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Abstract

In this work, the feasibility of ultra-high drug loaded amorphous solid dispersions (ASDs) for the poorly
soluble itraconazole, mebendazole and celecoxib via solvent electrospinning in combination with
poly(2-ethyl-2-oxazoline) and fenofibrate in combination with polyvinylpyrrolidone is demonstrated.
By lowering the polymer concentration in the electrospinning solution below its individual spinnable
limit, ASDs with a drug content of up to 80 wt% are obtained. This is attributed to drug-polymer
interactions not being limited by default to hydrogen bonds, as also Van der Waals interactions can
result in high drug loadings. The theoretically predicted miscibility by the Flory-Huggins theory is
corroborated by the experimental findings based on (modulated) differential scanning calorimetry and
x-ray diffraction. Globally, the maximally obtained amorphous drug loadings are higher compared to
the loadings found in literature. Additionally, non-sink dissolution tests demonstrate an increase in
solubility of up to 50 times compared to their crystalline counterparts. Moreover, due to the lack of
precipitation biocompatible PEtOx succeeds in stabilizing the dissolved drug and inhibiting its instant
precipitation. The current work thus demonstrates the broader applicability of the electrospinning
technique for the production of physically stable ASDs with ultra-high drug loadings, a result which has

been validated for several Biopharmaceutics Classification System class Il drugs.
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Introduction

For an orally administered drug to be effective, it is crucial that the highly crystalline active
pharmaceutical ingredient (API) is solubilized and absorbed by the body. Unfortunately, around 90%
of the APIs in the R&D pipeline still fail to be fully commercialized, due to their lack of aqueous
solubility. [1-6] Consequently, significant research has been performed and is dedicated to enhance

the poor solubility of promising APIs.

One of the most studied techniques is the formation of amorphous solid dispersions (ASD). Through
the amorphization of the API, the solubility and dissolution rate can be significantly improved,
however, a high drug loading is often not obtained. [3,7-9] Yet, these high drug loadings are very
desirable as it lowers the pill burden and increases the patient compliance. [7,10-14] Moreover, a high
drug loading is also preferred from an economical point of view, as less material is needed during the

formulation. [9]

Recently, the potential of the solvent electrospinning technique was demonstrated for the API
flubendazole embedded in poly(2-ethyl-2-oxazoline) (PEtOx) nanofibers. [15] By solvent
electrospinning a solution, which contains both the APl and a polymeric excipient, a nanofibrous
membrane is obtained. Typically, this membrane consists of nanofibers with a diameter below 1 um.
[16-20] Thanks to their high porosity and large specific surface area, nanofibrous nonwovens are
promising for enhancing the dissolution rate of ASDs. [19-23] Moreover, the exceptionally fast solvent
evaporation during solvent electrospinning kinetically entraps the APl molecules within the rapidly
dried polymer matrix, thus reducing the API-mobility and hindering possible re-crystallization. [15,22]
It was shown that an ASD with a loading of 55 wt% was obtainable without showing signs of crystallinity
according to x-ray diffraction (XRD) measurements. Moreover, significantly enhanced solubilities and

increased dissolution rates compared to the crystalline APl were obtained.

Interestingly, ultra-high flubendazole loadings can be achieved by lowering the PEtOx concentration
below its individual electrospinnability window, due to enhanced polymer-API interactions. [15] In this
contribution, the broader applicability of solvent electrospinning to manufacture PEtOx-ASDs with an
ultra-high drug loading is investigated. Four model APls, with a variety in chemical structure, were
selected, namely itraconazole (ITC), mebendazole (MBZ), celecoxib (CCX) and fenofibrate (FFB), of
which the chemical structures are shown in Figure 1. These APIs are classified as class Il APIs according
to the Biopharmaceutics Classification System (BCS), hence, they all suffer from a poor aqueous
solubility. [5,24—-38] It is demonstrated that the ultra-high drug loading of flubendazole in PEtOx is not
a standalone case, and hydrogen bonding between polymer and API is only part of the mechanistic

explanation for enhanced amorphous character.



An initial polymer-API screening is performed, both experimentally and theoretically, after which the
highest possible electrospinnable drug loading is investigated and analyzed. Furthermore, the
properties of the obtained electrospun ASDs are evaluated to see if the obtained nanofibrous
membranes are indeed amorphous and show an increased solubility and dissolution rate compared to

their crystalline pure APl counterparts.
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Figure 1. Chemical structures of poly(2-ethyl-2-oxazoline) (PEtOx) (a), Polyvinylpyrrolidone (PVP) (b), Celecoxib
(CCX) (c), Mebendazole (MBZ) (d), Fenofibrate (FFB) (e) and Itraconazole (ITC) (f).

Materials and methods
Materials

ITC, MBZ, CCX and FFB were purchased from UTAG B.V. (Almere, Netherlands). PEtOx with a number
average molar mass M, of 62 kDa and a dispersity D of 1.3 was synthesized as described in literature.
[15,39] Polyvinylpyrrolidone (PVP) K90 was kindly donated by BASF (Ludwigshafen, Germany). Formic
acid (FA) (>98%), acetic acid (>98%) and hydrochloric acid (HCI) (37 wt% in H20) were purchased from
Sigma Aldrich (Overijse, Belgium) and used as such. Acetone was purchased from VWR International
(Leuven, Belgium). All tests requiring an aqueous solution (pure H,0 or 0.1 mol L'! HCl solution) were

carried out with distilled water of type Il as considered in ISO Standard 3696.



Electrospinning of solid dispersions

For obtaining an ultra-high drug loading the choice of solvent system is crucial since the APl should be
fully solubilized. As oral drug formulations are aimed for, typical hazardous solvents are avoided and
only Class 3 solvents are used, which are solvents with a low toxic potential according to the ICH
guideline Q3C by the European medicines agency. [40] Consequently, electrospinning solutions were
prepared by dissolving different amounts of the APIs in the solvent systems shown in Table 1. After
the API was fully dissolved, the polymer was added to the solution and stirred until a homogeneous,
transparent solution was obtained.

Table 1. Polymer and solvent system used for the preparation of ASDs of the specified APIs (volume-based
ratios)

API Polymer Solvent system used

Itraconazole

(ITC) PEtOx Acetic Acid
Mebendazole
PEtOx Formic Acid
(MBZ)
Celecoxib
PEtOx Acetone : Acetic Acid (8:2)
(ccx)
Fenofibrate PEtOx Acetone : Acetic Acid (8:2)
FFB
(FFB) PVP K90 Acetone : Acetic Acid (8:2)

Mass concentrations of the polymer in the electrospinning solution are expressed in weight
percentages (wt%) as defined by Eq. (1) and the API content in the system (post electrospinning; again

wt%) is defined by Eq. (2):

Mpolymer
Wt%polymer = RO €Y)
mpolymer + Msolvent
Mypy
Wt%Apl = (2)

Mypy + mpolymer
Note that the membranes can be assumed to contain the theoretical calculated APl amounts and no

loss of APl occurred during electrospinning based on our previous work on flubendazole. [15]

All solvent electrospinning experiments were carried out using a mononozzle set-up with an 18 gauge

Terumo mixing needle without bevel with a tip-to-collector distance of 15 cm. Typical electrospinning



conditions can be found in Table 2. All electrospinning experiments were performed under climatized
conditions of 25°C and 30% relative humidity in a Weisstechnik WEKK 10.50.1500 climate chamber. All
electrospun samples were stored in a climatized lab at 23°C £ 1°C and a relative humidity of 25% + 2%.
All further release tests were performed on systems of maximum 2 weeks old. All membranes were

electrospun at least 5 times in order to ensure reproducibility.

Table 2. Typical electrospinning conditions for the different polymer-drug systems

API Polymer Flow rate Voltage
(mlh?) (kV)

ITC PEtOx 1+0.2 15+3

MBZ PEtOx 0.1 £0.05 205

CCX PEtOx 2+0.5 15+5

FFB PVPK90O 1+0.2 102

Scanning electron microscopy
All nanofibrous membranes were analyzed on a Phenom XL Scanning Electron Microscope (SEM)
utilizing an accelerating voltage of 10 kV. Prior to analysis, the samples were coated with gold using a
sputter coater (LOT MSCIT). The FiberMetric software was used to measure nanofiber diameters. All

average diameters and their standard deviations were based on 500 measurements per sample.

Temperature modulated differential scanning calorimetry
Glass transition temperatures (T;) and melting temperatures (Tm) were measured with a Temperature
Modulated Differential Scanning Calorimetry (MDSC), a TA Instruments Q2000 equipped with a
refrigerated cooling system (RCS90) 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 heat-cool-heat procedure was used to analyze the samples, the T, and T, were
determined with TA TRIOS software. A heat-iso temperature modulation of + 0.32°C was selected
every 60 s for FFB and the temperature was set between -60 and 120°C. For ITC, a heat-iso temperature
modulation of + 0.21°C every 40 s was selected and the temperature was set between 0 and 200°C.
For MBZ, a heat-iso temperature modulation of + 0.32°C every 60 s was selected and the temperature
was set between -20 and 120°C. For CCX, a heat-iso temperature modulation of + 0.32°C every 60 s
was selected and the temperature was set between -20 and 220°C. Experiments were performed in

triplicate.



X-ray diffraction
All ASDs were measured as such employing an ARL™ X'TRA Powder Diffractometer of Thermo
Scientific. The monochromatic X-rays are produced by a copper X-ray tube, with Cu K-shell energy
levels are equivalent to A = 0.154056 nm. The diffraction patterns were recorded at an interval of 5 to
60 ° 20 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 API,

physical mixtures (PM) of PEtOx and APl were prepared and measured accordingly.

In vitro dissolution tests under non-sink conditions
For both the pure APIs and the produced ASDs in vitro dissolution tests were performed in 0.1 mol L
HCI. An equivalent of 50 mg of APl was added in baskets to a 200 ml 0.1 mol L™ HCI, pH 1, dissolution
medium. The medium was stirred at a constant speed of 100 rpm and samples of 1 ml were taken at
different time intervals, i.e. 3, 5, 10, 15, 30, 60, 90, 120, 180 and 300 minutes. Samples were filtered
through a 0.45 um PTFE filter, diluted to fit the calibration solution (as discussed in the UV-visible
spectroscopy section) and measured via UV-visible spectroscopy. Experiments were performed in

triplicate.

UV-visible spectroscopy
A double beam Perkin-Elmer Lambda 900 UV-Vis spectrophotometer in transmission mode was used
to record UV-Vis spectra. The spectra were recorded from 250 nm to 400 nm with a data interval of 1
nm. Calibration curves were made and used to relate the absorbance of the APIs to their concentration
in solution. To prepare these calibration curves, a solution was searched for that was able to dissolve
a sufficient amount of crystalline API. For itraconazole this was a solution of 100 ml 0.1 mol L™* HCl and
2 ml of acetic acid, for celecoxib 100 ml 0.1 mol L'* HCl and 20 ml of acetic acid was used and for
mebendazole a solution of 100 ml 0.1 mol L HCl and 2 ml of formic acid was used to prepare the
calibration curve. Through a fitting dilution media, all samples were measured in the same solution as

used for the calibration curves.

Results and discussion

Polymer-API screening based on glass transition temperature calculations
The preservation of the optimal storage conditions is one of the requirements in order to obtain a
time-stable, and thus durable ASD. Specifically, a steady low relative humidity is essential, as moisture
can induce mobility of the molecules, resulting in crystallization. [6,41-44] It is hence essential to
understand polymer and APl interplay, such as drug-polymer miscibility and interactions. [6,41,45,46]
These can be screened by for instance, the T, being single or dual mode, which is an indication of

molecular mobility and, hence, of the kinetic stability of the ASD. Above T there is an increased



molecular mobility, enabling (natural longer term) reorganization of the APl molecules and their
subsequent crystallization, while below T; the system has a reduced mobility and is kinetically
stabilized. [32,47,48] In many cases, this T; on the level of the ASD is theoretically calculated via the
Fox equation (Eq. 3) and the Gordon-Taylor equation (Eq. 4). [11,49-51]

1 w w
— =t (3)

Tg Tgr Tg2

Wngl + szTgZ
w; + kw,

(4)

g —
in which w; and T are the respective weight fraction and glass transition of the pure components. In
Eg. 4, the k value is a measure for the difference in expansion in the rubbery and glassy state of the
pure components. [52] Note that extra interaction terms are not included and thus deviations between

experiment and theory should be interpreted in this manner, i.e. the establishment of e.g. interactions

between APl and polymer.

An initial screening based on Eq. 3 and 4 for the four APIs under consideration, i.e. FFB, ITC, CCX and
MBZ, and two polymeric excipients, i.e. poly(2-ethyl-2-oxazoline) (PEtOx) and polyvinylpyrrolidone
grade K90® (PVP K90), results in the values given in Table 3. Only for the PEtOx-FFB systems a T, below
room temperature is obtained, indicating that only an ASD of PEtOx-FFB is kinetically not feasible and
one should be careful with the use of FFB. Therefore, PVP was looked at as an alternative excipient. A
solid dispersion of FFB together with PVP K90 is indeed already characterized by a T, above 50°C
according to both the Fox and Gordon-Taylor equation considering 50 wt% fenofibrate in the ASD.
Hence, stable FFB ASDs should be feasible with PVP K90 as excipient. This is a result of the higher T; of
PVP K90 compared to that of PEtOx, 180°C vs. 62°C. For the three other APlIs, i.e. ITC, MBZ and CCX,

kinetic stabilization seems possible in combination with PEtOx (theoretical T; > room temperature).

Table 3. Theoretical Tg screening of possible polymer-APl combinations at an APl concentration of 50 wt% (Eq.

(3) and (4)).

API T APl polymer Tgpolymer Tgaccording to T, according to k
(°C) (°C) Fox (°C) Gordon-Taylor (°C)

ITC 60 PEtOx 62 61 60 1.1

MBZ 114 PEtOx 62 86 83 0.7

CCX 59 PEtOx 62 60 61 1.4

FFB -18.5 PEtOx 62 16 7 2.1

FFB -18.5 PVP K90 180 53 52 1.8




Polymer-API screening based on Flory-Huggins theory
Aside from kinetic stability, for long-term stability, thermodynamics play an important role. One needs
to know if polymer-API blends are miscible, or if phase separation is eventually inevitable. To examine
the polymer-API miscibility, the Flory-Huggins (FH) theory is widely used. This theory is an extension of
the lattice theory for regular solutions, accounting for the connectivity of monomer units from a
statistical thermodynamic point of view. [6,7,16,47,53-58] One of the downsides of the FH theory is
that interactions such as hydrogen bonding and ionic interactions are by default not considered.
However, for two of the four APIs under consideration these interactions are not expected, namely for

FFB and ITC. [57,59]

The polymer-API miscibility is dependent on the molar Gibbs free energy change upon mixing, AG r,

which, according to the FH theory, can be calculated according to Eq. 5:

8Giy = RT |1 1n@) + L2in(6) + prpar (5)

with R and T the universal gas constant and the absolute temperature, ¢p; and ¢, the volume fractions
of API and polymer respectively, and x,, the number average (segment/chain) length of the polymer,
with each segment formally equal in size to an APl molecule. Furthermore, x represents the Flory-
Huggins interaction parameter, a temperature-dependent dimensionless quantity that characterizes
polymer-API interactions. [53,59-62] For a blended system to be thermodynamically miscible, a

negative AG r, is required.

From Eq. 5 it is clear that y is crucial in obtaining a negative AG .. Several experimental options exist
to determine y, however, due to the amorphous nature of PEtOx, y is herein theoretically determined
through the solubility parameter approach according to Eq. 6.

2
_ Vsite(i;T— 52) ny ©)
with Vi the (average) molar volume and S the entropic lattice constant and 6; the solubility parameter
of the polymer and the API. [43,59,62] It has been reported, however, that for non-polar mixtures a
better correlation is found in case 5 equals zero, reducing Eq. 4 to the Hildebrand’s equation for regular
solutions. [63] For the systems under consideration, with the parameters provided in Section S1 of the
Supporting Information differentiating at least for the delta values between dispersion forces, polar
forces and the contribution of hydrogen bonding, FFB and PVP K90 pair immiscibility is first indicated
by the large difference in Hansen A (>7) (see Table S1.1). Additionally, the FH theory shows an
unfavorable mixing of FFB and PVP K90, with phase separation predicted to occur from 5 wt% of FFB

in the ASD onwards, see Figure 2 (a). Hence, the direct use of FFB is again proven to be questionable.



Notably, as shown in Figure 2 (b), thermodynamically stable ASDs with high drug loadings are expected
to occur for PEtOx ASD systems with ITC (up to 60 wt%), CCX (up to 84 wt%) and MBZ (no phase

separation predicted according to FH theory).
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Figure 2. Thermodynamic miscibility according to FH theory by means of a (reduced) AG*m vs. APl wt% plot for
the different polymer-API systems. (a) shows the PVP K90 — FFB system. Phase separation is expected to occur
at 5 wt% of FFB. (b) shows the thermodynamic miscibility of PEtOx-ITC (full line), PEtOx-MBZ (dotted line) and
PEtOx-CCX (striped line). All three systems are expected to remain miscible until a high drug loading of 60 wt%
for ITC, 84 wt% for CCX and for MBZ no phase separation is expected at all.

Maximal electrospinnable drug loading
As previously mentioned, a high drug loading is desired from both an economical point of view as well
as for patient compliance. Therefore, the highest possible electrospinnable loading for each polymer-
API system was investigated. Table 3 highlights for the PEtOx-FFB system a high degree of molecular
mobility, so that it can be understood why the electrospun membrane quickly loses its morphology
and turns into a film. This is shown in Figure S2.1, and explains why this system will not be further

investigated.

Fortunately, the other systems in Table 3 are different in molecular stability. Moreover, based on the
insights gained in previous research, a polymer concentration was used, for both PEtOx and PVP K90,
which is below the individual electrospinnable window. [15] Doing so, solvent electrospun ASDs with
ultra-high drug loadings of at least 60 wt% and even up to 85 wt% were obtained, as shown in Figure
3. A more detailed analysis of the electrospinnable window of the ASD systems can be found in Figure
S2.2, Figure S2.3, Figure S2.4 and Figure S2.5 of the Supporting Information. It is hypothesized that for
these systems additional inter-chain interactions and entanglements are created, thereby sufficiently
increasing the viscosity to still allow a stable electrospinning process despite less polymer being
present. Previous work hypothesized that this is due to hydrogen bonding occurring between polymer
and API, however, for both FFB and ITC significant hydrogen bonding is unlikely with PEtOx nor PVP.
Consequently, it can be concluded that the interactions that allow for added inter-chain interactions

and entanglements do not strictly need to be hydrogen bonds between the polymer and the API. They



could also result from other interactions such as hydrogen bonding with the solvent or Van der Waals

interactions.

APIl-polymer

ITC-PEtOx MBZ-PEtOx CCX-PEtOx FFB-PVP K90
system

Maximal
loading (wt%)

80 70 85 60

SEM image of
maximal
loading

Figure 3. An overview of the highest drug loadings that still resulted in electrospinnable solutions. Increasing
the drug loading even more resulted in solutions that were not electrospinnable.

Evaluation of the amorphous nature and kinetic stability via MDSC and XRD analysis
To validate the miscibility results obtained by the FH theory (interpretation of Figure 2), the amorphous
nature of the obtained ASDs was analyzed through modulated differential scanning calorimetry
(MDSC) and x-ray diffraction (XRD) analysis. In a first step, Figure 4 demonstrates the validity of the FH
theory for PVP K90 — FFB (5% threshold). A distinct Bragg peak, as benchmarked by the 5 wt% physical
(test) mixture PM (no fibers), is seen for both the 40 and 50 wt% nanofibrous membrane, indicating
crystallinity after one month of storage (23 + 1°C and a relative humidity of 25 + 2%). Moreover, the
MDSC data clearly show the presence of a double FFB melting peak, without the occurrence of cold
crystallization prior to the melt. Further analysis of the DSC data, using the melting enthalpy of the ASD
compared to that of the melting of the pure component, reveals that there is already 4.2 wt% of
crystalline FFB present in the nanofibrous membrane, which is around 10% of the total FFB fraction,
as shown in Table 4. As such, the high immiscibility between FFB and PVP K90 is not solely theoretically

predicted, but experimentally observed as well.
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Table 4. Overview of the melting enthalpies for PVP K90 — FFB ASDs obtained by the MDSC analysis. The fraction
of crystallized FFB was calculated and given as well. It is clear that at 40 wt% there is already a significant amount

of crystalized FFB present in the nanofibrous membrane.

wt% FFB Melting enthalpy (J g}) wt% crystalline FFB
40 9.5 4.2
50 14.4 8.1
60 21.4 14.4
100 89.1 100
(a) (b) ©
M’ g 60 wt% FFB NF
T 00 p
PM - FFB-PVP K90 - 5 wt% E SO ERDIR \'\\ N o
= FEmmm—————a S 225 L
3 T R, S \
L -0.1-140 wit FFB NF i o 0 Ne——
% N ‘»“‘\\ '\./
my %‘ N\ |
ASD - 40 wt% FFB g N A
2 >—" N
M € .02 N ‘\"J
Ww : l‘
Wﬁ; F Q
r T T r T ) -0.3 - ; —
10 20 30 40 50 60 -50 -18 14 46 78 110
2Theta (°) Exo Up Temperature T (°C)

Figure 4. a: X-ray diffractogram of PVP K90 — FFB 40 and 50 wt% ASDs and a 5 wt% PM (physical mixture: no
fibers). It is clear that the 40 wt% ASD already results in a certain degree of crystallinity as seen by the presence
of a Bragg peak at 21° (260). This result is corroborated by the presence of a distinct melting peak in the non-
reversing MDSC thermogram. (b) All measurements were performed on systems of maximum 2 weeks old.

In a second step, it follows that the XRD and MDSC data obtained for the other systems, PEtOx-ITC,
PEtOx-MBZ and PEtOx-CCX, corroborate the FH theory as well, as shown in Figure 5. No distinct Bragg
peaks are seen for any of the nanofibrous ASDs, so that the amorphous nature of the ASDs is
underpinned. Moreover, MDSC analysis reveals a single T for all nanofibrous ASDs, which means no
detectable amorphous-amorphous phase separation has occurred. Furthermore, a positive deviation
in the T, value is observed compared to the theoretical values obtained by Fox equation (Eq. 3),
suggesting that there are interactions present between PEtOx and the API. For PEtOx—CCX ASDs a
positive deviation of nearly 20°C is even observed, indicating a strong kinetic stabilization of the ASD
due to strong polymer-API interactions being present. For both MBZ and CCX the interactions at play
are hypothesized to be hydrogen bonds, whereas for PEtOx—ITC only Van der Waals forces are
expected, with dipole-dipole interactions probably being the most important ones. Although the 70

wt% ITC ASD appears to be fully amorphous according to XRD, MDSC analysis reveals a melting peak

11



(Figure S3.1 of the Supporting Information), indicating that 2% of the ITC is in its crystalline form. The
same is noticed for 85 wt% CCX (Figure S3.2 of the Supporting Information). For this high drug content,
8% of the CCX is in the crystal state.
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Figure 5. Overview of x-ray diffractograms (a, c, e) and T measurement (b, d, f) of the different PEtOx-API
systems. a and b show the results for the PEtOx — ITC ASDs, c and d for the PEtOx — MBZ ASDs and e and f show
the results for the PEtOx — CCX ASDs. For all x-ray diffractograms a physical mixture (PM) containing 5 wt% API
isincluded to ensure the sensitivity of the measurement, all PMs show distinct Bragg peaks related to the pattern
of the pure API, which do not show up for any of the nanofibrous (NF) ASDs, revealing their amorphous nature.
All thermograms show the measured Tg values and their standard deviation (n=3), these values are compared
to theoretical values according to Eq. 3 (Fox) and Eq. 4 (Gordon-Taylor) (parameters in Table 3). All Tg values
show a positive deviation from the theoretical Fox equation indicating the presence of supportive interactions
between PEtOx and API. All measurements were performed on systems of maximum 2 weeks old.
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It ought to be noted that this crystallinity is not observed for lower wt%, indicating amorphous ASDs.
In addition, heat-iso modulation conditions were used during all MDSC measurements. As such, the
modulation is unable to induce crystallization, thus allowing for accurate melting and crystallization
analysis. Hence, although the FH theory is known to have its drawbacks, we do see a good fit between

the theoretically predicted and the experimentally observed miscibility.

Table 5 gives an overview of the results of the current work and the field. Here, the true potential of
the solvent electrospinning technique is revealed, as it clearly enables the production of ASDs with
ultra-high drug loadings, which are significantly higher than those found in literature. Only for FFB no
fully amorphous ASD could be obtained, due to kinetic instability with PEtOx, as indicated by the low
T, and polymer-APl immiscibility with PVP K90 as excipient, as indicated by the MDSC results. To
realize these unprecedented results, the reduction of the polymer concentration below its
electrospinnable limit is crucial for obtaining the ultra-high drug loadings.

Table 5: Overview of the maximal obtained amorphous drug loadings through the solvent electrospinning

technique, compared to the maximal drug loadings obtained in literature for these APIs through various other
techniques.

Maximal
Maximal
Maximal Maximal drug  amorphous
obtained
Polymer-API obtained Determining loading found drug loading
amorphous
system drug loading factor in literature found in
drug loading
(wt%) (wt%) literature
(wt%)
(wt%)
ITC-PEtOXx 80 60 Crystallinity 40 — 602864651 501228
Spinnable
MBZ-PEtOx 70 70 50034l 208458l
limit
CCX-PEtOx 85 80 Crystallinity 40 — 7016759 70169
Loss of fiber
FFB-PEtOx X X morphology 30 — 4023270
40062
duetoTg 72]
FFB-PVP K90 60 X Crystallinity
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Non-Sink in vitro dissolution
After showing the promising potential of solvent electrospinning for obtaining fully amorphous ASDs
with a high drug loading, it is crucial to investigate their dissolution behavior as well. In vitro non-sink
dissolution tests demonstrate a significantly increased solubility and enhanced dissolution rate
compared to the pure crystalline API (Figure 6). As summarized in Table 6, the ASDs resulted in a 25,
18 and 15-fold higher API release after 1 hour compared to the dissolution of the crystalline API for
respectively ITC (a), CCX (b) and MBZ (C).
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Figure 6. Dissolution results for the non-sink in vitro tests for the PEtOx — ICT (a), — CCX (b) and — MBZ (c) ASDs.
A clear increase in dissolution rate and solubility of the APIs is observed, indicating the promise of the solvent
electrospinning technique for enhancing the bioavailability of poorly soluble APIs. All measurements were
performed in triplicate. All measurements were performed on systems of maximum 2 weeks old.

It is clear that the formation of nanofibrous ASDs facilitates the release of poorly soluble APls, thus
increasing their bioavailability. Note that for ITC, the maximal solubility has not been reached even
after five hours, not even for the 70 wt% loading. Although DSC measurements revealed this ASD to
be on the verge of being fully amorphous, with only a 2% crystallinity, it still behaves identical to the
lower wt% PEtOx-ITC ASDs. For PEtOx-CCX ASDs, a plateau dissolution is reached within the first two
hours, independent of the drug loading. It should be noted that the rate to reach this plateau is

remarkably faster for the 40 and 50 wt% ASDs, which could be related to their smaller (average)
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nanofiber diameter, 741 and 1030 nm vs. 1481 and 1630 nm (70 and 80 wt%). For the PEtOx-MBZ
ASDs, it is notable that the 70 wt% MBZ ASD exhibits a remarkably lower MBZ release compared to
MBZ ASDs with a lower API content. It is assumed that this is due to re-crystallization of the API prior
or during APl dissolution. This was also seen visually after the test, with significantly more of the sample

not disintegrating for the 70 wt% membrane compared to the lower drug contents.

Nonetheless, for all ASDs, no significant drop in released APl is noticed (Figure 6), even after five hours,
indicating that no API precipitation occurred. These results demonstrate the ability of PEtOx to prevent
precipitation of the APIs under supersaturated conditions.

Table 6. Summary of amounts of API released after 1 hour and 5 hours. A significant increase in API release is
measured when formulated as a nanofibrous ASD.

Itraconazole Mebendazole Celecoxib release
release (mg) release (mg) (mg)
Crystalline 1h 0.5 1.7 0.1
Average ASD 1h 115 29.7 2.0
Factor increased 25 18 15,
Crystalline 5h 0.5 2.8 0.2
Average ASD 5h 25.7 319 2.1
Factor increased 51 11 12

Conclusions

The formulation of ASDs with a high drug loading is challenging. In this study it is shown that obtaining
ultra-high drug loaded electrospun ASD nanofibers is possible for a wide range of polymer-API systems.
In order to obtain high drug contents above 40 wt%, it is crucial to lower the polymer concentration in

the electrospinning solution below its individual spinnable limit.

It is hypothesized that the use of lower polymer amounts is feasible due to the strong interactions
between polymer and API. It was shown for ITC and FFB that these interactions do not need to be
hydrogen bonds, but also Van der Waals dipolar forces can provide sufficient interaction to result in
additional inter-chain interactions and entanglements. Despite that the FH theory faces limitations,
especially combined with the use of solubility parameters, a good fit was obtained with the

experimental data. This indicates the relevance of the theory as a screening tool.

Overall, it can be concluded that the biocompatible PEtOx succeeded in stabilizing the dissolved API
and inhibiting its instant precipitation under supersaturated conditions, as is the case for non-sink

dissolution. The electrospinning technique provides vital features for obtaining physically stable ASDs
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with ultra-high drug loadings. These results are obtained for multiple APIs, thus indicating the potential

broader applicability to other BCS class Il and IV APIs.
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