
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Direct Measurement of Lateral Molecular Diffusivity on the Surface of Supersaturated
Amorphous Solid Dispersions by Atomic Force Microscopy

Bannow, Jacob; Karl, Maximilian; Larsen, Peter Emil; Hwu, En Te; Rades, Thomas

Published in:
Molecular Pharmaceutics

Link to article, DOI:
10.1021/acs.molpharmaceut.0c00176

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Bannow, J., Karl, M., Larsen, P. E., Hwu, E. T., & Rades, T. (2020). Direct Measurement of Lateral Molecular
Diffusivity on the Surface of Supersaturated Amorphous Solid Dispersions by Atomic Force Microscopy.
Molecular Pharmaceutics, 17(5), 1715-1722. https://doi.org/10.1021/acs.molpharmaceut.0c00176

https://doi.org/10.1021/acs.molpharmaceut.0c00176
https://orbit.dtu.dk/en/publications/b208202f-1239-4bcc-bcec-cf0c30f7a3f5
https://doi.org/10.1021/acs.molpharmaceut.0c00176


Direct Measurement of Lateral Molecular Diffusivity on the Surface
of Supersaturated Amorphous Solid Dispersions by Atomic Force
Microscopy
Jacob Bannow,§ Maximilian Karl,§ Peter Emil Larsen, En Te Hwu, and Thomas Rades*

Cite This: https://dx.doi.org/10.1021/acs.molpharmaceut.0c00176 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Quantifying molecular surface diffusivity is of broad
interest in many different fields of science and technology. In this
study, the method of surface grating decay is utilized to investigate
the surface diffusion of practical relevant amorphous solid
dispersions of indomethacin and the polymeric excipient Soluplus
(a polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer) at various polymer concentrations (1−20% w/
w). The study confirms that measuring surface diffusivity below the system’s glass transition temperature is possible with a simplified
atomic force microscopy setup. Results highlight a striking polymer influence on the surface diffusivity of drug molecules at low
polymer concentrations and a turnover point to a polymer dominated diffusion at around three percent (w/w) polymer
concentration. The surface diffusion measurements further correlate well with the observed increase in physical stability of the
system as measured by X-ray powder diffraction. These findings are of vital interest in both the applied use and fundamental
understanding of amorphous solid dispersions.

KEYWORDS: surface mobility, amorphous solid dispersion (ASD), atomic force microscopy (AFM), molecular surface diffusivity,
indomethacin, soluplus, grating decay

■ INTRODUCTION

Studying the molecular mobility on surfaces is of broad interest
in a variety of fields including electronics manufacturing (e.g.,
for semiconductors1), catalysis,2 crystal growth investigations,3

and the formulation of low energy glasses by vapor
deposition.4 Moreover, in pharmaceutical research and
development, surface properties of amorphous formulations
are of interest since the transformation of crystalline small
organic drug compounds into their amorphous form has
gained significant attention over the last decades.5,6 Amor-
phous solids are characterized by their high internal energy and
lack in long-range molecular order leading to an increased
molecular mobility, which often results in a desired improve-
ment in apparent solubility and dissolution rate, compared to
their crystalline counterparts. However, these advantages come
at the cost of reduced physical stability, which might prevent
the marketing of amorphous drug formulations.7

The high molecular mobility in these solids not only
promotes relaxation toward the thermodynamic equilibrium
but also enables a fast lateral diffusion of molecules on
amorphous surfaces.8 With the aim of preserving the above-
mentioned beneficial properties of amorphous compounds,
different stabilization techniques have been established.9−11

Especially the dispersion of amorphous drugs into a polymeric
matrix to form an amorphous solid dispersion (ASD) has
found widespread use. The polymer and drug form a
homogeneous blend, stabilizing the amorphous drug during

storage. To keep the formulation thermodynamically stable,
the drug concentration must be kept below its equilibrium
solubility in the polymeric matrix, which often results in low
drug loadings.12 However, studies have demonstrated the
ability of supersaturated ASDs to remain physically stable over
time frames that would satisfy shelf life requirements.13 The
stabilizing effect of polymers might be attributed to an increase
of the glass transition temperature (Tg) of the formed ASD,
which increases the needed energy input for the amorphous
drug to recrystallize (antiplasticization effect).14 In contrast,
cases have been observed where the physical stability of the
ASD could be improved without a noticeable increase of the
Tg.

15 In these cases, specific drug−polymer interaction, such as
the formation of hydrogen bonds or ionic interactions, were
attributed to stabilize the amorphous material, without a
special focus on surface properties.16 To expand knowledge on
the mechanism behind the stabilization effect of polymeric
excipients on the physical stability of supersaturated ASDs, an
investigation of surface mobility, for example, by the in-plane
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self-diffusion coefficient Ds, of the drug−polymer mixtures is
desired.
Measuring Ds has been a subject of scientific interest since

the 1920s.17 The Ds has since been determined for metals and
semiconductors as well as for silicon.18 However, there is only
very limited data available on amorphous small organic
molecules or polymers.17,19 In 2006, Mapes et al. measured
the self-diffusion of the organic amorphous model compound
o-terphenyl (OTP) with a bilayer surface desorption technique
in the supercooled regime and found a deviation from the
Stokes−Einstein prediction upon approaching Tg.

20 The
method of surface grating decay, where an initially corrugated
surface flattens over time, was first used by Yu and co-workers
to report the surface self-diffusion of glassy indomethacin
below its glass transition temperature.8 This group has since
almost exclusively pioneered the work on organic amorphous
compounds with further measurements on nifedipine,21

polyalcohols,22 griseofulvin,23 and polystyrene.24 To this
date, only a single study on a two component system, an
amorphous mixture of OTP with 1% (w/w) polystyrene, exists
in the literature.25 All of the studies above report a surface
diffusion many magnitudes faster than the respective bulk
diffusion.
With our current work, we are extending the measurement

of surface mobility with atomic force microscopy (AFM) to
systems with more practical relevance. An aim of the study is
to introduce the method of surface grating decay based on
Mullin’s model (see below) to the applied physico-chemist
with demonstrating surface mobility measurements of an
amorphous solid dispersion of indomethacin and the
commonly used pharmaceutical excipient Soluplus at various
polymer concentrations. Our study highlights that a direct
measurement of the surface mobility below the glass transition
of a practical relevant system under realistic storage conditions
is possible with a cost-effective experimental setup. The results
further highlight a strong correlation to physical stability and
offer a possible mechanistic explanation for the observed
crystallization tendencies as well as a striking polymer influence
on the surface diffusivity of drug molecules already at low
polymer concentrations. This information is of vital interest for
further applied development and fundamental understanding
of amorphous formulations, for example, in pharmaceutical
preclinical development.

■ EXPERIMENTAL SECTION

Mullins’ Model and Experimental Considerations.
The theoretical framework to describe the evolution of a
sinusoidal surface W over time t is given by Mullins,26 in the
integral form:

W t W t( ) ( 0)e Kt= = − (1)

According to Mullins, the decay is driven by viscous flow (Vis),
evaporation−condensation (E1 and E2), bulk diffusion (Bu),
and surface (S) diffusion. The decay constant K can be
expressed as a combination of the individual processes, where λ
is the wavelength of the sinusoidal grating:
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The surface self-diffusion coefficient Ds is related to ks by eq 3,
where γ is the surface free energy, Ω is the molar volume, υ is
the aerial density, kb is the Boltzmann constant, and T is the
temperature:

k
D

k Ts
s

b

2γ υ
=

Ω
(3)

The individual components of the other processes are further
described in the Supporting Information. It can be seen from
eq 2 that each process has its own wavelength dependency.
This fact is utilized to confirm the underlying decay
mechanism experimentally. The validity of Mullin’s model,
including the presence of a mobile surface layer, has further
been confirmed experimentally and theoretically.27 It should be
noted that the gratings used in this study have an amplitude/
wavelength ratio of around 0.1. Therefore, the samples fall into
the small-aspect ratio approximation, a prerequisite for the
application of Mullins’ model.28 Moreover, the applied method
is performed on thick samples (film thickness/grating’s
wavelength ≫1). Hence, substrate effects are neglected, and
the underlying theoretical framework differs from other
techniques, such as stepped film methods, which might be
performed on thick or thin samples.29

Materials and Sample Preparation. The amorphous
films were produced using a solvent evaporation method
previously described by Knopp et al. with minor modifica-
tions.30 As a first step, indomethacin (IMC, Tokyo Chemical
Industry, Tokyo, Japan) and the corresponding amount of
Soluplus (SP), a polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymer (BASF, Ludwigshafen,
Germany), were dissolved in a mixture of aceton:ethanol
(80:20 V/V) generating a clear and particle free solution (c =
100 mg/mL). Approximately 50 μL was pipetted on a
microscopic cover glass, placed on a hot plate. The cover
glass was heated to 170 °C (15 °C above the melting point of
IMC) for 6 min to ensure a complete evaporation of the
organic solvent and melting of crystalline IMC. To generate
flat films, a second cover glass was gently pressed on the liquid
sample surface. The samples that were sandwiched between
two cover glasses were subsequently placed on a metal block
for cooling, which resulted in amorphous films of an average
thickness of 9 μm (see Supporting Information, Figure S1).
After the removal of one cover glass, the amorphous films were
reheated to 70 °C (Tg of IMC + 25 °C) to enable the
imprinting on the exposed amorphous surface with gold coated
polymer grating films, which were slowly detached after
equilibration to room temperature. Gratings for the imprinting
on the amorphous surfaces with a grating wavelength of 1500
and 740 nm were derived from conventional CDs and DVDs,
respectively. Glass diffraction gratings with a wavelength of 833
nm were obtained from Edmund Optics Ltd. (Nether
Poppleton, UK), and grating foils with a wavelength of 1000
and 2000 nm were obtained from Rainbow Scientific Inc.
(Windsor, CT, USA). To produce suitable gratings for the
imprinting process, the UV-curing polymer NOA 65 (Norland
Products Inc., Cranbury, NJ, USA) was used to prepare
polymer films of the CD, DVD, and glass grating masters. All
gratings were sputter coated with gold (Cressington 108 auto,
Cressington Scientific Instruments, Watford, UK) prior to
imprinting.

Instrumentation and Methods. AFM measurements
(AC mode) were performed on the Strømlinet Advanced
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AFM system (Strømlinet Nano Inc., Taipei, Taiwan), a
miniaturized atomic force microscope. AFM probes
(NSC35/AL BS) were obtained from MIKROMASCH
EUROPE (Wetzlar, Germany) and 130 μm long cantilevers
with a resonance frequency of 150 kHz and a force constant of
∼5 N/m were used. The instrument was XYZ-calibrated with a
calibration sample (TGXYZ02) from the same manufacturer.
An offline measurement method was used. The samples

were stored in a desiccator at 30 °C (±1 °C) and 32% rH
(adjusted with a saturated magnesium chloride solution) and
measured at ambient conditions. The temperature deviation
from storage conditions during measurement was assumed to
be negligible as the time frame of the measurements is very
short (6 min) compared to the time frame of the full decay
process (hours to several weeks).
Modulated differential scanning calorimetry (mDSC) was

performed using a Discovery differential scanning calorimeter
(TA Instruments, New Castle, DE, United States) and
analyzed with TRIOS software (TA Instruments). To mimic
the above-described sample preparation, sample solutions were
pipetted into Tzero aluminum pans and sealed with pierced
Tzero hermetic lids after the solvent was evaporated at 170 °C
(dry sample mass of 3−5 mg). All measurements were carried
out at a starting temperature of −10 °C using a heating rate of
3 °C/min with a temperature amplitude of 1 °C and a period
of 40 s under a nitrogen gas flow of 50 mL/min. To predict the
solubility of IMC in SP, the melting point depression method
as previously described by Blaabjerg et al. was utilized.31

Briefly, physical mixtures of IMC and SP (80−90% (w/w)
IMC) were weighed into Tzero pans and sealed with a pierced
hermetic lid. The samples were heated at a rate of 1 °C/min
from 80 to 165 °C using the same Discovery differential
scanning calorimeter as previously mentioned. Subsequently,
the detected melting point onsets of IMC were fitted with the
Flory−Huggins model30 to determine the solubility of IMC in
SP, as further described in the Supporting Information Section
3.1.

X-ray powder diffraction (XRPD) measurements were
performed using a X’Pert PRO diffractometer (PANalytical,
The Netherlands) with Cu Kα radiation (λ = 1.542 Å, current
40 mA, voltage 45 kV), operated in reflection mode. To assess
the physical stability of neat amorphous IMC and super-
saturated ASDs, amorphous films (see Materials and Sample
Preparation) were powdered using a mortar and pestle and
stored under the same conditions as used for the AFM
measurements (30 °C, 32% rH). The powdered amorphous
samples were placed on aluminum sample holders and scanned
from 5 to 35° (2θ) using a scan speed 0.067335° s−1 and step
size of 0.0262606° (2θ). The same powdered samples were
also analyzed using Fourier-transform infrared spectroscopy
(FTIR). Spectra were collected from 600 to 4000 cm−1 (128
scans, with a resolution of 2 cm−1) using a Bomem IR
spectrometer (Bomem, Quebec, Canada) operated in the total
reflectance mode (using an attenuated total reflectance
accessory).
Scanning electron microscopy (SEM) was used to determine

the thickness of amorphous films. Images of cross-sections
were acquired using a Hitachi TM3030 tabletop microscope
(Hitachi, Chiyoda, Japan) and analyzed utilizing Gwyddion
software v.2.55 (Czech Metrology Institute, Jihlava, Czech
Republic).

AFM Data Analysis. The data analysis process was
performed and automized in MATLAB R2019a as shown in
Figure 1. After the measurement was finished, each measure-
ment line (perpendicular to the grating) of the AFM picture
(see Figure 1a,b) was detrended, and the smoothed analytical
envelopes were obtained from a Hilbert transform (see Figure
1c), which was in turn obtained by an n-point Fourier
transform. The height information on the line was obtained by
subtracting the lower from the upper envelope. The average
grating height of the picture was calculated from every line in
the respective picture (see Figure 1d).
As described previously,8,25 the height information for

several pictures over the measurement time is subsequently
fitted either with a single exponential decay function or with a

Figure 1. (a) Topographic AFM picture of a corrugated amorphous indomethacin surface (grating wavelength 1000 nm). (b) Surface plot of panel
a at a tilt angle. (c) Profile of the red line shown in panel a with analytical envelopes. (d) Height histogram of all lines from panel a with mean (red
vertical) and standard deviation (green horizontal).
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stretched exponential (see also Figure 5 below) to obtain the
decay constant K. Obtained log K values from either fit did not
differ significantly (difference <0.1 s−1) and log K values shown
in Figure 4 and Figure 6 are from the stretched exponential fit.

■ RESULTS AND DISCUSSION
To characterize the solid state properties of the prepared
ASDs, as well as neat amorphous IMC and SP, FTIR and
mDSC analyses were performed (see Figure 2).

The existence and extent of intermolecular hydrogen bonds
have been shown to play an important role for the molecular
mobility on amorphous surfaces as well as for the physical
stabilization of ASDs.32,33

Because of the ability of IMC to act as both a hydrogen
bond acceptor (carboxylic acid and amid) and donor
(carboxylic acid), the formation of hydrogen bonds between
IMC molecules as well as between IMC and the acceptor
groups of SP (tertiary amide and carboxylic ester) was
suspected (see Figure 3 for chemical structures).

The characteristic absorption bands in the carbonyl
stretching region between 1500 cm−1 and 1800 cm−1 for all
samples are shown in Figure 2a (see Supporting Information
Figure S2 for complete spectra).
Neat amorphous IMC showed characteristic strong

absorption bands at 1711 cm−1 (asymmetric acid CO
stretching of a cyclic dimer), 1684 cm−1 (benzoyl CO
stretching), and a weak shoulder at 1735 cm−1 (non-hydrogen
bonded CO stretching).34 The FTIR spectrum for neat SP
showed two absorption bands in the carbonyl stretching region

at 1635 cm−1 (tertiary amide CO stretching) and 1734 cm−1

(ester CO stretching),35 respectively. Because of the low
amounts of SP present in the analyzed samples, no apparent
differences between the spectra of neat IMC and SP spiked
samples were observed up to a SP concentration of 7.5% (w/
w). At a concentration of 12.5% (w/w) SP, the absorption
band of the asymmetric carbonyl stretch of the cyclic dimer at
1711 cm−1 was less pronounced and ultimately disappeared at
a SP concentration of 75% (w/w). This indicates the formation
of hydrogen bonds between the carboxylic acid of IMC as the
donor group with the carbonyl tertiary amide and carbonyl
ester groups of SP as the acceptor group. The disruption of the
dimeric structure of amorphous IMC due to the formation of
hydrogen bonds with a tertiary amid was previously described
for ASDs of IMC and polyvinylpyrrolidone (PVP).36,37

Additionally, the absorbance from the tertiary amide carbonyl
stretching of SP at 1635 cm−1 disappeared when an excess
amount of IMC was present (SP concentrations >20% (w/w)),
supporting the suggested interactions with the hydrogen bond
donor IMC.35 The presence of interaction between IMC and
SP was further underlined by the obtained negative Flory−
Huggins interaction parameter (−8.3 ± 2.2), indicating
interaction and miscibility between the two components.
The solubility of IMC in SP at 25 °C was estimated at 29.8%
(w/w) using the Flory−Huggins model (see Supporting
Information).
Figure 2b presents the reversing heat flow signal of mDSC

measurements of neat amorphous IMC and SP as well as SP
spiked amorphous IMC. For all measured samples, a single
glass transition temperature (Tg) was observed, indicating the
formation of a single-phase amorphous solid dispersion.38,39

The Tg of neat amorphous IMC (46 °C) and neat SP (77 °C)
are in agreement with previously reported values.40,41 When
spiking amorphous IMC with low amounts of SP, no
significant increase of the Tg was detected up to SP
concentrations of 20% (w/w). ASDs with an SP concentration
of 75% (w/w) resulted in an increase of the Tg to 59 °C, which
is lower than the theoretical value of 72 °C, calculated using
the Gordon−Taylor equation (see Supporting Information
3.3).
As described above, amorphous IMC is known to be an

extensive former of intermolecular hydrogen bonds, which
need to be broken to form new bonds between unlike
molecules when SP is introduced to the system. The
breakdown of intermolecular hydrogen bonds with higher
activation energies and the formation of new hydrogen bonds
with lower interaction energies are known to lead to lower Tg
values than predicted by theories that are based on the free
volume theory such as the Gordon−Taylor equation, as
potential molecular interactions are not taken into ac-
count.42,43

To confirm the surface decay mechanism and ensure
method validity, measurements of neat IMC were first
performed on gratings with different wavelengths. Afterward
the ASDs were investigated.
As shown in Figure 4, K is proportional to λ−4.1, which,

according to eq 2, indicates that the mechanism of surface
flattening is primarily due to surface diffusion (K ≈ λ−4) within
an acceptable experimental error.
The same trend for pure IMC was previously shown and

further theoretically underlined by Zhu et al.:8 owing to the
low vapor pressure of IMC, the evaporation−condensation
term of eq 2 becomes negligible, and the bulk diffusion is some

Figure 2. (a) FTIR spectra of neat amorphous IMC, SP, and
amorphous IMC containing different concentrations of Soluplus. The
carbonyl stretching of a cyclic dimer of amorphous IMC at 1711 cm−1

and the tertiary amide carbonyl stretching of SP at 1635 cm−1 is
marked for better visibility. (b) Reversing heat flow signal of the same
samples.

Figure 3. (a) Structure of indomethacin. (b) Structure of polyvinyl
caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer
(Soluplus).
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orders of magnitude lower than the observed decay constant.44

The viscous flow term in eq 2 describes the observed decay
only at temperatures above Tg.

8 Therefore, only surface
diffusion is left as the driving factor for the flattening process.
This allows for a direct calculation of Ds, which is supplied in
the Supporting Information and gives a value of 14.23 for −log
Ds. Compared with ref 8, as the only other study available for
comparison with IMC, it can be seen that Ds falls within the
same range, with the difference at a comparable temperature
and similar wavelength (1000 nm) being about a quarter of a
magnitude. In contrast and for reference, the bulk diffusion is
roughly six magnitudes slower. Note, however, that an exact
agreement between this study and ref 8 is not necessarily
expected as the sample storage conditions differ (see below).

It is worth noting that we also tried to extend Figure 4 by
measuring the surface decay at a wavelength of 2000 nm.
However, the higher wavelength extends the decay time
toward timeframes (>5 days) where crystallization of neat IMC
at 30 °C is almost inevitable,45 preventing proper measure-
ments. An extension to lower wavelengths is further limited
due to the limits of the small aspect-ratio approximation (see
Experimental Section considerations above).
Figure 5a−g present example measurements of the decrease

in grating height for neat IMC and the supersaturated ASDs.
The blue lines are standard exponential fits (ht = h0 exp(−kt))
and the black lines are stretched exponential fits (ht = h0
exp[(−kt)β]) to the respective data. While the difference
between both fits is comparably small for neat IMC, the fits
deviate strongly for the 1% (w/w) SP ASDs, which is mainly
caused by the data “fronting” at the beginning of the decay,
which lowers the β value. A similar trend was previously shown
when comparing neat OTP samples with 1% (w/w) spiked
polystyrene samples and qualitatively explained with a
heterogeneous decay, where polystyrene molecules enrich on
peaks owing to their slower surface mobility.25 Our study
underlines this observation for 1% (w/w) polymer spiked
samples. As seen in Figure 5a, a small deviation is already
present for neat IMC with β values lower than unity. We argue
that this deviation is a result of the inherently heterogeneous
nature of amorphous IMC (especially compared to OTP).
IMC is known to form dimers in the amorphous form (see
above). Furthermore, during our study, samples were not
stored and measured in dry nitrogen but at a relative humidity
of 32%.
The higher humidity introduces water and the possibility of

hydrogen bonds between water and IMC molecules on the
surface. Hence, the surface diffusion for IMC samples in this
study is likely dependent on at least36 three surface diffusing

Figure 4. Decay constants of neat IMC as a function of the grating
wavelength at 740, 833, 1000, and 1500 nm.

Figure 5. Measurement examples of the surface grating decay at every Soluplus concentration examined in this study. The blue lines represent a
standard exponential fit, the black lines an exponential fit with stretching factor β. The β values are further presented in the bar plot on the lower
right with the height of the red lines indicating the mean values.
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entities: IMC, water-bound IMC, and IMC-dimers. As
described, hydrogen bonding has already been shown to
influence surface diffusion,22 and differences in the three
surface diffusing entities may lead to no mutual diffusion and
an overall observed decay differing slightly from a “perfect”
exponential, even for pure IMC. With the discussed
observations in mind and the fact that IMC crystallizes into
different polymorphs at different humidities,46 further surface
mobility studies under varying humidities may be beneficial.
Interestingly, the β values do not decrease with increasing

polymer concentration but group around unity for the higher
concentration ASDs (see also Figure 5h). This indicates a
significant change in surface diffusion.
We hypothesize that, for higher concentration ASDs (which,

however, are on an absolute scale still very low % (w/w) SP
concentrations), the surface diffusion is already clearly
dominated by the polymer. This observation is further
underlined and discussed below by comparing the log K
values of the different formulations. Note that an addition of a
single percent polymer increases the surface decay (and hence
slows surface diffusion) from about 5 to 100 h and another one
and a half percent to almost 200 h, as seen in Figure 5a−c.
The significant increase in decay times due to the spiking of

amorphous IMC with SP is further reflected in the obtained
decay constants K. As shown in Figure 6a, the spiking with 1%
(w/w) and 2.5% (w/w) SP results in a substantial increase in
−log K, which becomes less pronounced when more SP is
incorporated in the samples.

We therefore suggest a SP concentration between 2.5 and
5% (w/w) as the turnover point for SP dominated surface
diffusion as reflected by the linear fits. The large differences in
the molecular weight of the small organic molecule IMC and
the polymer SP are expected to lead to differences in diffusivity
between both molecules. We propose that the faster moving
IMC molecules may segregate over time, which results in an
enrichment of polymer molecules on the amorphous surface,
consequently slowing down surface diffusion. However, further
experimental evidence is needed to support this hypothesis.
The proposed surface enrichment of polymer molecules in
spiked amorphous samples was previously discussed by Zhang
et al.25 To investigate the influence of polymer spiking on the
physical stability of amorphous IMC, powdered films were
analyzed using XRPD in regular intervals (see Figure 6b and
Supporting Information Figure S3 for diffractograms).

Neat amorphous IMC showed an onset of recrystallization
after 8 days, which was delayed by the spiking with 2.5% (w/
w) SP to 43 days. The increase in SP concentration to 5% (w/
w) resulted in a stabilization of the amorphous sample up to
272 days, which presents a remarkable improvement of the
physical stability considering the relatively small increase in SP
concentration. The characteristic diffraction pattern observed
in physically unstable samples suggested recrystallization of
amorphous IMC into its alpha polymorph (see Supporting
Information Figure S3). Samples containing more than 5% (w/
w) SP remained amorphous when studied using XRPD to the
present day (>10 months).
As low SP concentration did not result in a significant

increase of the Tg, a kinetic stabilization of the amorphous
samples due to an antiplasticization effect is not assumed to be
a main factor for the physical stabilization. Additionally, low
amounts of SP (<20% (w/w)) did not significantly disrupt the
dimer formation of IMC molecules (see Figure 2a), which is a
crucial component for the inhibition of IMC recrystallization.36

In contrast, the previously discussed change to a polymer
dominated surface diffusion at SP concentrations of around 2.5
to 5% (w/w) correlates well with the observed increase in
physical stability at similar concentrations. We therefore
suspect a surface enrichment of SP molecules as an important
factor for the stabilization of the investigated amorphous IMC
samples. Additionally, it has previously been shown that a fast
crystal growth at free surfaces further induces bulk
crystallization through the creation of voids and new
surfaces,47 underlining the importance of surface crystallization
for the overall physical stability of amorphous particles.
In light of the observed strong correlation with physical

stability, it is further noteworthy to mention that Kissi et al.48

demonstrated that a major predictive parameter for the
recrystallization of neat amorphous drugs is local mobility
(in the bulk), more specifically, the β relaxation process.
Moreover, Capaccioli et al.27 presented a mechanistic
justification, including a quantitative explanation, for the
increase in molecular diffusion at the surface, based on the
coupling model (CM) and the corresponding calculation of
the primitive relaxation time τ0, as well as its difference to the
bulk relaxation τα. The difference is roughly on the same order
of magnitude as the difference between surface and bulk
relaxation, and hence, τ0 seems to correlate well with surface
diffusion. However, it is also assumed and experimentally
observed that τ0 of the CM is descriptive for the Johari−
Goldstein β relaxation (JG β), which involves the motion of
entire molecules (or parts thereof) and likely appears in local
regions in internal equilibrium in the glass.49 These
assumptions, along with the observed correlation in this
study, raise the following question: how exactly is surface
mobility linked to JG β? Further surface mobility studies, in
proximity to temperatures linked to the relaxation process,
might be beneficial. However, their practicality remains
questionable because of the increased timeframes associated
with the decrease in diffusion at low temperatures.

■ CONCLUSIONS
The current study demonstrates the ability of already low
amounts of the polymer SP (1% (w/w)) to significantly slow
down molecular mobility on the surface of supersaturated IMC
ASDs. A further increase in SP concentration results in a
turnover point between 2.5 and 5% (w/w) SP, where the
inhibiting effect of the polymer on the surface diffusion

Figure 6. (a) Decay constant K and (b) onset of crystallization as a
function of polymer (Soluplus) concentration. Dotted lines are linear
fits to the data below and above 2.5% (w/w) SP respectively and serve
as a guide to the eye.
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becomes less pronounced. We suggest a polymer dominated
diffusion with the less mobile polymer chains on the surface of
the ASD to slow down molecular mobility of IMC and thus
inhibit the recrystallization of amorphous IMC. The observed
change in lateral molecular surface diffusivity correlates well
with a significant increase in physical stability of the studied
supersaturated ASDs, as seen by the delay in the onset of
recrystallization from 6 weeks (2.5% (w/w) SP) to 9 months
(5% (w/w) SP). We therefore identify the reduction in
diffusivity on the surface of the supersaturated ASD as a major
stabilizing factor, as no significant increase in Tg or disruption
of IMC clusters is observed for low SP concentration. The
study underlines the importance of surface related properties,
such as lateral molecular mobility, for the physical stability of
amorphous drugs and ASDs, respectively.
From an applied standpoint, the study further highlights the

practicality of using a miniaturized AFM and Mullins’ model to
enable cost-effective and user-friendly measurements of
molecular mobility on amorphous surfaces, opening the door
for future application areas.
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