70 pL alumina cubicles. Measurements were performed at
10°C/min from 25 to 400°C under nitrogen atmosphere. Evaluation was done via the STARe

software, using blank corrections.

Temperature modulated differential scanning calorimetry

Temperature Modulated Differential Scanning Calorimetry (MDSC) was used to measure Tgs. A
TA Instruments Q2000 equipped with a refrigerated cooling system (RCS90) was applied using
nitrogen as purge gas (50 mL-min). The instrument was calibrated using Tzero technology for
standard Tzero aluminum pans using indium at the heating rate applied during the measurements.
The heating rate was set at 2 °C-min’ and samples of 2 + 0.5 mg were used. A temperature
modulation of + 0.3 °C every 60 s was selected. The samples were analyzed through an initial
isothermal drying step at 100 °C for 30 min after which a heat-cool-heat cycle was set from 0 to
180 °C. The T4 was determined with TA TRIOS software. Experiments were performed in

triplicate.

X-ray diffraction

All ASDs, both nanofibrous and solvent casted, were measured on an ARL™ X’ TRA Powder
Diffractometer of Thermo Scientific. The monochromatic X-rays are produced by a copper X-ray
tube; Cu K-shell energy levels are equivalent to A = 0.154056 nm. The diffraction patterns are
recorded at an interval of 5 to 60° 26 with a step size of 0.02° and a measuring time of 45 min. A
Si (Li) solid state detector was used for data collection. To determine the sensitivity of the

diffractometer towards the crystalline Flu, physical mixtures of PEtOx and Flu were prepared and



measured accordingly. The nanofibrous ASDs were measured as such, while the SC samples were

grinded to a powder.

UV-visible spectroscopy

UV-Vis spectra were recorded using a double beam Perkin-Elmer Lambda 900 UV-Vis
spectrophotometer. Solutions were measured in transmission mode using quartz cells. The spectra
were recorded from 250 nm to 400 nm with a data interval of 1 nm. Transmission was converted

into absorbance (A) as these values provide a correlation with Flu concentration.

Determination of solubility

The solubility of Flu in its pure form and in the ASDs was determined in both H,O and 0.1 M HCI
using an ultrasonic bath. An excess amount of Flu, 50 + 15 mg, or of the produced ASDs,
containing 1 = 0.05 mg Flu, was added to 10 ml H.O (pH 6.75) or 0.1 M HCI (pH 1) solution.
Mixtures were left in an 1510E Bransonic ultrasonic bath (42 kHz + 6%) for three hours after
which they rested vertically overnight prior to measurement. Samples were taken and filtered
through a 0.45 um PTFE filter, diluted and consequently measured via UV-Vis spectroscopy. The
Flu content was determined with respect to a calibration curve at 283 nm obtained prior to the

measurements. Experiments were performed in triplicate.

In vitro dissolution tests under sink conditions

For both pure Flu and the produced SDs, in vitro dissolution tests were performed in 0.1 M HCI.
After determination of the respective solubility, all measurements were performed under sink
conditions, an equivalent of 5 mg of Flu was added to 1000 ml 0.1 M HCI dissolution medium (pH
1). The medium was stirred at a constant speed of 100 rpm throughout the measurements and
samples were taken at different time intervals, i.e. 3, 5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 240
and 300 minutes. Samples were filtered through a 0.45 um PTFE filter, diluted and consequently
measured via UV-Vis spectroscopy. The concentration of Flu present was determined with respect
to a calibration curve at 283 nm obtained prior to the measurements. Experiments were performed

in triplicate.

Computational Methodology
As Flu-PEtOx interactions are crucial for the ASD stability, hence the solubility enhancement of
Flu, the Flu-PEtOx interactions were also investigated by a multi-scale modelling approach to

support and better understand the experimental observations. To this end, two types of simulations



were performed. Firstly, a set of density functional theory (DFT) calculations was performed to
assess whether Flu-PEtOx interactions are competitive with respect to Flu-Flu interactions
(resembling the interactions present within a Flu-crystal). Secondly, large-scale atomistic force
field-based simulations (>40000 atoms) were performed on 50 wt% Flu-PEtOx ASDs, which were
then compared to their pure compound counterparts regarding the nature and dynamics of
occurring hydrogen bonds. Prior to these simulations, force fields were constructed for both PEtOx
and Flu with the necessary validation performed in terms of density, Tg and XRD-pattern
determination. For a full elaboration on the computational methodology, the reader is referred to

section S2 of Supporting Information.

Results and discussion

Mapping the electrospinability of highly loaded Flu-PEtOx blends

Literature on electrospinning of PEtOXx is limited, especially for well-defined (B < 1.5) PEtOX,
and is mostly focused on waterborne electrospinning due to the water-solubility of the polymer.
[32,62] On the other hand, to the best of our knowledge, the only available study on combined
electrospinning of Flu with a polymer described the use of an ethanol-formic acid (FA) solvent
system combined with PVVP K90 as the polymer carrier. However, only 20 wt% Flu-loadings could
be achieved due to the low solubility of Flu in this solvent system. [39] The low solubility of Flu
in both water and ethanol inspired the selection of pure FA as a solvent system for electrospinning
in the present work. The significant solubility of Flu in this solvent, i.e. 340 mg/mL, [4] was the
main reason to opt for FA, as it might allow for higher Flu-loadings, resulting in a decrease in pill
burden, beneficiating further downstream processing and patient compliance.

To the best of our knowledge, electrospinning of PEtOx from FA was not reported before, but is
here shown to result in uniform nanofibers within a polymer concentration range of 30-35 wt%
(Figure 1, 0 wt% Flu). In general, an increasing fiber diameter was obtained with increasing
polymer concentration, which is explained by the increase in viscosity, hence inter-chain
interactions and entanglements. Subsequently, solutions with different polymer and Flu
concentrations were prepared and electrospun, resulting in uniform beadless nanofibers when
specific FIu-PEtOx ratios were used (Figure 1). Within the PEtOx concentration range of 20-25

wt%, blends with a Flu-loading up to 30 wt% could be electrospun, but the available Flu-loading
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halved as the PEtOx concentration increased. At high polymer concentrations, i.e. 35 wt%, the
Flu-loading was found to be limited to 15 wt%. If this limit was exceeded, inhomogeneous, phase-
separated solutions were obtained, which could not be electrospun (Figure 1, b), indicating that
important interactions between the two components occur, leading to phase separation of Flu-
PEtOx aggregates as both individual components were well-soluble in FA at the utilized
concentrations. It is hypothesized that these interactions reduce the solubility through the
formation of hydrogen-bonded coacervates. As a verification of this hypothesis, both components
were solubilized in FA seperately and subsequently added together. Although the separate
components were fully solubilized, the combination produced a phase-separated solution, indeed
indicating the formation of the coacervate. As can be seen from Figure 1 (a), however, the
formation of the coacervates can be delayed if more solvent is present, i.e. the PEtOx concentration
is reduced. In this way, higher Flu-loadings can be achieved. Interestingly, the occurrence of the
Flu-PEtOx interactions allows for the fabrication of uniform nanofibers at PEtOx-concentrations
(15-25 wt%), which is out of the electrospinning range of pure PEtOXx in FA, as this leads to
electrospraying in the absence of Flu due to a too low solution viscosity. A minimum Flu-loading
of 35 wt% is even required for electrospinning of nanofibers if only 15 wt% of PEtOx is present
in the spinning solution to ensure enough inter-chain interactions and entanglements, thus solution
viscosity, for uniform nanofiber formation (Table S1.1). As such, ultra-high Flu-loadings up to 55
wit% could be achieved by lowering the PEtOx concentration without affecting electrospinnability.
To the best of our knowledge, it is the first time that it is demonstrated that nanofibers with
increased drug-loading can be achieved by reducing the polymer concentration below its

individual electrospinnability window.
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Figure 1. Overview of all electrospinnable Flu-PEtOx blend solutions. All electrospinnable solutions
were spun from a clear single-phase solution (a). When the amount of Flu exceeded its maximum
solubility, a phase-separated system was obtained which was not electrospinnable (b). Clear
evidence for Flu-PEtOx interactions can be seen for the 15 wt% PEtOx solutions, as a minimal
concentration of Flu was required to obtain a stable electrospinning process. If the Flu
concentration was below this limit (< 35 wt%), the viscosity of the solution was too low.
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This result indicates that the strong Flu-PEtOx interactions determine the electrospinnability
window of the blend and that this window is shifted towards higher Flu-loadings to provide
sufficient interaction with lower PEtOx concentrations. In other words, the Flu-PEtOX interactions
allow, within a specific range, to increase the drug-loading simply by reducing the polymer
concentration. Thus, these strong API-polymer interactions are not only necessary to achieve
physical stability of the ASD, but they are also key to achieve high drug-loadings through
electrospinning, and it is, therefore, crucial to investigate and understand the possible interactions
of the intended API-polymer system.

Experimental and computational analysis of Flu-PEtOx interactions

The PEtOx-Flu interactions observed during electrospinning are crucial for the success of the
produced formulation. Indeed, certain API-polymer interactions are required to enhance the
physical stability of the ASDs. [20,63] ATR-FTIR spectroscopy was first performed to investigate
these interactions. [64] As shown in Figure 2 (inset b) the spectrum of a Flu-PEtOx ASD
significantly differs from both the spectra of the pure components, suggesting intermolecular
interactions. PEtOx has two hydrogen bond acceptors (Figure 2, inset a, highlighted in red) and
no hydrogen bond donors, while Flu has two hydrogen bond donors (Figure 2, inset a, highlighted
in blue). Hydrogen bonding between both components is hence expected to occur and confirmed
by the three spectral regions highlighted in Figure 2. The distinctive secondary amine N-H stretch
of Flu at 3306 cm™ has disappeared in the ASDs, which is consistent with the appearance of
hydrogen bridges, shown in Figure 2 (inset c). [65] Furthermore, the characteristic PEtOX peak
representing the C=0 stretch of the carbonyl group (Figure 2, inset d) is shifted to higher
wavenumbers, confirming the presence of interactions with Flu. Additionally, this peak decreases
in intensity with increasing Flu-loading, which is explained by a lower PEtOx fraction present in
the ASDs. Lastly, Figure 2 (inset e) shows the Flu peak shift for the characteristic C-N stretch of
the secondary amine, further indicating the presence of hydrogen bridges. The most probable
hydrogen bonding interactions between Flu and PEtOx are illustrated in Figure 2 (inset a) and
were theoretically supported by DFT calculations and radial distribution functions (rdfs) extracted
from molecular dynamics simulations (see section S2.1). It should be noted that for ease of

interpretation and computational cost, the assumption of no residual solvent in the ASD was made.
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DFT calculations were first performed to assess whether Flu-PEtOXx interactions are occurring and
if they are competitive with respect to Flu-Flu interactions (resembling the interactions present
within a crystal). For this, the most stable configurations of the polymer, the Flu-Flu complex and
the Flu-PEtOx complex were determined and the calculated negative complexation energies
indicated that the formation of hydrogen bonds is of major importance for the stability of these
complexes and that interactions between PEtOx and Flu are favorable (Figure 2, inset f, and
Figure S2.1). However, based on the complexation energies, it is also expected that, with
increasing concentration of Flu-molecules, Flu-Flu complexation will start dominating, eventually
resulting in phase separation. Other Flu-Flu complexation energies were within the same range as
Flu-PEtOx complexation energies, indicating that the hydrogen bond (NH-O) strength is similar,
hence competition for the hydrogen bond donor sites is present.
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Proposed PEtOx-Flu interaction
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Figure 2. Results of ATR-FT-IR spectroscopy. (a) The proposed interaction between PEtOx and
Flu. (b) ATR-FTIR spectrum of Flu (black), PEtOx nanofibers (red) and the prepared Flu-PEtOx
ASDs (blue). Insets (c), (d) and (e) highlight areas in the ATR-FTIR spectrum where Flu-PEtOx
interaction is noticeable. (c) The inherent Flu peak at 3306 cm™?, N-H stretch of the secondary
amine, has disappeared for all ASDs. (d) A peak shift of the distinctive C=0 stretch of PEtOx is
observed. This peak shift is related to the Flu-loading, the peak shifts further to the left when more
Flu is present and due to a decrease in PEtOx present in the material the peak also decreases in
intensity. (darker blue equals a higher Flu-loading). (e) Irrespective of the Flu-loading, a peak shift
is noticed for the distinctive C-N stretch of the secondary amine of Flu when formulated as an ASD.
(f) Overview of the most stable configurations based on DFT calculations: 1) Most stable Flu-Flu
complex with two hydrogen bonds (N-H-N); II) Flu-Flu complex with two hydrogen bonds (N-H-N
and N-H-O(ether)) and -1 interactions; Ill) Flu-PEtOx complex with one hydrogen bond (N-H-
O(carbonyl). AG and AE (complexation energies) are given in units of kJ-mol-1 and calculated at
the wB97XD-6-311+g(d,p) level of theory (1 atm, 297.15 K) with inclusion of BSSE-corrections
when appropriate; green surfaces represent weak van der Waals interactions, red surfaces
represent repulsive interactions and blue attractive/stabilizing interactions (displayed using the NCI-
plot tool, see section S2.2). Hydrogen bonds are highlighted with blue ellipses. (g) Radial
distribution functions (with 95% confidence intervals) for the different highlighted atom pairs in the
ASDs.

Subsequently, to simulate interactions present in realistic systems allowing to study the PEtOx-
Flu ASDs in detail, large-scale force field calculations were performed to mimic the electrospun
Flu-PEtOx ASDs as completely as possible (Figure 3 and section S2.2). Table 1 provides strong
evidence that the developed computational procedure (Figure S2.2 and S2.3) can consistently
construct ASDs, showing that the calculated densities, Tgs and X-ray diffractograms were in good
agreement to the experimental values (section Evaluation of the amorphous structure and
compound miscibility and Figures S2.4, S2.5 and S2.6). Additionally, it shows that the
simulated systems perform well to describe the real Flu-PEtOx ASDs, allowing to not only study
and underpin in detail the present interactions in known systems, but also to predict the ASD

characteristics and behavior under different experimental conditions.
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Validation
T, 0, XRD

Equilibration

preparation

Production

Figure 3. Workflow of the computational procedure to simulate and investigate realistic
electrospun ASDs, highlighting each step of the computational protocol. Structures illustrate
the change in packing during the equilibration protocol. Upon visual inspection of the generated
structure, the present interactions can be clearly observed (as highlighted under ‘Analysis’). A
more elaborate representation of the applied workflow is shown in section S2.2.4.
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Table 1. Density and T4 validation results obtained from the equilibrated and aged structures.
Pequilibration represents the density of the equilibrated system (before aging), paged represents the
density of the system after the physical aging step of the protocol. T4 are the glass transition
temperatures of the equilibrated structures obtained through the protocol discussed in section
S.2.2.6, A-values represent the difference between the Tq for the pure polymeric amorphous
system and the ASD containing 50 wt% Flu. #Flu = 0 wt%, 50 wt%, 5 mg-mL™* and 5x5x5
crystal represent the pure polymeric system, the ASD containing 50 wt% Flu, an aqueous
solution of Flu at a concentration of 5 mg-mL? and a Flu 5x5x5 crystal configuration,
respectively.

paged [g-mL"] Ty [K]
#Flu pequilibrf:\tion MD® Exp.C
[omL71*  Mpbv  Exp. P
A A
11226 11326 144
0 (0 wt%) 67 348 £ 10 335+ 0.6
£00018  +00058  [67]
22 25
1.2095 1.2180
476 (50 wt%) - 370+ 11 360+ 0.8
= 0.0009 +0.0053
1.01468
10 (5 mg-mL?) - - -
+ 0.00004
250 (5x5x5 crystal) 1.462 - 1.444 -

2 95%-Confidence intervals are constructed based on the results of ten different input structures
which are subsequently bootstrapped with replacement.

b 95%-Confidence intervals are constructed based standard uncertainty value for the results of
three different input structures for which a coverage factor of 4.30 (t-distribution) is used,
assuming a gaussian-distributed observable.

¢ Standard deviation given after three measurements.

Taking into account the necessity of the aging step within the procedure (Figure 3 and section
S2.2.8, Figure S2.7), production simulations were subsequently performed at the experimental
conditions (section S2.2.9, Figures S2.8 and S2.9) which were used to analyze the various
pairwise interactions present in the ASDs by means of rdfs (Figure 2, inset g) and visual inspection
(Figure 3 and Figure S2.9). Additionally, a hydrogen bonding analysis is performed to assess the
amount and dynamics of the different hydrogen bonding pairs (vide infra and section S2.2.10).
[68]

Figure 2 (inset g) shows the rdfs of various possible hydrogen bonding pairs within the simulated
50 wt% Flu-PEtOx ASDs. Hydrogen bonds were, indeed, observed within the simulated ASDs
and the patterns observed throughout the different rdfs highlight that mainly N3 (Figure 2, inset g,
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orange curves) and the carbonyl oxygen atoms Figure 2, inset g, blue and purple curves) were
participating as hydrogen bond acceptors, both in PEtOx-Flu and Flu-Flu hydrogen bonding.
Furthermore, from the confidence intervals, it is clear that these persisted within the different input
structures used in the study. Visual inspection of the simulated PEtOx-Flu ASD configuration
further confirms these results, as the various interactions in the ASD could be clearly observed
upon zooming in (highlighted in Figure 3 and Figure S2.9). Hence, it can be concluded that
mainly the carbonyl oxygen groups of the PEtOXx participate in the hydrogen bonding interactions
between PEtOx and Flu, which supports the experimental ATR-FTIR analysis.

In order to study which hydrogen bonding pairs are dominating (i.e. Flu-Flu or Flu-PEtOX) in the
simulated ASD with 50 wt% Flu, and whether a difference exists between the trends observed for
the ASDs and the crystal structure, the total number of hydrogen bonds present within the
production runs was determined (Table 2 and Figure S2.10). Additionally, to assess the
persistency (and hence the dynamics) of the various hydrogen bonds, continuous hydrogen bond
lifetimes were determined (Table 2 and Figure S2.11). [68] These represent the average time that
a hydrogen bonding pair remains intact and, therefore, provides information on the average life
time of a hydrogen bond (once a bond is broken it will be considered broken from that moment

on).

Table 2. Fraction of occupied hydrogen bond donors and continuous hydrogen bond lifetimes
within the crystal and the ASD for the different constituents within the materials. For
comparability, the results were normalized by the total amount of available hydrogen donors
within the system (i.e. two times the number of Flu-molecules present within the system). For
a graphical overview of the occupied hydrogen bonds during the production runs and the
correlation functions used to derive the lifetimes, the reader is referred to Figure S2.10 and
Figure S2.11.

System Hydrqgen bond Fraction occupie;ﬁl Contin.umfs hydrogeg
occupied by hydrogen bonds bond lifetime 7. [ns]
50 wt% ASD Total 0.271 £0.017 1.76 £ 0.420
Flu 0.104 +£0.018 1.254+0.348
PEtOx 0.167 £ 0.006 2.12+0.464
Flu-crystal Flu 0.145 £ 0.005 1.06 + 0.169

2 95%-Confidence intervals are constructed based on the results of ten different input structures
which are subsequently bootstrapped with replacement.
b 95%-Confidence intervals are constructed based standard uncertainty value for the results of
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three different input structures for which a coverage factor of 2.26 (t-distribution) is used,
assuming a gaussian-distributed observable.

Simulated 50 wt% Flu-PEtOx ASDs show a significant increase in the total number of occupied
hydrogen bond donor sites with respect to crystalline Flu. As was already indicated by DFT
calculations, a competition occurs between PEtOx and Flu for donor sites. According to the
simulations (Table 2), this competition is, at least for this weight percentage, dominated by PEtOX,
i.e. 16.7% compared to 10.4% of the sites for Flu, which is favorable for the experimental
electrospinability of the system as well as the physical stability of the ASD. Additionally, tc
indicates that for Flu-PEtOx the bonds are stronger and are preserved during relatively long periods
of time within the material, i.e. once a hydrogen bond was formed it remained intact for 2.12 ns
while for Flu-Flu this was ‘only’ 1.25 ns. Furthermore, a significant increase was observed for the
lifetimes in the Flu-PEtOx ASD (1.8 ns) with respect to the Flu-crystal (1.0 ns) when accounting
for all hydrogen bonds present (Table 2, ‘Total”). Both for the Flu-crystal and the Flu-PEtOx ASDs
these lifetimes indicate that the formed hydrogen bonds are very stable within the material and far
from dynamic (e.g. with respect to results reported by Gower et al. [68]), indicating that the formed
material could be stabilized by these type of interactions. A result, which is, indeed, experimentally

observed by the amorphous nature of the ASDs and its long term stability.

Amorphous nature of the Flu-PEtOx ASDs and its long term stability
Evaluation of the amorphous structure and compound miscibility

To study the amorphous nature of Flu in the ASDs, XRD and MDSC measurements were
performed. Based on the XRD patterns of Flu-PEtOx physical mixtures with varying Flu-loadings,
a distinctive Bragg peak at 6.5° could be distinguished when at least 3 wt% crystalline Flu was
present (Figure 4, a). By further increasing the Flu-loading, other Flu-related Bragg peaks started
to appear. In contrast, no Bragg peaks could be observed in the XRD patterns of any of the
nanofibrous Flu-PEtOx ASDs, clearly displaying a fully amorphous nature, [69] even up to a Flu-
loading of 55 wt% (Figure 4, b). It can thus be concluded that all electrospun ASDs contained less
than 3 wt% detectable crystalline Flu, a result which is crucial for the solubility enhancement of
Flu. Electrospinning of Flu-PEtOx blends, therefore, allows to fabricate fully amorphous ASDs
containing Flu-loadings as high as 55 wt%, which is unprecedented. The amorphous nature of the
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electrospun Flu-PEtOx ASDs was additionally predicted by XRD-patterns generated by the

computational model (Figure S2.6).
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Figure 4. XRD patterns of physical Flu-PEtOx mixtures with an increasing amount of Flu show Bragg
peaks from 3 wt% Flu-loading onwards (a, Flu-related Bragg peaks are highlighted in the green boxes),
while Flu-PEtOx ASDs show no Bragg peaks up to Flu-loadings of 55 wt%, confirming the amorphous
nature of the ASDs (b). (c) MDSC analysis of the prepared Flu-PEtOx ASDs shows a clear single Ty is
observed in between the Tg of the pure components (156 °C for Flu [4] and 61.5 °C for PEtOx NF). (d) Ty
analysis of Flu-PEtOx ASDs. Values were compared to the theoretical values predicted by Fox equation
and fitted against the Gordon-Taylor equation with a k value of 0.42. (e) The XRD pattern shows no sign
of Bragg peaks related to crystalline Flu, indicating a fully amorphous ASD even after two and a half years.
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MDSC was additionally applied to assess the miscibility and single-phase character of the ASDs,
which relates to the Flu-PEtOx interactions and, consequently, the ASDs physical stability. [4]
Note that MDSC could not be used to assess crystallinity as the melting peak of Flu (238 °C) [4]
is located above the degradation temperature of Flu (225 °C, Figure S1.2). The MDSC
thermograms of the nanofibrous ASDs (Figure 4, c) revealed a homogeneous system, similar to
what was expected from the force field calculations. Moreover, all T4s were situated in between
the Tq of pure Flu (156 °C) [4] and PEtOx (61.5 °C) (Table S1.2), suggesting a good miscibility
between both components. The T4s were analyzed using the Fox (Eg. (1)) and Gordon-Taylor (Eq.
(2)) models.

1 w w

=42 (1)

9 Tg T2
_ wyTg + kw, Ty,

y =

(2)

wy + kw,

with Tgbeing the glass transition temperature of the ASD, wi and T the respective weight fraction
and Tg of the pure components. The subscript 2 refers to the component with the highest Tg, which
is Flu in this case. [70] The Fox model assumes homogeneous mixing and no specific interactions
between both components. [71] The Gordon-Taylor model, on the other hand, takes into account
the specific coefficients of expansion in the rubbery and glassy state of the pure components based
on the constant k (Eq. (3)). [72]

Aa
Kk = 2P1
Aayp;

(3)

where Aai and p;i are the change in cubic expansion coefficient and the density of the components
at the Ty, respectively. [73] The experimentally obtained Tgs correspond well with the theoretically
predicted values using the Gordon-Taylor model with a fitting parameter k of 0.42 (Figure 4, d,
and Table S1.2). The Gordon-Taylor model also assumes ideal mixing, hence complete
miscibility, of both components. [70] Therefore, the obtained fit confirms the miscibility between
Flu and PEtOx, a result that is crucial for the physical stability of the ASDs, as intimately mixed
systems are more likely to resist crystallization. [43,63,74,75] Moreover, it experimentally

confirms the results obtained by the performed simulations.
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Flu mobility and long term ASD stability
For real-life applications, the long term stability of the ASDs is a crucial factor. Molecular dynamic
simulations (see section Experimental and computational analysis of Flu-PEtOx interactions)
indicated that the obtained ASDs could be significantly stabilized due to the presence of the strong
and stable Flu-PEtOx hydrogen bonds. This statement was verified by evaluating the stability of
an electrospun Flu-PEtOx ASD with a Flu-loading of 50 wt% that was stored at 23 °C and 25%
relative humidity for two and a half years. Figure 4 (e) shows the XRD spectrum of this stored
sample, still revealing a fully amorphous material, which indicated the long term physical stability
of electrospun nanofibrous Flu-PEtOx ASDs. To further understand the experimentally observed
stability of the electrospun ASDs, the mobility of Flu within the ASDs was investigated by
computation of self-diffusivity coefficients with respect to pure Flu (crystal) and Flu dissolved in
water (5 mg/mL, section S2.2.11, Figure S2.12). As the self-diffusivity coefficients of a 50 wt%
Flu-PEtOx ASD (5.459 + 1.183-10-8 cm2-s!) and a Flu-crystal (5.456 + 3.2-10-8 cm2-st) were
very similar, it could be concluded that the Flu-molecules are effectively trapped within the ASDs,
as is the case for Flu-molecules within a Flu-crystal. To put this into perspective, the self-
diffusivity of Flu-molecules in an aqueous environment was two orders of magnitude higher (2.679
+ 1.403-10-6 cm2-s%), highlighting the relatively fast dynamics of the molecules in biological
environments. The observed trend nicely illustrates how the polymer matrix can serve as a kinetic
trap for the Flu-molecules in case the ASD is prepared by electrospinning, thereby inducing long-
term stability, which is perfectly in line with the long-term stability experiments and hydrogen

bond lifetimes presented above.

Solubility and release rate enhancement through in vitro sink drug delivery testing
APIs belonging to the BCS class Il and 1V, such as Flu, suffer from a low bioavailability due to
their limited solubility and, therefore, low dissolution rate. The effect of electrospinning Flu-
PEtOx ASDs as a formulation strategy to increase aqueous solubility and dissolution rates was,
therefore, analyzed by in vitro Flu release tests. To determine the sink conditions that were used
for the in vitro release testing, the equilibrium solubility of Flu and several ASDs was determined
in both pH 1 and pH 6.75 media (Table S1.3). The positive effect of the amorphous structure on
the solubility is already evident, as the equilibrium solubility of Flu is 2.6 times higher (pH 1)
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when formulated as an ASD compared to its crystalline counterpart. Note that the equilibrium
solubility of Flu is 32 times higher in acidic medium compared to neutral medium, which can be
attributed to the protonation of the benzimidazole group at low pH. [76,77] In vitro sink dissolution
tests were subsequently performed to assess dissolution rates (Table S1.4). A substantial
difference between Flu in its crystalline form and within the ASD formulations was observed.
While after five hours only 37% of crystalline Flu was dissolved (Figure S1.3), all ASDs reached

almost full Flu release during the first hour already (Figure 5, a).
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Figure 5. (a) Dissolution profile of Flu-PEtOx ASDs vs. crystalline Flu, representing the
cumulative release of Flu after one hour in a pH 1 dissolution medium. (b) A comparison of sink
dissolution testing of a 25 wt% Flu-PEtOx ASD after one week vs. one year shows that no
significant difference is found between the sink dissolution profiles of both ASDs. In the first hour
full dissolution is already obtained, while crystalline Flu only reaches a 20% dissolution during
the first hour.
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The initial dissolution rates (Table S1.4), clearly demonstrate that formulating Flu in a PEtOx-
based ASD nanofibers via electrospinning increased the dissolution rate by 4.3 times on average.
No significant effect of the Flu-loading was noticed in the dissolution profiles of the ASDs. Figure
5 (b) additionally shows the sink dissolution profile of an 25 wt% ASD that was stored for one
year compared to crystalline Flu and an ASD stored for one week. Remarkably, no significant
differences were observed, revealing the same dissolution profile after one week and one year,
with respective dissolution rates of 0.31 + 0.03 pg-mL*-min*! and 0.30 + 0.08 pug-mL™-min?
during the first ten minutes (Table S1.5). A similarity factor f, as described by Shah et al., [78]
of 60.5 was obtained, meaning that the average difference between the two dissolution profiles is
only around 6%. These results indicate the potential of electrospinning and the ability of PEtOx as
an excipient to stabilize the amorphous form of Flu and inhibit recrystallization, both upon

dissolution and over time.

Solvent electrospinning vs. solvent casting
The ability of electrospinning to obtain fully amorphous ASDs is hypothesized to be a consequence
of the extremely rapid solvent evaporation throughout the electrospinning process, which leaves
very limited time for the system to reorganize and phase separate (due to Flu crystallization) before
it is frozen into place. [27,79] As a validation of this hypothesis, another solvent method for the
creation of Flu-PEtOx ASDs was evaluated, i.e. solvent casting (SC). Identical Flu-PEtOx
solutions as those used for electrospinning were prepared and the solution was left to evaporate at
ambient temperature. This means that a considerable timespan was provided for full solvent
evaporation, in which there was molecular mobility of Flu. Given that there is more time for
rearrangement of Flu, it was expected that recrystallization was more likely to occur, which was
indeed confirmed by XRD analysis. From 15 wt% Flu-loadings onwards, the SC ASDs were no
longer fully amorphous, as the SC ASDs with 20 and 25 wt% Flu-loadings clearly showed a small
Bragg peak at 6.5° (Figure 6). SC could, therefore, only guarantee a fully amorphous ASD
material at low Flu-loadings, which is in strong contrast with the electrospun nanofibrous ASDs
enabling Flu-loadings up to 55 wt% without losing the amorphous nature. It can be hypothesized
that, due to the added timespan with increased molecular mobility during SC, the Flu-molecules

were able to rearrange themselves in such a manner that Flu-Flu hydrogen bonds became dominant
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over Flu-PEtOx hydrogen bonds, unlike the electrospun ASDs where Flu-PEtOx hydrogen bonds

remained dominant.
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Figure 6. XRD patterns of SC ASDs compared to the patterns of the pure components. From 15
wt% Flu-loadings onwards, a small Bragg peak at 6.5° becomes distinguishable. As proven by
Figure 4 (a), this peak is significant in indicating a higher ordening of the molecules leading up to
a crystalline material. The SC technique can only guarantee complete amorphicity for low Flu-
loadings.

Conclusion

Even though Flu is proven to be a highly effective API against tropical diseases that are still
affecting millions of people, sufficient bioavailability upon oral administration remains
challenging due to the low solubility of the API and the limited physical stability of the currently
applied formulations. In this work, solvent electrospinning was proven to be a highly promising
alternative formulation technique using PEtOXx as the excipient, as the produced nanofibrous Flu-
PEtOx ASDs containing up to 55 wt% Flu showed a significant increase in solubility, hence
bioavailability, in (acidic) aqueous media. Two important phenomena were considered to improve
the physical stability of the formulations and, thereby, the efficacy of the drug delivery: the API-
polymer interactions within the ASDs and the (long-term) amorphous nature of the ASDs.
Together these correlated phenomena give an idea of both the thermodynamic and the kinetic

stability of the ASD. Experimental ATR-FTIR analysis and computational molecular dynamics
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simulations supported the presence of strong, dominant and stable Flu-PEtOx hydrogen bond
interactions, which enabled to significantly increase the Flu-loading in the ASDs up to 55 wt% by
reducing the amount of PEtOX in the spinning solutions. It is hypothesized that, thanks to the rapid
solvent evaporation during the electrospinning process, crystallization is inhibited as the dispersed
Flu-molecules are quickly frozen into place and kinetically trapped within the PEtOx-matrix.
Indeed, calculated self-diffusivity coefficients confirmed that the Flu-mobility within the ASDs
was limited, as the coefficients were of the same order of magnitude as within a Flu-crystal.
Additionally, XRD and MDSC analysis demonstrated the amorphous and single-phase nature of
the Flu-PEtOx ASDs up to the high Flu-loadings of 55 wt%. As a consequence, Flu dissolution
rates were quadrupled compared to crystalline Flu, and complete Flu release was achieved within
one hour opposed to only 30% after five hours for crystalline Flu. The kinetic entrapment of
amorphous Flu-molecules together with the Flu-PEtOx miscibility and the presence of strong and
stable Flu-PEtOx hydrogen bond interactions led to the promising result that, even after two and a
half years of storage, the nanofibrous Flu-PEtOx ASDs remained fully amorphous. Moreover, after
storage for one year, a complete API-release within one hour could still be achieved. Based on
these findings, it is clear that both the electrospinning technique and the excipient PEtOx provide
several vital features for the formulation of high-loaded, time-stable ASDs with significantly
improved drug-solubility, which is promising for the oral administration of not only Flu, but
possibly also other BCS class Il and IV APIs. This work further indicates that the strategy of
combining experimental and computational work can add true value to obtain breakthroughs in the
bioavailability improvement of future API-polymer ASD formulations. A new protocol was here
established to simulate multi-scale Flu-PEtOx ASDs realistically, thereby providing a tool to
thoroughly investigate and clarify the experimental observations and predict the characteristics of
the real ASD. Indeed, such computational procedure allows to simulate possible API-polymer
formulations and investigate the influence on ASD behavior under different experimental
conditions, enabling to select which API-polymer formulations are promising to test
experimentally. The expansion of this strategy will, therefore, be the subject of our future work,
with the ultimate goal of developing a guide for drug selection and loading optimization for PEtOXx-
based electrospun ASDs.
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