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Proteolysis targeting chimeras (PROTACs) are a promising class of pharmaceutical agents with a unique mode of
action. PROTACs enable the targeting of a broad variety of structures including transcription factors and other
“undruggable” targets. The poor solubility and slow dissolution of PROTACs currently limit the extensive use of
their potential. Up to date, only very limited drug delivery options have been examined to address this challenge.
Therefore, we explored the potential of amorphous solid dispersions (ASDs) by spray drying a model PROTAC
with different polymers. The resulting formulations were assessed in terms of purity, solid state, dissolution
performance, and stability. A strong increase in supersaturation compared to the physical mixture was provided,
although in both systems the PROTAC molecule itself was already in the amorphous state. Evaluation of the
reasons for the superiority of the ASD formulations revealed that the major factor was the homogeneous, mo-
lecular distribution of the active pharmaceutical ingredient (API) in the polymer matrix, as well as improved
wettability of the formulation containing Soluplus compared to the physical mixture. The manufactured for-

mulations were stable over a minimum of 8 weeks when protected from light and humidity.

1. Introduction

Proteolysis targeting chimeras (PROTACs) are a promising new
modality, that has gained increasing interest in academia and industry
over the past few years. The first PROTAC prototype was developed in
2001 (Sakamoto et al., 2001). By hijacking the cellular disposal system
(i.e. the ubiquitin proteolysis system), and thereby degrading proteins of
interest (Pol), these compounds emerged as a great opportunity for
targeting “undruggable” proteins (Békés et al., 2022; Churcher, 2018;
Neklesa et al., 2017). Their mode of action is quite different from the
common occupancy-driven model: by inducing proximity between an
E3 ligase (which transfers ubiquitin onto lysines) and the Pol and
thereby leading to ubiquitination of the protein, PROTACs act as cata-
lytic degradation initiators (Burslem and Crews, 2017; Pettersson and
Crews, 2019). In addition to their unique mode of action, adaptation to
new targets is relatively straightforward since the Pol targeting moiety
can be exchanged easily. These characteristics of PROTACs offer a huge
potential for the treatment of different diseases. To recruit both the E3
ligase and the Pol, PROTACs consist of two warheads connected by a
linker. Due to this chimeric structure, the resulting molecules usually
have a high molecular weight and further unfavorable properties like e.
g. poor water solubility. These properties often result in slow dissolution
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kinetics and low oral bioavailability (Edmondson et al., 2019; Pike et al.,
2020).

So far formulation efforts have been mostly focused on solvent-based
approaches (Burslem et al., 2018; Mares et al., 2020) or nanoparticles
(Cimas et al., 2020; Fu et al., 2020; Saraswat et al., 2020). Only limited
research has been published on enabling drug delivery systems for
PROTAGS, although several authors have pointed out their importance
in bringing PROTACs as promising therapeutic agents to patients (Chen
et al., 2022; Yang et al., 2020).

Amorphous solid dispersions (ASDs) are a formulation strategy to
address poor solubility and bioavailability of pharmaceuticals. During
manufacturing of an ASD, a poorly soluble drug is embedded in a
polymeric matrix. Thereby the drug is transferred from the crystalline to
the amorphous state and ideally molecularly dispersed in the matrix. In
the amorphous form, a molecule is in a higher energetic, enthalpic, and
entropic state compared to the crystalline state. The matrix acts as a
stabilizer of the amorphous embedded drug during storage and may
increase the wettability of the compound (Baghel et al., 2016). Addi-
tionally, during dissolution, a suitable polymer serves as a solubilizer
and precipitation inhibitor of the dissolved drug. By enhancing the
solubility of a drug, the gradient over the intestinal barrier is increased,
and passive diffusion is enhanced (Schittny et al., 2020). So far, the
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majority of ASD formulations have been developed for crystalline drug
molecules (e.g. ketoconazole, fenofibrate). PROTACs are, in contrast to
many other drug molecules, often hard to crystallize and most PROTAC
molecules are thus in the amorphous state. Therefore, the unusual task
emerges to develop an ASD formulation for an amorphous drug mole-
cule. Here, the applicability of an ASD might be different since one of the
key steps, namely the amorphization, is omitted. Beneficial attributes of
the amorphous state of a drug like higher dissolution rate and higher
equilibrium solubility, which contribute to the solubility enhancement,
are already demonstrated by the crude amorphous PROTAC that is not
embedded in a polymeric matrix. Hence, it is not clear whether an ASD
formulation of a PROTAC would provide a higher supersaturation
compared to the corresponding physical mixture.

There are numerous manufacturing techniques for ASDs including
solvent-based methods like spray drying, coprecipitation, solvent
evaporation, and fusion-based techniques like hot melt extrusion, cryo-
milling, and melt-quenching (Vasconcelos et al., 2016). Among them,
spray drying and hot melt extrusion are the most common techniques. In
an early development stage, material supply is often limited and the
identification of suitable polymers for a stable and functional ASD is
crucial. Therefore, several screening and predictive tools for the suc-
cessful manufacturing of ASDs and the selection from a broad variety of
polymers to promising candidates have been developed (He and Ho,
2015).

Polymers may be first classified as either ionic or nonionic. Their
respective properties determine the solubility in different biorelevant
media. Soluplus is a polyvinyl caprolactam-polyvinyl acetate-poly-
ethylene glycol graft copolymer, that was developed by BASF for hot
melt extrusion. In addition, it can also be employed as a polymeric
matrix carrier in spray drying. It is neutral and water-soluble regardless
of the pH of the medium and has already been implemented in various
ASD formulations that provided supersaturation of poorly soluble drugs
(Attia et al., 2023; BASF Pharma, 2019). Eudragit E PO is a cationic
methacrylate-copolymer usually used for taste masking, that is soluble
at low pH values due to a tertiary amine in the structure (Evonik Op-
erations GmbH, 2021). The polymer can be spray-dried and extruded
and its value as a polymeric carrier in ASDs has been demonstrated in
the literature (Kojima et al., 2012).

The first study on ASDs as a formulation technique for PROTACs was
just recently published, where the researchers manufactured ASDs via
vacuum compression molding of a von Hippel-Lindau (VHL)-based
PROTAC molecule and compared this formulation technique with the
liquisolid approach. A solubility enhancement was demonstrated for the
formulation of PROTACs as ASDs, whereas no benefit was found for the
liquisolid formulation technique in vitro (Postges et al., 2023). The
crude PROTAC molecule, ARCC-4, was in an amorphous state before the
processing. Despite this, formulating it as an ASD showed a strong
benefit. Therefore the question arises if other (amorphous) PROTACs
would also benefit from the formulation as an ASD in terms of solubility
enhancement in biorelevant media. If so, the reason for this and the
mechanisms of the supersaturation are still to be investigated.

In the present study, a Cereblon-based PROTAC was chosen, which
corresponds to another large group of PROTACs (Bricelj et al., 2021;
Ishida and Ciulli, 2021). The used model compound possesses unfa-
vorable properties, which do not comply with Lipinski’s rule of five, like
a high molecular weight (My = 914 Da), high lipophilicity (chromLogD
= 7.0), and low solubility in biorelevant media (Sgassir = 20 ug/mL).
Similar properties are often observed for bifunctional degraders in
general, making MS4078 a typical representative of the Cereblon
(CRBN)-based PROTAC class (Edmondson et al., 2019). A screening for
suitable polymers to prepare binary ASDs of this model PROTAC was
conducted. From more than 10 different polymer candidates, two were
selected and for the first time ASDs of a CRBN-based PROTAC using
different polymers were prepared and the feasibility of their manufac-
ture by spray drying was evaluated. The crude model PROTAC MS4078
(Zhang et al., 2018) was in an amorphous state and so far to the best of
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our knowledge, no crystalline structure for the parent compound has
been described. The manufactured formulations were compared to the
corresponding physical mixture and characterized with a special focus
on the supersaturation provided by the two amorphous systems. The
decisive differences between the systems were examined by evaluating
particle size, API distribution, and wettability. In addition, questions
concerning the stability of the formulations at different storage condi-
tions were addressed in this work.

2. Materials and methods
2.1. Materials

MS4078 was purchased from MedChemExpress (USA). Soluplus,
Kollidon 30 (K-30) and Kollidon VA64 (VA64) were obtained from BASF
(Germany). Eudragit E PO (E PO) and Eudragit L100-55 (L100-55) from
Evonik (Germany), different grades of hypromellose acetate succinate
(HPMCAS HF, MF and LF), Hypromellose phthalate (HPMCP 50 (HP-
50)) from Shin-Etsu (Japan) and cellulose acetate phthalate (CAP) from
Eastman (USA). Parteck MXP (MXP) and MXP 3-82 (3-82) were pro-
vided by Merck KGaA (Germany). Structures are given in Fig. SI.
Hypergrade acetonitrile (ACN) and methanol (MeOH), analytical grade
trifluoro acetic acid (TFA), dichloromethane (DCM), dimethylforma-
mide (DMF), and dimethylsulfoxide (DMSO) were produced by Merck
KGaA (Germany).

FaSSGF/FaSSIF/FeSSIF powder for the preparation of fasted-state
simulated intestinal fluid V1 (FaSSIF) was purchased from Biorelevant
(UK). Sodium hydroxide, sodium chloride, sodium dihydrogen phos-
phate, 1 N hydrochloric acid, and 1 N sodium hydroxide solution for
buffer preparation were provided by Merck KGaA (Germany). All
aqueous solutions were prepared with purified water (MilliQ (Merck
KGaA, Germany)).

2.2. Thermodynamic solubility of the compounds

The thermodynamic solubility was determined by weighing an
excess amount of the compound into a vial and adding prewarmed
FaSSIF. The suspension was stirred at 37 °C and 300 rpm for 24 h.
Samples were withdrawn from the suspension, centrifuged and the su-
pernatant was diluted 1:1 with ACN. Quantification was performed by
ultra-performance liquid chromatography (UPLC) (see 2.7.).

2.3. Solvent-based feasibility screen in 96 well plate

A miniaturized solvent-based screening for suitable polymers was
performed based on Auch et al. (2018). In brief, 10 mg/mL of different
polymers were dissolved in either 90:10 (V/V) DCM/MeOH or DMF. The
API was dissolved at 3.33 mg/mL in the respective solvent. An API-
polymer solution was prepared containing 90 % (w/w) of polymer
and 10 % (w/w) of API in a 96-well plate. DCM/MeOH was evaporated
using a desiccator and a vacuum pump (Vacuubrand, Germany),
whereas DMF was evaporated using a freeze dryer (Alpha 2-4 LSCplus,
CHRIST, Germany). The resulting API-polymer films were assessed
under standard and polarized light (IX73, Olympus, Japan, and VHX-
7000, Keyence Corporation, Japan). For dissolution testing, 200 uL of
FaSSIF and two glass balls were added to each well. After 1 and 2 h of
shaking at 37 °C and 700 rpm (ThermoStar, BMG Labtech, Germany),
100 uL were withdrawn and filtered through a 0.45 um filter plate
(AcroPrep™ Advance, Pall Corporation, USA). The filtrate was diluted
with the corresponding organic solvent and analyzed by UPLC (see 2.7.).
Additionally, stability samples were prepared and stored at 40 °C and in
dry conditions via storage in a desiccator over silica gel or at 75 % RH.
Visual macroscopic and microscopic assessment as well as dissolution
testing were conducted after seven days of storage.
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2.4. Manufacturing of formulations

The spray-dried formulations were manufactured using a 4 M8-TriX
(ProCepT, Belgium) equipped with a 1 mm nozzle. Solutions with a solid
concentration of 2 % (w/w) (10 % (w/w) API and 90 % (w/w) polymer)
in 90:10 (V/V) DCM/MeOH were used. Spray drying parameters are
summarized in Table 1.

2.5. Manufacturing of physical mixtures

The physical mixtures were prepared by thoroughly mixing the
different components with mortar and pestle.

2.6. Stability tests of formulations

The manufactured formulations were stored at 2-8 °C, 25 °C and
40 °C with desiccant and at 40 °C/75 % RH over 8 weeks. At the start
and after 4 and 8 weeks, the content and purity of the samples were
analyzed by UPLC. Additionally, solid-state was analyzed by differential
scanning calorimetry (DSC, see 2.6.1.), X-ray diffraction (XRD, see
2.6.2.) and standard and polarized microscopy using the VHX-7000. In
addition, a small-scale non-sink dissolution test was conducted (see
2.6.3.).

2.6.1. DSC and mDSC analysis

DSC and modulated DSC (mDSC) analysis were conducted with a
DSC 250 (TA Instruments, USA) which was calibrated for enthalpy using
indium and for temperature using tin, indium, 4-nitrotoluol, cyclo-
hexane, and n-octane as references. The calibration is conducted every
three months. For conventional DSC analysis, 6-10 mg of the samples
were filled into Aluminum pans and closed with a lid. Two cycles of
heating and cooling were applied on the unpierced crucibles: up to
190 °C with a heating rate of 10 °C/min and cooled down to —25 °C with
a cooling rate of 20 °C/min.

The mDSC analysis was performed with pierced lids. The parameters
of the measurements depended on the used polymer and are represented
in Table 2.

The glass transition was determined using the TRIOS software (TA
Instruments, version: 5.4.0.300). Before and after the step in the heat
flow signal (or reversible heat flow, respectively), a tangent was fitted
and the glass transition temperature was determined as the half-height
midpoint.

2.6.2. XRD analysis

For XRD measurements, samples were prepared on silicon back-
ground sample holders without a recess. They were analyzed on a D2
Phaser (Bruker, USA) in a Bragg-Bretano geometry from 6 to 35° 20 with
a step width of 0.02° over a measurement time of approx. 3 h. The
samples were rotated at 5 rpm, Cu-Ka radiation (wavelength: 1.54060
A) was used and separation from KB was achieved by a Ni-filter. The
measurement was conducted at 30 kV and 10.0 mA, and a 1D-LynxEye
served as the detector.

2.6.3. Non-sink dissolution assay

The non-sink dissolution assay was based on Auch et al. (2018) and
Gottschalk et al. (2023). Approx. 4.8 mg of sample were weighed into
Eppendorf tubes and 1.2 mL of FaSSIF (prewarmed at 37 °C) were added
(cms4078 = 400 pg/mL). The suspension was vortexed at 1000 rpm for 60
s (Vortex-Genie 2, Scientific Industries, USA) and kept at 37 °C

Table 1
Spray drying parameters of formulations containing MS4078.
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Table 2
Parameters of mDSC measurements.

Polymer Amplitude [°C] Period [s] Underlying heating rate [°C/min]
E PO 0.4 30 0.5
Soluplus 0.4 30 1.0

(Thermomixer comfort, Eppendorf, Germany) for 2 h without stirring or
shaking. 2 min before each sampling point (5, 10, 15, 20, 30, 45, 60, 90,
and 120 min) the samples were removed from the Thermomixer and
centrifuged for 1 min at 15000 rpm (Mikro 200R, Hettich, Germany). 50
pL of supernatant were withdrawn and diluted with ACN for UPLC
analysis (see 2.7.). The remaining suspension was redispersed by a short
vortexing period (20 s) at 1000 rpm and placed in the Thermomixer. All
samples were prepared in triplicate.

2.7. UPLC analysis

UPLC samples were analyzed using a Waters Acquity H-Class series
UPLC system (Waters Corporation, Germany). For the analysis of
MS4078 a Waters Acquity BEH C8 column (2.1x50 mm, 1.7 ym) was
employed. The mobile phases comprised ACN (Solvent A) and water
with 0.1 % (V/V) trifluoracetic acid (Solvent B). Details on the gradient,
flow rate, and injection volume can be found in Table S1. A wavelength
of 271 nm was used for detection.

2.8. Raman imaging

The spray-dried solid dispersions (SDDs) were pressed into tablets
(diameter: 10 mm) with a compression force of 10° N using a semi-
automatic press PE-010 (Mauthe Maschinenbau, Germany). Raman
mapping was conducted on an Apyron confocal Raman microscope
(WITec, Germany) equipped with Zeiss microscope objectives (Zeiss,
Germany). The samples were assessed with ~ 100x magnification using
a 785 nm laser with a power of 70 mW and 0.3 s (Soluplus) or 0.4 s
(E PO) integration time. Mapping was done on a rectangle of 10 x 20 um
with 60 x 90 (Soluplus) or 30 x 80 points (EPO) of acquisition.
Smoothing of the spectra was done using 10 neighbors on each side and
a second-order polynomial by the method of Savitzky and Golay
(Savitzky and Golay, 1964).

2.9. Electron microscopy and energy-dispersive X-ray spectroscopy (EDS)

For the scanning electron microscopy (SEM) a VEGA3 XMU (TES-
CAN, Germany) equipped with a wolfram cathode was used. The mea-
surements were conducted at ~ 800x magnification and an accelerating
voltage of 15 kV. Energy dispersive x-ray spectroscopy (EDS) was car-
ried out on a Bruker Quantax 800 with a silicone drift detector (XFlash
6/60, Bruker, Germany). The elemental mapping was done on tablets
prepared from the spray-dried formulations (see 2.8.) for either 23 min
(Soluplus) or 56 min (E PO). An area of 333 x 250 um was measured with
800 x 600 points of acquisition.

2.10. Tablet production for wettability tests

The parameters for the production of tablets of the neat API, neat
polymers, SDD formulations, and physical mixtures with 75 %, 50 %, 25
%, and 10 % (w/w) of drug load were developed. Tablets were produced
on the Texture Analyzer (TA.Xtplus, Winopal, Germany) and Gamlen

Polymer API Tin [°C] Tout [°C] Air speedchamber [m>/min] Air speedcyclone [m®/min] Airflow 0,56 [L/min]
E PO MS4078 70 36-38 0.3 0.1 10
Soluplus MS4078 80 40-42 0.3 0.1
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D500 (Gamlen Tableting Ltd, UK). The maximum compression load of
the Texture Analyzer (50 kg) was not sufficient to produce tablets
(diameter 4 mm) from the neat API. Higher compression loads could be
applied using the Gamlen D500 equipped with a 500 kg load cell. The
parameters were optimized to obtain tablets that were robust enough to
enable manual handling. Compression load and speed needed to be
reduced to prevent excessive friction and heat generation. The tablets
were prepared for wettability tests. Different contact angles and
spreading of the droplet on the tablet surface were observed. The
diameter of the tablets had to be adjusted to avoid rim effects during
wettability tests. Finally, 35 mg of the respective powder was filled into
a 6 mm die and compressed with a load of 200 kg. Each tablet was
checked for defects under the microscope before further use.

2.11. Wettability tests

The tablets (see 2.10) were conditioned for at least 2 h at room
temperature (~20 °C) and 60 % RH which was realized in a chamber
with saturated NaBr solution (Greenspan, 1977). For the measurements,
5 uL of MilliQ-water was automatically pipetted onto the tablet and
analyzed over 3 minutes by a DSA25S (Kriiss, Germany). The Young-
Laplace fitting routine of the internal software (Advance, version:
1.15.0) was used for analysis.

3. Results
3.1. Thermodynamic solubility

For information about the pure compound, the thermodynamic sol-
ubility after 24 h of MS4078 was determined in FaSSIF at 37 °C and was
found to be 20.21 + 0.05 pg/mL.

3.2. Solvent-based feasibility screen

To identify suitable polymeric carriers for MS4078, a small-scale
screening was conducted. The results of the solvent-based feasibility
screens of MS4078 including the stability samples are depicted in Fig. 1.
The API reference sample of MS4078 had a solubility of ~ 10 pg/mL
confirming the poor solubility of the neat amorphous API. Compared to
the thermodynamic solubility of the API, a slightly reduced
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Fig. 1. Dissolution results of the solvent-based feasibility screen of MS4078 in
FaSSIF at start (t0) and after storage for 7 days at 40 °C and dry conditions (t1
40/0) and 40 °C/75 % RH (t1 40/75). (Mean + SD (n = 3)).
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concentration was dissolved during the assay, probably due to a slow
dissolution rate of the compound. Most polymers could not provide a
benefit, but Soluplus, E PO, MXP, and 3-82 resulted in a high super-
saturation of up to 50fold compared to the solubility of the pure API.
Concentrations found at the second sampling point (after 2 h), were
either similar compared to the results from the first sampling point, or
increased (Soluplus), hence, the supersaturation was stabilized over the
time of the assay. The promising films were also prepared for stability
testing: they were stored for seven days at 40 °C and either under dry
(with desiccant) or humid conditions (75 % RH). A reanalysis of the
solid-state was conducted after seven days by polarized microscopy
(PolMic), and dissolution performance was tested in FaSSIF. The
microscopic assessment revealed no changes — neither phase separation
nor crystallization was observed (Fig. S2). The results of the dissolution
test (Fig. 1) after one week of storage were very similar to the start
values, regardless of the storage condition.

3.3. Spray dried formulations

For spray drying, Soluplus and E PO were chosen as carrier systems,
and binary formulations containing 10 % (w/w) of MS4078 and 90 %
(w/w) of either Soluplus or E PO were successfully prepared. Content
and purity were checked by LC and matched the requirements of
95-105 % and > 98 %, respectively. Yield accounted for > 65 % in the
case of Soluplus and > 80 % in the case of E PO. Formulations with MXP
and 3-82 have not been sprayed due to the poor solubility of the poly-
mers in volatile solvents. However, they might be promising polymers as
well.

3.4. Analysis of formulations and physical mixtures

The formulations and physical mixtures were analyzed with a focus
on their dissolution performance. As the formulation and the physical
mixture comprise the same compositions, the goal of this assay was to
elucidate the impact of the processing step on the supersaturation and its
kinetics. Additionally, solid state and particle size were determined as
both depend on the processing step and also impact the dissolution
process. Fig. 2 shows the results of a non-sink dissolution assay in FaSSIF
of the spray-dried formulations (SDD) in contrast to the physical mix-
tures (PM) and the crude API. The pure API dissolved rapidly and
exhibited a maximum of 9 pg/ml after 5 minutes. Afterwards, the con-
centration decreased promptly, indicating a precipitation of the API
from the solution. In contrast, the physical mixtures did not show a
maximum at the first sampling point but rather a slow increase in con-
centration over the assay (Fig. 2C, Fig. S3). The concentration at 5 mi-
nutes was lower for the PM than for the crude API, however, due to the
large error bar for the crude API (most likely caused by the fast disso-
lution kinetics and the subsequent rapid precipitation) this is not sig-
nificant. In most cases for ASDs, the maximum in supersaturation is
reached faster than observed here, where it increases over the full two
hours. This might be caused by the dissolution of the polymer being the
rate-limiting step. The general results of the screening experiment of
MS4078 were confirmed by the SDD formulations: With > 70fold a high
supersaturation compared to the crude API was found for both polymers
with values > 280 pg/mL after 2 h. The physical mixtures exhibited only
a slight improvement with 3fold (Soluplus) and 10fold (E PO) higher
concentrations.

The amorphous state of the crude API and all formulations was
confirmed by DSC, XRD, and PolMic. XRD data are given in Fig. 3. The
API and the polymers as well as the formulations after manufacturing
and after storage showed no crystalline signals over the scanned range
(26 = 6-35°). The absence of reflexes in the XRD analysis indicated an
amorphous state of the sample. This result is in accordance with DSC
analysis: Here, for the neat API, no melting point could be determined
but a glass transition with a relaxation enthalpy around 100 °C con-
firming the amorphous state of the API (Fig. S4). However, DSC and
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Fig. 3. X-ray diffraction patterns of E PO, MS4078, Soluplus and SDD-E and

SDD-S at start (t0) and after 8 weeks of storage at 40 °C/75 % RH.

mDSC measurements of the formulations and PMs were not conclusive
regarding the homogeneity of the manufactured formulations: DSC data
revealed a glass transition around the same temperature as the neat
polymers. However, at temperatures > 100 °C thermal events were
observed that could not be assigned to glass transitions, melting points,
or other determined thermal events. Therefore, a modulated DSC

analysis was conducted, to better separate the thermal events and
identify whether multiple glass transitions were present. Several steps
were found for neat E PO, which were also present in measurements of
the physical mixture (PM-E 10 %). The crude API also exhibited various
steps — most of them in the same temperature range as the steps of E PO
(Fig. S5). This coincidence prevents a differentiation between a single
and multiple-phase system. In the case of neat Soluplus, a single T was
found at ~ 110 °C. However, the analysis of the physical mixture did not
reveal different steps, but only one broad Ty (Fig. S5). Therefore, no
conclusions about homogeneity could be drawn from the DSC and mDSC
measurements.

The particle size of the SDD formulations was determined by mi-
croscopy where the largest extension of an individual particle served as
the size. The diameter was between 1 and 20 um (SDD-E) and 2-35 pm
(SDD-S), whereas 2-30 um (PM-E 10 %) and 10-100 um (PM-S 10 %)
were found for the physical mixtures. The spherical SDD particles had a
slightly yellow and homogeneous color. In the PMs the polymeric and
API particles could be clearly differentiated by their colors in the
microscopic image: yellow particles of MS4078 and white particles of
E PO or Soluplus (Fig. S6).

Storage stability of the formulations was carried out for both SDD
formulations at different temperatures (2-8 °C, 25 °C and 40 °C) under
dry conditions and additionally under humid, accelerated conditions
(40 °C/75 % RH). For both polymers, a decrease in purity of MS4078

Table 3

Purity of SDD-E and SDD-S at the start (t0) and after 8 weeks of storage under
different conditions.

Condition SDD-E SDD-S
Purity [%] Purity [%]

t0 98.6 98.9

8w 2-8°C 98.4 98.8

8w 25 °C 98.1 98.8

8w 40 °C 97.3 98.8

8w 40 °C/75 % RH 82.9 97.1
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was observed under humid conditions accompanied by agglomeration
or fusion of the particles (Table 3, Fig. S6). The agglomeration can be
explained by the hygroscopicity of the polymers: due to water incor-
poration the mobility of the molecules was increased since water has a
plasticizing effect. This effect combined with the elevated storage tem-
perature promoted the fusion of the particles. Under dry conditions at
the same temperature (40 °C), a decrease in purity was also observed for
SDD-E but was much less pronounced compared to the humid condi-
tions. For all other samples, purity remained high and similar to the start
value (Table 3). No changes were noted in solid state analysis, even after
storage under accelerated conditions (40 °C/75 % RH). Instead, only an
amorphous halo was found after 8 weeks (Fig. 3) and this finding was
complemented by the absence of birefringence under polarized light
(Fig. S6). The dissolution performance was not affected by storage in the
case of SDD-E; however, SDD-S exhibited a pronounced lag time in the
first few minutes of the dissolution assay after storage at 40 °C/75 % RH.
Nevertheless, more than 250 pg/mL of MS4078 were dissolved after 120
min, matching the results from the start analysis (Fig. 2).

3.5. EDS elemental mapping and Raman imaging

A rather obvious difference between the SDD and the physical
mixture is the API being more or less homogenously dispersed in the
polymeric matrix in the SDD while they are located in separate particles
in the PM. As this may be a reason for the improvement in supersatu-
ration for the SDD, Raman and EDS elemental mapping were performed.
With these analytical techniques, the distribution of the PROTAC in its
polymeric carrier can be evaluated as they allow spatial resolution
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between the API and polymers at least down to micrometer-sized
clusters.

An overview of the API distribution on tablets prepared from SDD-E
and SDD-S was obtained by EDS elemental mapping. Each point (pixel
size: 416 nm) over an area of 333 x 250 um was analyzed. The charac-
teristic elements are chloride and sulfur, which are present in MS4078
but not in the structures of the polymers (Fig. S1). Both elements scatter
at higher X-ray intensities which are well resolved in contrast to ele-
ments with lower atomic numbers (C, N, O). In Fig. 4 the SEM pictures,
spectra of both measurements, and the distribution of Cl and S are dis-
played. From the distribution of Cl and S atoms, no large clusters could
be identified, indicating a one-phase system and a homogeneous dis-
tribution of the API in the polymeric matrix. Tablets prepared from the
PMs were not analyzed since clusters of polymer and API could be
differentiated already in microscopic images taken at 20x magnification.
Pictures of tablets prepared from SDD powder and physical mixtures are
given in the Supplementary information (Fig. S7).

A more detailed analysis of the distribution of MS4078 was done
after mapping an area of 10 x 20 um and evaluating the obtained Raman
spectra. A heat map of the API and the polymer distribution was ob-
tained. In Fig. 5 these heat maps are displayed and the spectra of the
points where a minimum of the API was detected as well as the spectra
where a maximum of the polymer was identified.

In the case of E PO, the most intense peak at 1446 cm ™! is charac-
teristic of the polymer, whereas the peak at 1614 cm ™" is only present in
the spectrum of the API (Fig. 5D, marked area). In regions where min-
imum API was detected, a clear signal was still visible from the API
(Fig. 5C). The same applies to the maximum spectra of E PO, where a
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Fig. 4. SEM pictures of SDD-E (A) and SDD-S (F). EDS spectra of SDD-E (D), SDD-S (E), and distribution of Cl and S in SDD-E (B, C) and SDD-S (G, H).
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API (D, H).

peak representative of the API was also found. Both observations indi-
cate that minor variations in the content were detected. Besides, since no
clusters are visible in the heat maps, it can be concluded that the API is
homogeneously distributed according to the resolution of Raman mi-
croscopy (~0.25 pm).

The spectra of Soluplus and MS4078 overlap to a huge extent. The
most intense peak of Soluplus at 1446 cm ™' and the second most intense
peak at 699 cm ! are the two points from which the presence of the
polymer can be identified. For the API however, there was only one peak
at 1757 cm™! that identified the API. On the other hand, a peak at 1733
cm ™! was also found in the Soluplus spectrum, resulting in a double peak
in the combined spectrum (Fig. 5H and Fig. S8). The two heat maps of
the API and Soluplus distribution show a similar picture, that the regions
of minimum API signal were also minimum signals of Soluplus (Fig. 5E,
F). This is an important observation since an opposed picture would
indicate different phases. The reason for this clustering of high signals
and low signals is most probably based on the surface topography of the
sample. From the heat map, the particle shape can be estimated (high
signal), whereas the area between “particles” is an area of low signal.
Hence, the points of the minimum signal were probably out of focus.
Thus, the spectra of the minimum signal of the API and the maximum
signal of Soluplus are very noisy, which is solely caused by the surface
roughness. Therefore a differentiation between a single or a double peak
around 1740 cm ™! was not possible (Fig. S8). An alternative approach is

to use the most intense peaks of the API (double peak at 1599 em~l/
1615 cm ™). However, they overlap with a rather small peak of Soluplus
(maximum: 1630 cm’l). An intense peak is also visible in the minimum
and maximum spectra. For a better evaluation, the ratio of the most
intense polymer peak (~1445 cm 1) and the most intense API peak at ~
1599 cm ! was calculated from smoothed data (Fig. 5G and Table 4, the
graphs of the corresponding original spectra can be found in the Sup-
plementary information (Fig. S8)). Based on the intensity ratios, it can
be concluded, that the signal originates from the API. All in all, this
proves — just like for E PO - that the API and Soluplus do not form
clusters in the lower micrometer range.

Raman mapping of the tablets confirmed the findings from the EDS
measurement: both analysis techniques indicated a one-phase system
and a homogeneous distribution of MS4078 in the polymer matrices of
SDD-E and SDD-S within their corresponding resolution (~1 pm).

Table 4
The intensity ratio between the maximum at ~ 1599 cm ™! and the maximum
spectrum (~1445 cm 1) was calculated from smoothed Raman spectra.

Spectrum Soluplus SDD-S (average) Soluplusyax APlyin

Ratio 0.11 0.49 0.51 0.64
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3.6. Wettability tests

An often-discussed principle for the improvement in dissolution ki-
netics for ASDs is improved wettability (Matteucci et al., 2008; Schittny
et al., 2020). Therefore, differences between the PMs and the formula-
tions in terms of wettability were examined by measuring the contact
angle of water on tablets of the crude API and polymers, physical mix-
tures as well as SDDs. The results of the wettability tests are given in
Fig. 6.

Video recording and picture evaluation started immediately after 5
uL was dropped onto the tablet. The drop settled within the first 0.5 s on
the tablet surface. Over the test period (3 min) a decrease of the contact
angle was observed. In the case of E PO, the PM-Es, MS4078, and SDD-E
the contact angle hardly changed after 0.6 s (< 6°), and for pure Soluplus
and SDD-S, the change remained small (< 9°). However, for the different
PMs of Soluplus, larger differences between the start value of the contact
angle and the end were found. The differences in contact angle over 3
minutes are possibly based on dissolution of the polymer and the API
and thus an alteration of the surface tension due to solubilizing effects.
Additionally, solubilization may change the surface roughness and
capillary forces that indirectly impact wettability as well. In contrast to
E PO and MS4078, Soluplus is water-soluble, thus the polymer probably
dissolved faster and to a larger extent resulting in a more pronounced
effect. Interestingly, the decrease in contact angle of the physical mix-
tures correlated with increasing drug load and reached a difference of ~
40° (PM-S 75 %) between the start and after 180 s. This unexpected
observation can be explained by capillary forces, since smaller amounts
of Soluplus, the fast-dissolving part of the tablet, have a similar effect to
disintegrants (Fig. 6 and Fig. S9). So, the water is drawn into the tablet
resulting in a fast decrease of the contact angle. To exclude the effects
from dissolution, only the values at t=~0.6 s were used for the evalu-
ation of the contact angle, such that no polymer or only a negligible
amount was dissolved in the water droplet and diffusion to the surface
had not yet taken place (Fig. 6A).

The wettability of the crude API was poor and in comparison, E PO
had a slightly smaller contact angle (i.e. better wettability). No
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Fig. 6. A) Contact angle of a water droplet on tablets of E PO, Soluplus, cor-
responding PMs, MS4078, SDD-E and SDD-S after ~ 0.6 s. B) Contact angle of
Soluplus, corresponding PMs, MS4078, and SDD-S over 10 s. Contact angles in
marked areas are also displayed in A. (Mean + SD (n = 9-12)).
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difference could be found between E PO or the PMs and SDD-E, which
may be due to the small difference in wettability of the pure compounds.
Soluplus exhibited the smallest contact angle, hence wettability of the
pure polymer was best. Here, the contact angle increased with the
increasing drug load of the physical mixtures. Comparing SDD-S with
the PM of the same drug load (10 %), a difference could be seen: The
contact angle of SDD-S was similar to the one of the pure polymer
whereas the wettability of PM-S 10 % was poorer. These observations
indicated that in SDD-S the properties of the polymer dominated while
in the PM-S the less evenly distributed poorly wettable API had a
stronger impact.

4. Discussion

Amorphous solid dispersions are often used to improve the solubility
and thereby the bioavailability of poorly soluble compounds of BCS class
II and IV. However, these compounds are usually crystalline, thus, their
solid state is altered in the process. The resulting amorphous compounds
or formulations possess a higher entropic and enthalpic energy relative
to the crystalline ones. Beneficial attributes of the amorphous compared
to the crystalline state are increased solubility, wettability, and disso-
lution kinetics (Baghel et al., 2016). However, there are some examples
where amorphous compounds were successfully embedded into poly-
meric matrices and the resulting ASDs also provided a solubility
enhancement (Krome et al., 2020). Furthermore, in a recent paper by
Postges et al. (2023), the first PROTAC compound was formulated as an
ASD by vacuum compression molding (VCM). The solubility of this
amorphous VHL-based PROTAC was enhanced by the formulation. In
contrast to the previously published work, in our study, a Cereblon-
based PROTAC was used as a model API with representative proper-
ties as discussed in the introduction section. To explore further formu-
lation techniques apart from VCM, spray drying was chosen to produce
binary ASDs, since it is one of the most commonly used approaches.

At first, suitable polymeric carriers that would provide a supersatu-
ration in biorelevant media had to be identified. Therefore a miniatur-
ized screening by preparing API-polymer films, analyzing them via
PolMic, and conducting a dissolution test in FaSSIF, was carried out. The
screening resulted in several hits with Soluplus, E PO, and PVAs (MXP
and 3-82) as very promising polymeric candidates due to high and
stable supersaturations. Compared to the neat compound up to 50fold
supersaturation could be achieved. Homogeneous, amorphous solid
dispersion films were obtained in the screening experiment, as can be
seen from the microscopic assessment under standard and polarized
light. A 1-week stress test at 40 °C under dry and humid conditions
revealed no changes in the films (Fig. 1 and Fig. S2). Based on these
results Soluplus and E PO were chosen for a spray drying feasibility. An
amorphous formulation of both polymers in combination with 10 %
MS4078 each was successfully produced (Fig. 3) and > 65 % yield was
obtained after drying. Both binary ASDs were tested for their dissolution
performance, which confirmed the observed strong supersaturation in
the screening experiment (Fig. 2).

As mentioned before, the alteration of the solid state from crystalline
particles to amorphous particles with advantageous properties is usually
named one of the key elements of solubility enhancement by ASDs.
However, in the special case of PROTACs, the model compound in this
study, as well as the VHL-based PROTAC from the first ASD paper of
PROTACsS, were both amorphous (Postges et al., 2023). As the API is in
an amorphous state even in the PM (Fig. 3), a supersaturation effect only
caused by the polymers might be observable. The pure amorphous API
dissolved very fast, resulting in a supersaturated solution at the first
sampling point (5 minutes). A decrease in concentration was observed at
the next sampling point, indicating that the supersaturated state was not
stable and MS4078 had precipitated. This was not observed for the
physical mixtures, where a slower increase (but not significant) in
concentration was measured, but no decrease by precipitation was
detected (Fig. 2C, Fig. S3). Nevertheless, the physical mixtures provided
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a slight supersaturation of 10fold (PM-E 10 %) or 3fold (PM-S 10 %)
compared to the crude API which is most likely caused by a solubilizing
and stabilizing effect of the polymers. In contrast, compared to physical
mixtures of the same composition, a distinctive effect of the SDDs was
shown. The SDDs achieved in both cases an increase of the API con-
centration of more than 70fold. In all instances, no precipitation was
observed, hence, the dissolved polymer was able to stabilize the higher
amounts of MS4078 in solution. Putting all the aspects together, a
benefit was obtained from both the physical mixture and the SDD for-
mulations. However, the solubilization by the polymer cannot be the
only reason for the supersaturation provided by the SDDs (Fig. 2). Thus,
further experiments were conducted to elucidate whether wettability,
particle size, or distribution of the API in the polymeric matrix were the
elements of the superior performance of the binary ASDs.

The wettability of a powder can be influenced by several factors. Due
to interactions between different constituents of the powder, the
wettability can be greatly affected (Dahlberg et al., 2010). During
dissolution, wetting influences the dissolution performance and disso-
lution rate to a great extent (Chokshi et al., 2007; Efentakis et al., 1991).
Consequently, the wettability may impact the supersaturation of the
ASDs and PMs. To evaluate this factor, contact angle measurements of
tablets prepared from the SDDs, PMs, and crude API and polymers were
conducted. The transfer from the crystalline state to the amorphous state
can change the surface energy by exhibiting more polar groups due to
the disorder in amorphous solids compared to their crystalline coun-
terparts (Puri et al., 2010). In our case, the comparison of equally
amorphous physical mixtures and spray-dried formulations should not
influence the exposed groups whereas incorporation of the compound
into a better wettable excipient could lead to changes in the wettability.
As can be seen in Fig. 6, the wettability of the API was poor compared to
the neat polymers. To differentiate, PMs with increasing drug load were
prepared to evaluate the effect of a larger proportion of MS4078 on the
contact angle. In the case of E PO, the difference between API and neat
polymer was small and all PMs had a similar contact angle to the neat
polymer. Besides, no difference was found between the SDD and PM-E
10 %. In contrast, increasing the drug load of the PMs led to an
increasing contact angle and thus, poorer wettability in the case of
Soluplus. Comparing SDD-S and PM-S 10 %, the PM exhibited a higher
contact angle (i.e. poorer wettability). Consequently, better perfor-
mance of SDD-E over PM-E 10 % cannot be explained by improved
wettability, whereas for Soluplus it might have a positive impact.

One of the differences between the PMs and the SDD formulations in
this study was the particle size. Particles manufactured by spray drying
are usually spherical and have a size in the lower micrometer range. The
two SDD formulations consisted of spherical particles with a size of < 20
um (SDD-E) and < 35 um (SDD-S). The particles of the physical mixture
were irregular and larger (< 30 ym (PM-E) and < 100 ym (PM-S),
Fig. S6). The particle size plays an important role in dissolution kinetics
(Dokoumetzidis and Macheras, 2006). An impact on the supersaturation
has only been observed for rapidly crystallizing compounds, where the
drug crystallized during dissolution which consequently impaired the
supersaturation from the ASD (Matteucci et al., 2008). Nevertheless, this
factor was investigated in this study to exclude if the difference in par-
ticle size between PMs and SDD formulations would have an impact on
the supersaturation. The influence of the particle size could be derived
from the stored samples. After storage at 40 °C/75 % RH agglomeration
of the particles of SDD-E was observed (Fig. S6). However, the dissolu-
tion performance was not affected by storage. Small differences were
found for Soluplus, where the maximum concentration was not affected
by the extreme increase in particle size over storage, but only the
dissolution kinetics. In the beginning, a lag time over the first 10 min
was observed, but afterward, the concentration of MS4078 rose quickly,
and at 120 min a similar supersaturation to the freshly prepared samples
was reached (Fig. 2). The difference can be explained by the particle
size. In the case of SDD-E, the particles agglomerated whereas particles
of SDD-S fused completely due to storage under high humidity (Fig. S6).
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Therefore, the API and polymer needed to be dissolved from particles of
SDD-S in the 100 um (or even larger) range. For E PO only the ag-
glomerates had to be dispersed so that the dissolution itself could take
part from the original fine particles (1-20 pm in diameter). In both in-
stances, the particles in the PMs were larger than those of the spray-
dried formulations, but not larger than the fragments of SDD-S after
storage under humid conditions. According to the Noyes-Whitney
equation (Bruner and Tolloczko, 1900; Dokoumetzidis and Macheras,
2006), dissolution kinetics depends on the surface area of the particles
and the thickness of the diffusion layer. Hence, the larger a particle, the
smaller the overall surface area of a certain amount of powder and the
thicker the diffusion layer, resulting in slower dissolution from large
particles. The results from the stored SDD-S samples complied with this
rule. Overall, these tests demonstrated that the supersaturation was not
affected by particle size or surface area, but the dissolution kinetic was
dependent on these factors.

Another difference between the physical mixtures and the spray-
dried formulations was the distribution of the API. As discussed in
detail elsewhere (Chen et al., 2016; Schittny et al., 2020), a homoge-
neous distribution of the API in the polymeric matrix is one of the crucial
points of the functional supersaturation stabilization of ASDs. It has been
demonstrated that the inhomogeneous distribution of the API could
outweigh strong interactions between the individual constituents and
hamper supersaturation.

Detection of different phases in DSC analysis is possible for domains
as small as ~ 30 nm, making it a very sensitive analysis technique.
However, this only applies given a high AC, (heat capacity), sufficiently
high AT, between the glass transitions of the two constituents, and at
least ~ 20 % of the sample to be phase separated (Padilla et al., 2011).
Unfortunately, DSC and mDSC results were not conclusive in this study
and it was not clear, whether the API was homogeneously distributed in
the matrix. One of the reasons aside from similar positions of the thermal
events in the DSC and mDSC analysis may be the drug load of 10 %.
Sensitivity might be an issue at low drug loads for the detection of
multiple phases. As investigated and discussed elsewhere (Qian et al.,
2010), relying solely on DSC analysis is not always sufficient to detect
phase separation and a combination of methods is more suitable to
clarify this question. Therefore, Raman and EDS were chosen as com-
plementary methods to evaluate phase separation. By energy dispersive
spectroscopy, an overview of the API distribution was taken from a
tablet surface: Here, an area was mapped and the distribution of S and Cl
was considered to give a rough distribution of the API. According to this
method, both elements were randomly distributed and no clusters with
or without the two elements were found at a magnification of ~ 800x (i.
e. a pixel size of 416 nm) (Fig. 4). Hence, a homogeneous distribution of
MS4078 can be assumed in SDD-E and SDD-S. Zooming in, Raman
mapping was done on a smaller cutout to evaluate the distribution of the
polymer and the API with higher resolution (~0.25 pm). From the heat
maps and the evaluation of the areas with a minimum of MS4078 or a
maximum of the polymers, a homogeneous distribution of the API was
confirmed in both formulations (Fig. 5). Due to the resolution of the two
analytical techniques, no conclusions could be drawn for clusters with a
size < 1 pym. In comparison, the particle sizes of the API and the poly-
mers accounted for 5-30 ym (API, PM-E), 7-20 um (E PO, PM-E), and
10-50 um (API, PM-S) and 10-100 pm (Soluplus, PM-S), respectively
(Fig. S6). Consequently, the API was distributed on a finer scale in the
SDD formulations as shown by EDS and Raman. As described in the last
passage, the homogeneity of an ASD formulation is one important factor
in supersaturation stabilization. In addition, the release of polymer and
API during dissolution is also influenced by the distribution in the
polymeric matrix (Baghel et al., 2018; Schittny et al., 2020). The
interplay of these two factors finally enables the increased stable su-
persaturation. Therefore the homogeneous distribution of MS4078 in
the polymeric matrices is most probably one of the decisive factors for
the superiority of the SDD formulations over the amorphous PMs.

Instabilities of ASDs are a huge drawback, that can be detrimental to
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this formulation approach. Phase separation and consequently, recrys-
tallization of the compound are challenges, that can be addressed by
choosing a suitable polymeric carrier (He and Ho, 2015). For the eval-
uation of instabilities, stability tests under different storage conditions
are necessary. In the special case of PROTACs or other amorphous
compounds, that are hard to crystallize, recrystallization might not
occur but other instabilities, like chemical degradation of the compound
or phase separation, that consequently affect the dissolution behavior.
As discussed in the previous passages, a homogeneous distribution of the
API is possibly the decisive parameter that influences dissolution per-
formance. Therefore, the manufactured SDD formulations were addi-
tionally stored over eight weeks. The samples were kept at 2-8 °C, 25 °C
and 40 °C protected from humidity and in addition, one sample was
stored at 40 °C and 75 % RH to evaluate accelerated conditions and
humidity stress. At several time points, purity, as well as solid state by
XRD and polarized microscopy was checked and the dissolution per-
formance was evaluated. Storage under humid conditions led to
agglomeration (SDD-E) or fusion (SDD-S) of the fine particles (Fig. S6)
and the purity of the compound was negatively affected (Table 3).
However, the overall supersaturation was not impaired and even from
the large particles of SDD-S, similar concentrations were stabilized as
from freshly manufactured formulation, although the dissolution ki-
netics were slower due to reduced surface area compared to the origi-
nally fine particles (Fig. 2). The evaluation of the solid state of the highly
stressed samples indicated no differences by XRD and PolMic (Fig. 3 and
Fig. S6). The samples stored under dry conditions did not reveal any
changes in solid state or dissolution performance (data not shown) and
purity remained high, similar to the start value (Table 3). The obser-
vations made during the dissolution assay do not indicate a phase sep-
aration during storage, since supersaturation remained high. Overall,
the formulations are stable over the tested time under dry conditions. In
contrast, under humid conditions, degradation of the compound but no
physical instability impacting the supersaturation was observed.
Therefore it is imperative to store the formulations protected from
humidity.

5. Conclusion

Amorphous solid dispersions are widely used to enhance the solu-
bility of BCS class II and IV compounds. Since PROTACs often exhibit
solubility issues, this could be a key step to bringing oral PROTAC for-
mulations to the market. This study examined the manufacturing of
ASDs of a model PROTAC via spray drying with different polymers. A
small-scale screening method was applied and helped select polymers
for the scale-up experiment. The translation of the screening results was
demonstrated and the manufactured formulations were tested for sta-
bility under different storage conditions. The ASDs containing 10 % of a
CRBN-based PROTAC were stable up to 40 °C over 8 weeks when pro-
tected from light and humidity. Additionally, these formulations were
able to provide a very high supersaturation compared to the amorphous
neat API and, interestingly, to their PM as well.

The reason for the superiority of the ASD compared to a PM of the
neat, amorphous API with the corresponding polymer was investigated.
The results suggest that a homogeneous distribution of the API in the
polymer matrix may be needed to exhibit a high supersaturation.
Additionally, for Soluplus an improved wettability of the SDD formu-
lation compared to its physical mixture may improve the effect. How-
ever, particle size was not one of the crucial factors influencing
supersaturation.

This work compliments the results from Postges et al. (2023) since
ASDs are a useful formulation type to enhance the solubility of PRO-
TAGCs. In the present study a more common approach — namely spray
drying — could successfully be applied. In addition, the concept could be
expanded from VHL- to CRBN-based PROTACs, demonstrating the broad
applicability of ASDs for solubility enhancement of PROTACs.
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