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Abstract

Purpose Affinisol HPMC HME is a new popular form of hypromellose specifically designed for the hot melt extrusion and
3D printing of pharmaceutical products. However, reports of its thermal stability include only data obtained under inert N,
atmosphere, which is not consistent with the common pharmaceutical practice. Therefore, detailed investigation of its real-life
thermal stability in air is paramount for identification of potential risks and limitations during its high-temperature processing.
Methods In this work, the Affinisol HPMC HME 15LV powder as well as extruded filaments will be investigated by means
of thermogravimetry, differential scanning calorimetry and infrared spectroscopy with respect to its thermal stability.
Results The decomposition in N, was proceeded in accordance with the literature data and manufacturer’s specifications:
onset at ~260°C at 0.5°C-min~", single-step mass loss of 90-95%. However, in laboratory or industrial practice, high-tem-
perature processing is performed in the air, where oxidation-induced degradation drastically changes. The thermogravimetric
mass loss in air proceeded in three stages: ~ 5% mass loss with onset at 150°C, ~ 70% mass loss at 200°C, and ~ 15% mass
loss at 380°C. Diffusion of O, into the Affinisol material was identified as the rate-determining step.

Conclusion For extrusion temperatures >170°C, Affinisol exhibits a significant degree of degradation within the 5 min
extruder retention time. Hot melt extrusion of pure Affinisol can be comfortably performed below this temperature. Utiliza-
tion of plasticizers may be necessary for safe 3D printing.

Keywords affinisol - DSC - hot melt extrusion - TGA - thermal degradation

Introduction

A massive increase in new discoveries and syntheses of
small molecule drugs has been achieved in recent years
owing to the high-throughput screening. However, more
than 2/3 of these compounds exhibit low solubility in water,
which dramatically decreases the potential of their usage and
successful transfer to pharmaceutical practice [1-3]. Hence,
the increase in the absorption of water-insoluble drugs into
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the human circulatory system is the key challenge in phar-
maceutical research and industry [4, 5]. One of the most
commonly used and most promising ways in this regard is
the utilization of amorphous solid dispersions [6]. In this
type of dosage form, the drug is dispersed in a polymeric
matrix (either molecularly or in the amorphous state), which
leads to its increased aqueous solubility, dissolution, and
bioavailability [7, 8].

One of the most commonly used polymers in pharmaceu-
tical dosage forms is hypromellose (HPMC). It is a hydro-
philic amorphous polymer with the glass transition tempera-
ture (T,) occurring in the 160-210°C temperature range and
the thermal decomposition being reported in the 200-250°C
range [9]. Since the nowadays trends in the pharmaceutical
industry favor hot melt extrusion (HME) over other formu-
lation techniques (due to being a solvent-free continuous
operation process) [10-12], the overall stability of the solid
dispersion at high temperatures above T, is of key impor-
tance. Initially, the Tg of HPMC (and, by extension, the
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need for high temperature during HME) was lowered by
the addition of various plasticizers, but this approach has
often led to the crystallization of the mixed-in drugs [13].
Therefore, a modified HPMC with lowered T, specifically
designed for the HME processing was recently introduced
under the name “Affinisol™ HPMC HME” [14] (from now
on referred to only as “Affinisol””). Affinisol has significantly
lower T, of ~120°C and a correspondingly lower viscosity,
which are both highly beneficial for the HME preparation of
solid pharmaceutical dispersions [14, 15].

The popularity of Affinisol has led to its increased usage
in pharmaceutical practice [16—-40], which has, over time,
extended outside of its initially intended low-T utilization.
Nowadays, Affinisol is commonly attempted to be used at
temperatures close to 200°C, either due to the high melting
temperatures (T,,) of the mixed-in drugs or other excipients
or due to the consequent processing of the HME-prepared
extrudate [15, 17, 23]. The latter is particularly relevant with
the recent boom of the 3D-printing technique usage [41-45]
in the field of pharmacy. Since the acceptable adhesion of
the 3D-printed layers is achieved at relatively high tempera-
tures (usually close to 190-200°C for Affinisol) [23], the
thermal degradation of Affinisol has recently emerged as a
pressing issue. Surprisingly, the literature provides little to
no information on this matter. The official information on
the Affinisol material published by the DuPont Company
(Affinisol manufacturer) recommends the lowest and high-
est ranges of the neat polymer processing temperatures to
be 135-155°C and 190-200°C, respectively, depending on
the average molecular weight [15]. The latter temperature
range should prevent/minimize the change of the polymer
color; otherwise, Affinisol should be stable against thermal
degradation at least up to 250°C. Gupta et al. [17] report for
Affinisol a rapid loss of mass above 240°C and also a small
step-wise mass loss at ~190°C. Apart from this informa-
tion being somewhat contradictory, all available literature
data on the thermal degradation of Affinisol were obtained
under an inert N, atmosphere, which is not consistent with
the common pharmaceutical practice, where both the hot
melt extrusion and 3D-printing are performed in the ambient
atmosphere (air; laboratory humidity).

The goal of the present paper is to perform an extensive
degradation study of the Affinisol™ HPMC HME material
in both N, and (most importantly) air atmospheres. The main
body of the experimental work will be realized using differ-
ential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) to fully cover the whole spectrum of rel-
evant signals, i.e., the heat release/consumption and mass
gain/loss associated with the Affinisol degradation. In addi-
tion, Raman microscopy, infrared spectroscopy, and opti-
cal microscopy will be used to characterize different grades
of the degraded HPMC. The DSC and TGA data will be
used to evaluate the non-isothermal degradation kinetics.
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Consequently, the kinetic predictions will be made to deter-
mine the safe temperature-time profiles for the HME and 3D
printing of Affinisol.

Experimental

The hypromellose under the tradename Affinisol™ HPMC
HME 15LV (DuPont, USA) was measured as-purchased in
its powder form. In addition, the Affinisol powder was also
used as source material for a series of hot melt extrusion
(HME) filament preparations. The HME process was per-
formed using the single-screw extruder Noztek Touch (Noz-
tek, Great Britain) equipped with a cylindrical brass nozzle
(output diameter 1.75 mm). The series of extrusions were
performed for temperatures T, =120-230°C (with the step
of 10°C) with the screw rotation speed set to 25 rpm. This
resulted in the Affinisol powder spending approx. 5 min in
the heated zone of the extruder barrel. In this way, Affinisol
HME filaments with a length of 20 cm were prepared for
each T..

The thermogravimetric data were obtained by using the
STA (TGA) 449 F5 Jupiter instrument (Netzsch) equipped
with a DSC/TG holder. The STA cell was purged with
50 ml-min~! of either N, or dry synthetic air. The measure-
ments were performed for the as-purchased Affinisol placed
in open low-mass Al pans; the sample masses were approx.
3 mg (accurately weighted to 0.01 mg). The thermal degra-
dation measurements were realized as non-isothermal heat-
ing scans - performed in the 30-500°C temperature range
atrates q*=0.5, 1, 2, 3, 5,7, 10, and 20°C-min~! (for the
degradation in N, atmosphere, additional measurement at
30°C-min~! was performed).

The calorimetric data were measured using a heat flow
differential scanning calorimeter DSC Q2000 (TA Instru-
ments) equipped with an autosampler, RCS90 cooling acces-
sory, and T-zero technology. The DSC was calibrated using
the In, Zn, and Ga metal standards. The Affinisol samples
were measured in either hermetically sealed low-mass Al
pans (intrinsic air atmosphere) or in open low-mass Al pans
under the inert N, atmosphere in the DSC cell. The sample
masses were approx. 3 mg (accurately weighted to 0.01 mg).
The DSC experiments were for the Affinisol powder real-
ized as a series of heating scans at 0.5, 1, 2, 3, 5, 7, 10, 15,
20, 30, and 50°C-min~" in the 10-300°C temperature range.
In addition, a series of DSC supplemental characterization
measurements were performed for the Affinisol filaments
extruded at different temperatures — the DSC measurements
were performed in hermetically sealed Al pans (air atmos-
phere) at g* =20°C-min~"! in the 10-300°C temperature
range. Lastly, a supplemental series of degradation kinet-
ics measurements were performed for the Affinisol filament
extruded at 120°C; the parameters of the DSC experiments
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were: air atmosphere; 10-300°C range; q*=0.5, 1, 2, 3, 5,
7, 10, 15 20 and 30°C-min™".

The structural characterization of the extruded Affinisol
filaments and typical stages of the Affinisol powder degrada-
tion was done by means of Raman and infrared spectroscopy.
The Raman spectra were obtained using the DXR2 Raman
microscope (Nicolet, Thermo Fisher Scientific) equipped
with the 785 nm excitation diode laser (30 mW, laser spot
size 3.1 pm) and CCD detector. The experimental settings
for the Raman measurements were 20 mW laser power on
the sample, 1 s duration of a single scan, and 100 scans
summed in one spectrum. The infrared spectra were obtained
using the Fourier-transform infrared (FTIR) spectrometer
Nicolet 6700 (Thermo Fisher Scientific) using a KBr pellet
technique (the samples were homogenized with KBr); each
FTIR spectrum was obtained by accumulating 128 scans at
1 cm™! resolution. The morphology of the extruded Affini-
sol filaments and partially degraded Affinisol powders was
investigated using two optical microscopes: a calibrated
Dino-Lite Edge 3.0 adjustable microscopic probe and the
iScope PLMi (Euromex) optical microscope equipped with
x10 and %20 high-quality objectives and Moticam visual
camera.

Results

The present section will be split into two parts. In the first
part, the TGA and DSC data for the Affinisol powder will
be compared at different q* and reaction atmospheres (N,
and O,). In addition, the DSC data obtained for the HME
filaments will also be presented, showing the gradual influ-
ence of the extrusion temperature T,. In the second part, the
Raman and infrared spectra will be shown for various stages
of the decomposition process of both, Affinisol powder and
HME filaments. The optical micrographs documenting the
morphological changes of both types of samples will also
be introduced.

TGA and DSC Data

The standard record of the Affinisol thermal degradation
under the N, atmosphere is depicted in Fig. 1 A. These data
are consistent with the majority of literature reports [15,
17, 20] — i.e., with the degradation proceeding in a single
step and with Affinisol showing good thermal stability up to
~250°C even at very low q* (the mass loss onset determined
under such conditions usually exhibits a similar degree of
degradation to the short isothermal annealings, such as those
encountered during the real-life extrusion or 3D printing
processes). At the highest g*=30°C-min~!, evoking the
situations when the biopolymer very shortly overheats dur-
ing the local temperature fluctuations, the Affinisol starts to
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Fig.1 (A) TGA data obtained for the decomposition of Affinisol
powder in N, atmosphere at different q*. (B) TGA data obtained for
the decomposition of Affinisol powder in an air atmosphere at differ-
ent q*.

slowly decompose at ~320°C. The overall mass loss ranges
from approx. 89 to 95%. However, in pharmaceutical prac-
tice (both laboratory and industrial), Affinisol is very rarely
processed under an inert atmosphere. The absolute majority
of the high-T operations involving Affinisol proceeds in air,
with O, having direct access to the heated material.

The TGA data measured in the air atmosphere are shown
in Fig. 1B. As is apparent, this degradation profile is com-
pletely different, exhibiting a three-step mass loss in the
observed temperature range. The first small loss of sample
mass is initiated in the 135°C (at 0.5°C-min~") — 180°C (at
20°C-min~") temperature range. Interestingly, the mass loss
percentage decreases with the heating rate from 5 to 1% in
the explored q* range, which indicates that the rate of this
reaction is slow and diffusion-controlled. In addition, no
alternative for this reaction step occurs under the N, atmos-
phere, which infers direct involvement of the O, from the air.
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The first mass loss step is practically immediately followed
by a slowly initiated second/dominant mass loss, which pro-
ceeds in a roughly similar temperature range (250-375°C)
as the single-step mass loss occurring under the N, atmos-
phere (260—-420°C). The kinetics of the second decomposi-
tion step is not consistent over the whole range of applied
q" —a marked change occurs between the 0.5-2°C-min~!
and 3-20°C-min~! datasets, which indicates a competing
reaction mechanism. Note that the TGA curve obtained at
2°C-min~" already exhibits signs of an intermediate behavior
between the two reaction routes.

In particular, at low q*, the no. 1 reaction route prod-
ucts form in large amounts already below ~310°C, and the
mass loss in the second reaction step accounts for approx.
75% of the overall sample mass. In this case, the conse-
quent third reaction step represents the mass loss of ~18%
and gradually follows/interlinks with the second reaction
step — this is a strong indication of the third reaction step
being limited rather by the availability of the intermediate
reaction products (from the second reaction step) than by
temperature/energy barrier for the reaction activation. On
the other hand, the second reaction route manifesting at
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q">3°C-min~! results in the second mass loss proceeding
more steeply and accounting for approx. 80% of the overall
mass. The consequent third reaction step is then separated
by a significantly larger temperature gap, and the mass loss
corresponding to the third step is ~13%.

The complementary DSC data monitoring the pri-
mary stage of the Affinisol degradation in the 20-300°C
temperature range are shown in Fig. 2. In the case of the
measurements performed under the N, atmosphere (see
Fig. 2A and B), the DSC curves first show a shallow wide
endothermic dip in the 30-70°C temperature range (cor-
responding to the release of physically adsorbed water).
Another effect is the endothermic step change accompa-
nied by a small endothermic peak at ~110°C (correspond-
ing to the glass transition and structural relaxation peak of
the amorphous polymer) [15-20]. At higher temperatures,
two additional small endothermic effects can be observed
near 180 and 230°C — considering the small magnitude
and thermal tone of these signals, they are most probably
associated with minor thermally initiated/forced structural
changes of Affinisol. Note that none of these effects is
associated with mass loss.
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Fig.2 (A) DSC data obtained for the low-temperature decomposition of Affinisol powder in N, atmosphere at low q*. (B) DSC data obtained for
the low-temperature decomposition of Affinisol powder in an N, atmosphere at high q*. (C) DSC data obtained for the low-temperature decom-
position of Affinisol powder in an air atmosphere at low q*. (D) DSC data obtained for the low-temperature decomposition of Affinisol powder
in an air atmosphere at high q*. Exothermic effects in all graphs evolve in the upwards direction.
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A strikingly different situation arises for the DSC meas-
urements performed in the air atmosphere — see Figs. 2C and
2D. Here, three strong exothermic peaks occur, associated
with spontaneous oxidation-based chemical reactions that
are directly associated with the loss of mass. The first strong
exothermic signal occurs at 135°C at 0.5°C-min~", and its
onset gradually shifts with q* to 175°C (for 20°C-min™!).
The increasing heating rate also leads to the formation of an
increasingly separated high-T shoulder of the first exother-
mic peak that eventually segregates into a second individual
exothermic peak (manifesting in the 220-290°C range at
50°C-min~"). The third recognizable exothermic signal that
corresponds to the main decomposition mass loss occurs
in the DSC data in the 200-300°C range at 0.5°C-min~".
With increased q*, this signal shifts in accordance with
the TGA data (see Fig. 1B) to higher temperatures, and for
q*>30-50°C-min~!, the onset of the main decomposition
process shifts outside of the DSC-measured temperature
range (i.e., above 300°C).

A direct comparison of the TGA and DSC data is demon-
strated in Fig. 3A and B. The data obtained at 0.5°C-min™"
display the marked disproportion between the enthalpy
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and mass loss manifestations of the degradation processes.
Whereas the first and second mass decreases are in a~ 1/15
ratio, the corresponding enthalpy changes (represented by
the merged first+second vs. third DSC peaks) are roughly
similar in magnitude. This indeed confirms the strong oxi-
dative nature of the first mass loss effect at ~140°C, where
the evolved heat per released mass is very high compared to
the second (main) mass loss effect. The measurement per-
formed at 20°C-min~" (Fig. 3B) shows that the initial small
mass loss effect is associated solely with the first (sharp)
DSC peak and not with its high-T shoulder (denoted as the
second DSC peak in the previous text). Close examination
of the TGA curve in the 150-180°C temperature range
reveals a slight relative increase of mass preceding the first
mass loss effect (note the term “relative”, indicating that the
effect is overlapped by the continuous underlying decrease
of the sample mass) — similar effects are present for all q*.
This indicates that the oxidation reaction proceeds at least
initially in the solid-state form. Hence the slight relative
increase in the mass.

The comparison of the TGA and DTA (measured simulta-
neously by the STA instrument) data in the full temperature
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Fig.3 (A) Comparison of the TGA and DSC curves obtained at 0.5°C-min~"! in air atmosphere. (B) Comparison of the TGA and DSC curves
obtained at 20°C-min~"! in air atmosphere. (C) DTA data obtained for the decomposition of Affinisol powder in an air atmosphere at different
q*. The right axis and the dotted data show the TGA curves obtained at 0.5°C-min~! 20°C-min~! in air atmosphere. (D) DTA data obtained for
the decomposition of Affinisol powder in an N, atmosphere at different q*. The right axis and the dotted data show the TGA curves obtained at
0.5°C-min~! 20°C-min~"! in the N, atmosphere. Exothermic effects in graphs A and B evolve in the upwards direction; for graphs C and D, the

exothermic effects evolve in the downward direction.
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range is shown in Fig. 3C and D for the air and N, atmos-
pheres, respectively. For better clarity, all DTA records are
displayed, but they are compared only with the TGA data
curves obtained at the lowest and highest q*. In the case
when the material had access to O,, all mass loss effects
are accompanied by relatively strong exothermic (oxidative)
signals. For the second (main) TGA mass decrease, the exo-
thermic signal is weak at low q* and markedly increases for
q">3°C-min~". This is further evidence of the competitive
decomposition reactions being involved, where one appears
to be associated with the stronger oxidation effect — as also
discussed previously in Fig. 1B. It is also noteworthy that at
higher q*, the amount of released heat increases with each
consequent mass loss step, indicating that more products
prone to the oxidation are generated in disproportion with
the actual mass being lost. The measurements performed
under the N, atmosphere exhibit only a single mass loss
associated with an endothermic DTA peak, which is con-
sistent with the typical temperature-induced decomposition
behavior.

In addition to the Affinisol powder, the Affinisol filaments
HME-produced at different temperatures (from 120 to 230°C
with the step of 10°C; the retention time of the material in
the heated zone of the extruder was estimated to be 5 min)
were also measured by DSC to reveal the potential changes
in their thermo-kinetic behavior. The corresponding DSC
curves measured at 20°C-min~! under air atmosphere are
displayed in Fig. 4A. As is apparent, the extrusion at tem-
peratures up to ~180°C results only in minimum changes
of the joined first+second DSC peaks (associated with the
first small mass loss). At higher extrusion temperatures
(210°C > T, >190°C), the exothermic peak shifts to higher
temperatures and gets progressively sharper, which indicates

Fig.4 (A) Series of DSC A

that the oxidative decomposition reaction has already (to
a very small extent) proceeded during the hot melt extru-
sion process and that the diversity of the reaction centers
has decreased (the scarce active spots with lower activation
energetic barriers have already reacted). For the extrusion
temperatures T, >220°C, the first oxidative decomposition
has already fully proceeded during the HME procedure.

In addition to the measurements presented in Fig. 4A, a
series of standard kinetic measurements in the air atmos-
phere was performed for the Affinisol filament extruded at
120°C (where no degradation is expected to happen yet).
The aim was to explore the impact of the fused-together
compact filament form on the diffusion of O, into the bulk
material. The data are displayed in Fig. 4B, together with the
selected measurements performed on the Affinisol powder.
The measurements performed on the HME-processed Affini-
sol are shifted relatively insignificantly to higher T (onsets
by approx. 5-10°C, peaks by approx. 20°C). The shape of
the DSC degradation peaks is also more diffused and elon-
gated - most probably due to the gradually delayed access of
O, inwards the Affinisol material. The scattered DSC peaks
corresponding to the measurements of HME-processed fila-
ments at higher q* testify about the macroscopically hetero-
geneous structure of the filaments, where the oxidation is
severely limited by the O, access to the partially decompos-
ing material (see Fig. 3B).

Microscopic and Spectroscopic Data

Optical microscopy was used to judge the shape and texture
of the Affinisol filaments extruded at various temperatures
— see Fig. 5. Up to the extrusion temperature of approx.
160°C, the surface texture, thickness, and color of the
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120 °C

Fig.5 Micrographs of the
Affinisol filaments extruded at
different T,s (indicated in each
micrograph). The scale bars
correspond to 0.5 mm.

filament remained practically unchanged. In the 170-190°C
range, the filaments have become slightly darker, with a
more frequent occurrence of dark brown spots; also, the
surface of the filaments has become dimmer and opaquer.
In the 200-210°C temperature range, the filaments become
lacerated with a strongly fissured surface. At even higher
temperatures, 220 and 230°C, the filaments have a deep
brown color, indicating a severe burning/oxidation of the
decomposing material — these processes also corrupt the
continuity of the extrusion procedure, leading to the non-
uniform filament diameter.

Apart from optical microscopy, Raman microscopy, and
infrared spectroscopy were used to investigate the structural
changes in Affinisol caused by the high-T extrusion. Pyroly-
sis of the cellulose and HPMC (see the inset of Fig. 6A for
the molecular structure of HPMC) was described in [15-17,
19, 20, 46-50] based on the GC-MS (gas chromatography
paired with mass spectrometry), thermogravimetry, as well
as DFT (density functional theory) data. Practically all
papers report on the thermal decomposition in N,, introduc-
ing numerous reaction pathways, most of which are true to
some extent observed in real experiments. The complexity

of the decomposition process can be expressed by the fol-
lowing findings: 1) The decomposition of HPMC was in
[12] monitored by means of joint TGA and gas analyzer,
and in the 200-300°C temperature range, the H,O, CO, CO,,
CH,, C,Hg, and C;Hg were detected. Pyrolysis of cellulose in
the 430-730°C range was studied in [49] by means of joint
TGA and FTIR (Fourier-transformation infrared spectrom-
eter); 26 reaction pathways involving over 45 reactions and
over 50 intermediary/final reaction products were suggested.
The initial pyrolysis mechanism of cellulose and cellobiose
(basic structural unit of cellulose, with glucose monomers
and glycosidic bonds) was studied by paired gas chromatog-
raphy and mass spectrometry in [47] — 11 reaction pathways
delinearizing the cellulose polymeric chain were suggested
in the 400—600°C range (30 compounds were identified as
the main reaction products of the rapid pyrolysis). The abso-
lute majority of the pyrolysis HPMC products can be divided
[47, 49, 50] into three groups: pyrans (levoglucosan), furans
(5-hydroxyfurfural, furfural), and linear small molecule
compounds (H,O, CO, CO,, acetaldehyde, glycolaldehyde,
acetic acid ...). Regarding the low-T decomposition, the gas
analysis reported [12] mainly H,O and low amounts of CO
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Fig.6 (A) Raman spectra for the as-purchased powder Affinisol
and for the Affinisol filaments extruded at selected temperatures.
(B) FTIR spectra for the as-purchased powder Affinisol and for the
Affinisol filaments extruded at selected temperatures. Arrows indicate
the discussed bands.

being released during degradation at 200°C in air. Consider-
ing the great complexity of the HPMC decomposition mech-
anism, only binary information (yes/no) about the possible
alterations of the Raman and FTIR spectra was sought in
the present study (rather than identification of the particular
reaction mechanisms involved).

The Raman spectra corresponding to the Affinisol fila-
ments HME-processed at selected temperatures are shown
in Fig. 6A. As is apparent, the Raman spectra do not show
significant changes with the extrusion temperature T, (note
that at T, >220°C, the Raman spectra exhibited very strong
fluorescence, indicating high content of solid-state defects
or traces of transition metal ions [51]. The similarity of
the Raman spectra indicates that the heat-induced partial
(between 2 and 10 w.% mass loss) oxidative decomposition

@ Springer

of Affinisol has either very little solid-state reaction residue
(note the relatively low sensitivity of the Raman spectros-
copy) or these have no active Raman vibrations.

Therefore, infrared spectroscopy was used to gain deeper
insight into the potential structural changes associated with
the first decomposition step of Affinisol heated in the air
atmosphere. The FTIR spectra of the HME-processed Affini-
sol filaments are shown in Fig. 6B (note the processing of
the spectra that involved the subtraction of the signals cor-
responding to H,O and CO, contained in the air — hence the
scattered signal at 2350 cm™"). The assignment of the major
Affinisol FTIR bands can be done as follows [46, 48, 49]:
800-850 cm™! band corresponds to the rocking mode of
CH,, 950-1000 cm™! band corresponds to the asymmetric
stretching mode of pyranose, 1000-1100 cm™' band cor-
responds to the stretching mode of ethereal C-O-C groups,
1250-1300 cm™! band corresponds to the symmetric vibra-
tions of cyclic epoxide C-O-C groups, 1350-1400 cm™! band
corresponds to the symmetric vibrations of cyclic anhy-
drides C-O-C groups, 1450-1500 cm™! band corresponds
to the asymmetric bending vibrations of methoxy group,
1600-1650 cm™! band corresponds to the stretching vibra-
tions of C-O in six-membered cyclic rings, 1680—1780 cm™"
band corresponds to the stretching vibrations of C=0 alde-
hydes, ketones, and carboxylic acids, 2900 cm™! band corre-
sponds to the symmetric stretching vibrations of methyl and
hydroxypropyl groups, 3400-3500 cm™! band corresponds
to the stretching vibrations of OH groups.

Based on the data depicted in Fig. 6B, the increase of the
extrusion temperature T, above 170°C leads to an abrupt
relative decrease in the intensity of the group of bands at
2800-3000 ¢cm™~', which correspond to the vibrations of
methyl and hydroxypropyl units [46]. This may suggest a
partial split of these units from the main cellulose polymeric
backbone during the initial decomposition step (with the
adjacent reaction products being methanol and 1,2-propan-
ediol). Thermal processing of Affinisol also appears to result
in the relative increase of the bands at 1630 cm™', which may
indicate the gradually increasing formation of levoglucosan
[49, 50] (product of one of the main reaction pathways of the
initial cellulose degradation). Similarly, increasing the band
at 1740 cm™! then indicates the formation of aldehydes and
ketones, which represent the main reaction products of the
alternative reaction pathways for the initial cellulose degra-
dation [49, 50]. As was reported in [12], mainly H,O and
small amounts of CO are released into the gas phase during
degradation near 200°C, which is consistent with the reac-
tion mechanisms from [49, 50]. Oxidation of the released
CO could then represent one of the main exothermic sources
detected by DSC (see Fig. 2D). The further degradation of
Affinisol that proceeds at higher temperatures (associated
with the second and third mass loss steps) is expected to
proceed similarly to that of pure cellulose [49] — even more
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so if the first mass loss in air indeed corresponds to the loss
of the methyl and hydroxypropyl groups, which would leave
the cellulose backbone.

Discussion

The present section will be split into two parts: First, the
DSC and TGA data introduced in Section 3.1. will be
described in terms of the standard solid-state kinetic mod-
els, and a discussion will be conducted regarding the mutual
inter-relationships of the particular steps within the overall
reaction mechanism. In the second part, the theoretically
simulated kinetic predictions will be calculated based on
the kinetic description introduced in Section 4.1. The simu-
lated kinetic behavior (extrapolated outside of the experi-
mentally measured data) will be utilized to discuss the opti-
mum HME and 3D printing temperatures, and to determine
the main limitations for the thermal processing of Affinisol
HPLC HME. Note that the nowadays standard processing
temperatures of raw Affinisol are ~160-170°C for HME
and ~200-210°C for 3DP [23].

Decomposition Kinetics

The decomposition kinetics is traditionally described in
terms of the basic solid-state kinetics expression [52] (Eq. 1)
relating the conversion rate between reactants and products
to either heat flow changes (in calorimetric techniques;
Eq. 2) or mass changes (in thermogravimetric techniques;
Eq. 3):

dajdt = A« e R o f(q) (1)
da/dt = ®/AH )
da/dt = dAm/dt 3)

where do/dt is the rate of conversion (with a being the
degree of conversion and t being time), A is the pre-expo-
nential factor, E is the apparent activation energy of the
decomposition process, R is the universal gas constant, T
is temperature, f(a) is the mathematical function for the
given kinetic model, @ is the calorimetric heat flow, AH
is the enthalpy change associated with the decomposition/
degradation, Am is the normalized sample mass in percent.
Regarding the appropriate kinetic model, a large list of both
physically meaningful and empirical solid-state models can
be found in [53]. Considering the large variety of the kinetic
signal asymmetries (see, e.g., Figs. 1 and 2C, D) , the flex-
ible empirical autocatalytic gesték—Berggren model [54]
(AC, Eq. 4) will be used in the present paper:

f@ye =d"(1 = a)" (4)

where M and N are the AC model kinetic exponents that
can be interpreted as the extent of the autocatalysis and the
reaction order, respectively.

The enumeration of Eqs. 1-4 can be done utilizing a num-
ber of linearization or non-linear optimization methods, as
described, e.g., in [53]. In the present paper, the recently
developed combination of the temperature-resolved activa-
tion energy fixation (determined using the Kissinger method
[55] —see Eq. 5) and single-curve multivariate kinetic analy-
sis sc-MKA method [56] (see Egs. 6 and 7) will be applied:

1n £ =L + const 5
72 )~ TRT ' ©)
p P
n Last;
2
RSS = Z Z wj’k(Y expj; — Ycaljyk) ©6)
Jj=1 k=Firstj,-

w, = 1

@)

|lda/t),,, | +|[dasat] |
where T}, is the temperature corresponding to the maximum
of the decomposition peak or to the maximum decomposi-
tion rate (inflection) in the case of the TGA data; RSS is the
sum of squared residue, n is the number of measurements, j
is an index of the given measurement, Firstj is the index of
the first point of the given curve, Last; is the index of the last
point of the given curve, Yexp;  is the experimental value of
the point k of curve j, Ycalj’k is the calculated value of the
point k of curve j, and w; is a weighting factor for curve j.
The Y, is calculated on the basis of Eqs. 1-4.

Starting with the DSC data for the initial decomposition
step in the air atmosphere (see Fig. 2C and D), the kinetic
peak is complex and strongly exothermic, consisting of the
dominant rapid process followed by a slower high-T degra-
dation sub-process that gets partially separated at high q™.
Since the preliminary MKA fits have shown that the activa-
tion energy of the high-T sub-process is not constant, the
Fraser-Suzuki mathematical deconvolution [57] was used to
separate the two exothermic DSC peaks. The Fraser-Suzuki
deconvolution is based on the equation:

2

a

1n<1 +2a3"‘“')
y=ayexp|-In2| — =

®)

as

where a), a;, a,, and a, are parameters responsible for
the magnitude, position on the X axis, width, and asym-
metry, respectively. In the present case, the Fraser-Suzuki
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mathematical deconvolution was performed only to obtain
the T, values of both overlapping exothermic peaks, to
construct the Kissinger plot, and to determine the E-T
dependences. The Kissinger plot and the correspond-
ing evaluated activation energies are shown in Fig. 7A.
Whereas the sharp/dominant decomposition peak shows
perfectly linear Kissinger dependence (r*=0.9992; indicat-
ing the uniformity of the decomposition mechanism) with
Epsc) = 149.8 + 1.4 kJ-mol ™, its high-T shoulder indeed
exhibits strong dependence of E on T. This E-T depend-
ence was calculated based on the derivation of a fit by
3"-polynomial function. At high q*, Epgc,~ 50 kJ-mol™!,
and with decreasing g%, it converges to the data of the sharp/
dominant decomposition peak. This, together with the visual
convergence of the two peaks (as depicted in Fig. 2C and D),
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confirms that the high-T shoulder represents a consequent/
following reaction, the reactants of which are the products
of the preceding reaction step associated with the sharp/
dominant decomposition peak.

As such, the reaction mechanism was represented by the
following set of equations:

E
% = —A, eexp <—R—}> ‘fl(a, b) )
E E
% = A, sexp <_R_1T> *fi(a,b) — Ay s exp <_R_;"> *f2(b, c)

(10)

where “a” is the Affinisol polymer, “b” are the products of
the first reaction step, and “c” are the products of the second
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Fig.7 (A) Kissinger dependences for the two overlapping DSC peaks (see Fig. 2C and D) measured for Affinisol powder in the air. The overlap
corresponds to the initial/first decomposition step. The right axis and the dashed + dotted lines show the temperature evolution of activation
energy for the two overlapping peaks/processes determined from the derived Kissinger dependences. (B) Kinetic parameters A, M, and N (deter-
mined by the sc-MKA method with E fixed on the values shown in Fig. 7A) for the two overlapping DSC peaks measured for the Affinisol pow-
der in air plotted in dependence on q*. (C) The overall enthalpy (sum for the two overlapping DSC peaks corresponding to the initial decomposi-
tion stage; see Fig. 2C and D) and the portion of the area corresponding to the first/dominant DSC peak measured for the Affinisol powder in the
air. The data are plotted in dependence on q*. (D) Comparison of the Kissinger dependences shown in Fig. 7A with the Kissinger dependence
constructed for the DSC measurements performed in the air for the Affinisol filament extruded at 120°C.

@ Springer



Pharmaceutical Research (2023) 40:2253-2268

reaction step — all expressed as the degree of conversion,
either o or (1-o). The sc-MKA results based on the combi-
nation of Egs. 4, 6,7, 9, and 10 (and fixed Epgc values from
Fig. 7A) determined for each DSC data curve separately are
shown in Fig. 7B and C as a dependence on q*. Whereas the
asymmetry of the sharp/dominant degradation peak is fairly
uniform at q* <5°C-min~! (indicated by constant M and N
AC kinetic exponents), the shape of the consequent high-T
process changes rather dramatically with q*. The constant
ratio between the integrated areas corresponding to the two
overlapping processes and the markedly decreasing overall
enthalpy suggest that the first decomposition sub-process is
driven by the diffusion of O, into the Affinisol matrix, and
the second sub-process corresponds to further oxidation of
the formed products. The former sub-process appears to be
the rate-determining reaction step.

In addition to the DSC measurements of powdered Affini-
sol, the small pieces of the Affinisol filament extruded at
120°C were also subjected to a similar series of kinetics
measurements — see Fig. 4B. Taking into account the irregu-
lar shape of the DSC peaks (unsuitable for precise model-
based curve-fitting by sc-MKA), only the Kissinger meth-
odology was used to determine the decomposition activation
energy. The corresponding Kissinger dependence is depicted
in Fig. 7D together with the data for the powdered Affinisol
(taken from Fig. 7A). The compact nature of the extruded
samples clearly leads to a shift of the decomposition pro-
cess to higher temperatures (by 5-15°C, depending on q*).
Since thermal gradients within the samples are negligible,
at least at lower g*, the shift is unambiguous evidence for
the diffusion to be a rate-determining step for the oxidizing
reaction. The shift to higher T also results in lower activation
energy of ~110 kJ-mol~!, as is expected for the sterically
restricted (on a macroscopic level) reaction/transformation.
The pre-exponential factor and the AC model parameters
corresponding to the Affinisol filament DSC data are: log(A/
s71)=10.73, M=0.63, N=1.18.

A similar sequence of the calculation procedures was also
applied for the TGA data; the Fraser-Suzuki deconvolution
was not used as a preliminary step because no full overlap
of two mass loss steps occurred. Due to the large degree of
potential reaction complexity associated with the existence
of numerous reaction pathways and products (see the dis-
cussion on the spectroscopic data in Section 3.2.), all mass
decreases were treated as independent reactions, and their
interdependences will be discussed based on the trends in
their kinetic description. The TGA data for the degradation
of Affinisol in air atmosphere are shown in Fig. 8.

Whereas the Kissinger plots show very good linearity,
indicating uniform activation energy for each decomposition
step, the AC model parameters (corresponding to the peaks
asymmetries) and the mass loss values for the three decom-
position steps exhibit a marked discontinuity in-between the
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Fig.8 (A) Kissinger dependences for the three decomposition stages
measured by TGA in the air — see Fig. 1B. (B) Kinetic parameters A,
M, and N (determined by the sc-MKA method with E fixed on the val-
ues shown in Fig. 8A) for the three TGA decomposition stages measured
for the Affinisol powder in the air. The data are plotted in dependence on
q*. (C) Representation of the three particular TGA decomposition steps
measured for the Affinisol powder in air as a percent portion of the over-
all mass loss. The depicted scheme represents the simplest reaction model
that can be used to describe the TGA decomposition in air.
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data-points corresponding to the 2 and 3°C-min~". Since the
shape of the first decomposition step was found to be pos-
sibly influenced by the onset of the second (largest) mass
loss, the most probable simplest usable reactions scheme is
that depicted in Fig. 8C: initial strongly oxidative diffusion-
driven decomposition followed by the two competing reac-
tion paths, where the split occurs at g*>2°C-min~". Inter-
estingly, the activation energy of the two reaction pathways
appears to be very similar, which may suggest a mechanistic
reason for the switch between the dominant reaction routes.
It is worth noting that in the case of the second (main) mass
loss, the first and last points (obtained at the lowest and
highest q*) were omitted from the evaluation. The high-q*
point deviated probably due to the temperature gradients or
delayed mass diffusion; the deviation of the low-q* point
was caused by the inaccurate determination of the inflection
point on the TGA curve due to the overlap of the second and
third mass losses (see Fig. 1B).

One also needs to bear in mind that the true reaction
scheme is most probably more complicated than introduced
in Fig. 8C. Contrary to the degradation in air, under the inert
N, atmosphere, the Affinisol decomposes in a single step via
first-order reaction with a slight autolytic effect — see Fig. 9.
The consistency and uniformity of this primarily solid-state
reaction are confirmed by the practically constant values of
all kinetic parameters (E, A, M, N, mass loss).

Kinetic Predictions and Processing Temperatures

The main purpose of the solid-state kinetic analysis is the
kinetic predictions of the material behavior extrapolated
towards conditions that are difficult or impossible to meas-
ure experimentally. The present kinetic predictions will be
theoretically simulated for isothermal annealings extrapo-
lated to lower temperatures, where the experiments would
be time-demanding, with the experimental conditions being
difficult to maintain constant and/or instrumental signals
being too weak to record. In accordance with the latest trend
in the kinetic predictions [56, 58—60], the extrapolations to
low-T annealing can be best done utilizing the set of kinetic
parameters obtained for the lowest applied q* (0.5°C-min~"
in the present study). Note that the very slow heating is most
reminiscent of the isothermal conditions, hence the most
accurate kinetic prediction.

Starting with the technologically less important case of
the decomposition in the N, atmosphere, the kinetic descrip-
tion obtained for the single decomposition step recorded
by TGA at 0.5°C-min~! was used to simulate the rate of
Affinisol degradation at temperatures 210 and 250°C (with
the former being the highest recommended by the DuPont
manufacturer). As is apparent from Fig. 10A, the degrada-
tion in the inert N, atmosphere indeed proceeds extremely
slowly at 210°C (with the conversion of the first 10% taking
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Fig.9 A Kissinger dependence for the single decomposition stage
measured by TGA in N, — see Fig. 1A. The top and right axes depict
the q* dependence of the pre-exponential factor determined by the sc-
MKA method. B The q* dependences of the M and N kinetic expo-
nents determined by the sc-MKA method for the TGA measurement
of the Affinisol powder in N,. The right axis shows the scaling for the
mass loss data

~20 days). At 250°C (see Fig. 10B), the decomposition reac-
tion is significantly accelerated, but it is still well within all
possible safe limits applicable for the Affinisol processing
(0.5% mass loss after ~1 h). However, a completely different
situation arises for the Affinisol degradation in the air — see
Fig. 10C.

The first decomposition stage (accounting for approx.
5.5% of the overall mass) is at higher temperatures of
T >170°C completed within a few minutes, i.e., within
the timeframe of the estimated Affinisol retain time in the
extruder. Note that this finding is in good correspondence
with the micrographs from Fig. 5, where the first significant
changes are observed for the filament extruded at 170°C.
The main dataset in Fig. 10 also indicates that at 220°C, the
main decomposition process accounting for approx. 70% of
the overall mass loss already proceeds to a significant degree
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Fig. 10 A Prediction of the isothermal Affinisol decomposition at »

210°C. The calculation was based on the kinetic parameters deter-
mined for TGA data measured at 0.5°C-min~! for the Affinisol
powder in N,. B Prediction of the isothermal Affinisol decomposi-
tion at 250°C (the inset shows the part of the curve zoomed-in on
the first hour). The calculation was based on the kinetic parameters
determined for TGA data measured at 0.5°C-min~' for the Affinisol
powder in N,. C Predictions of the isothermal Affinisol decomposi-
tion at selected temperatures (the inset shows the measurements
at higher T). The calculations were based on the kinetic parameters
determined for TGA data measured at 0.5°C-min~"! for the Affinisol
powder in the air. Note that all the predictions were calculated for the
whole reaction scheme (see Fig. 8C), but the graph is zoomed-in on
the initial decomposition stage — accounting for the 5.5% mass loss at
0.5°C-min™!

(> 1%) within the first five minutes, which may correspond
to the abrupt darkening of the Affnisol filament.

Regarding the predictions from the DSC data, the
degree of conversion a calculated for the first stage (the
only stage that was accurately measured calorimetrically)
was arbitrarily set to the same value of 5.5% as obtained
from the TGA data. This was done to avoid potential
confusion of the readers and also for the lack of other
options (since the experimental data to determine the over-
all enthalpy change are missing). Based on the DTA data
measured during the joint STA (TGA + DSC; see Fig. 3C)
experiments, the true share of the evolved heat is close to
the 7% value, at least at higher q*. The predictions based
on the kinetic description of the DSC curves obtained for
the Affinisol powder and filaments are shown in Fig. 11A
and B, respectively. As can be expected from a visual com-
parison of the raw data (see Figs. 2C and 4B), the degrada-
tion/oxidation process in the extruded filaments proceeds
significantly slower. This is indeed reflected also in the
kinetic predictions — note the intentionally similar scaling
of Fig. 11A and B. The predictions based on the pow-
dered Affinisol data suggest that the degradation should
be within the 5 min timeframe fully completed even at
160°C (and proceeded to a significant degree at 150°C).
This predicted behavior is too fast in comparison with the
reality observed for the extruded material (see Fig. 5). On
the other hand, the predictions calculated based on the
DSC data corresponding to the Affinisol filament correctly
predict the full completion of the first degradation stage in
the 5 min timeframe for T, = 180°C, and a partial one (but
still at significant o) for T,=170°C. Hence, the high-T oxi-
dation/burn during extrusion is clearly diffusion-limited,
and significantly more accurate kinetic predictions of this
reaction can be obtained from the measurements of the
HME-prepared filaments (rather than from measuring the
raw, usually powdered or granulated as-purchased mate-
rial). This finding is crucial for future kinetic studies of
the thermally induced oxidation/degradation in extruded
materials.
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Conclusions

Thermal degradation of the Affinisol HPMC HME material
was studied by means of TGA and DSC. The novel sc-MKA
method paired with the flexible autocatalytic kinetic model
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Fig. 11 A Predictions of the isothermal Affinisol decomposition at
selected temperatures (the inset shows the measurement at lowest T).
The calculations were based on the kinetic parameters determined for
DSC data measured at 0.5°C-min~" for the Affinisol powder in the air.
B Predictions of the isothermal Affinisol decomposition at selected
temperatures (the inset shows the measurement at the lowest T). The
calculations were based on the kinetic parameters determined for
DSC data measured in air at 0.5°C-min~! for the Affinisol filament
extruded at 120°C

was used to provide a full kinetic description of the observed
degradation processes. Under the inert N, atmosphere, the
degradation proceeded in accordance with the literature data
and with the specifications declared by the manufacturer:
decomposition onset at ~260°C at 0.5°C-min~!, single step
mass loss of 90-95%, activation energy of the decomposi-
tion process E~ 185 kJ-mol~". However, these conditions are
rarely met in real-life laboratory or industrial practice, where
the high-T processing of Affinisol (e.g., hot melt extrusion
or 3D printing) usually proceeds in the air. The thermal deg-
radation induced by the presence of O, drastically changes
from that in the inert N, atmosphere and shifts the limits for
safe utilization/processing of the Affinisol polymer.

@ Springer

In particular, the thermogravimetric mass loss occurs in
three stages — preliminary ~5% mass loss at 150°C, main
loss of circa 70% mass slowly onsetting at ~200°C, and the
final mass loss step of approx. 15% with the onset at 380°C.
All these effects were associated with strong oxidation-
caused exothermic heat releases. In addition, a second reac-
tion path emerges at higher q* (> 3°C-min~"), most prob-
ably due to the limited rate of O, diffusion into the partially
burned Affinisol material; in this secondary competing chain
of reactions, the activation energies appear to be very close
to those determined for at low q* but the proportion between
the second and third (main and final) decomposition steps
changes by ~7% in favor of the main decomposition step.
Additional investigation by means of DSC has shown that
the first preliminary mass loss step (which is technologically
most important because it determines the upper-temperature
limit for the Affinisol processing) is probably composed of
two following reactions: partial split of the hydroxypropyl
and methyl groups, and the consequent oxidation of the
released CO (exact nature of these two processes still needs
further clarification). The activation energy of the rate-deter-
mining process is E~ 150 kJ-mol~'.

Based on the kinetic predictions calculated for the esti-
mated extrusion hot-zone retain the time of 5 min, the sig-
nificant degree of Affinisol degradation (first/preliminary
decomposition stage reached to a>20%) was achieved for
the extrusion temperatures T > 170°C. This finding was sup-
ported also by the visual examination of the color and homo-
geneity of the HME-processed filaments Affinisol. A very
important finding was obtained also regarding the precision
of the kinetic predictions: acceptable accuracy was achieved
only for the kinetic data of the filament pre-extruded at low
T; the powdered Affinisol decomposed significantly faster,
and the corresponding predictions should be taken rather as
a worst-case scenario than as a true approximation of the
first stage of the decomposition process during HME or 3D
printing.

To conclude, the proper temperature limit for the labora-
tory/industrial thermal processing of the Affinisol HPMC
HME 15LV polymer is 160°C (up to 5 min exposition under
the air atmosphere). This temperature should be sufficient for
the hot melt extrusion, where acceptable compactness and
textural and mechanical properties can be obtained even at
T,=120°C. For HME processing of Affinisol in pharmacy,
the attention thus technically needs to be paid only to the
requirements of the added excipients or the incorporated
drug. On the other hand, the 3D printing process from the
Affinisol filament requires temperatures close to 200°C [23],
where not only the initial/preliminary decomposition step
is fully completed, but also the main decomposition can
proceed to a non-negligible degree. Hence, further research
needs to be aimed at the identification of the potential harm-
ful/carcinogenic products of the Affinisol decomposition that
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can get trapped within the HME-processed or 3D-printed
objects. Moreover, the utilization of plasticizers or lubricants
decreasing the viscosity of the Affinisol-based formulation
(ideally below 170°C) should be considered and explored
for 3D printing applications.

Acknowledgments This work has been supported by the Minis-
try of Education, Youth and Sports of the Czech Republic (project
LM2023037) and by the student grant of the University of Pardu-
bice SGS_2023_008. M.CH. thanks to The Slovak Grant Agency
for Science for the support under Grant No. VEGA 2/0091/20, and
APVV-21-0016.

Funding Open access publishing supported by the National Technical
Library in Prague.

Data Availability The raw/processed data required to reproduce these
findings cannot be shared at this time as the data also forms part of an
ongoing study. Selected data may be provided on request.

Declarations

Conflict of Interests The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Keseru GM, Makara GM. The influence of lead discovery strate-
gies on the properties of drug candidates. Nat Rev Drug Discov.
2009;8(3):203-12.

2. Serajuddin ATM. Salt formation to improve drug solubility. Adv
Drug Deliv Rev. 2007;59(7):603-16.

3. Dressman JB, Amidon GL, Reppas C, Shah VP. Dissolution
testing as a prognostic tool for oral drug absorption: immediate
release dosage forms. Pharm Res. 1998;15(1):11-22.

4. Pudipeddi M, Serajuddin ATM, Mufson D. Integrated drug prod-
uct development—from lead candidate selection to life-cycle man-
agement. The Process of New Drug Discovery and Development.
Boca Raton: CRC Press; 2006.

5. Li S, He H, Parthiban LJ, Yin H, Serajuddin ATM. IV-IVC con-
siderations in the development of immediate-release oral dosage
form. J Pharm Sci. 2005;94(7):1396-417.

6. Alonzo D, Zhang GZ, Zhou D, Gao Y, Taylor L. Understanding
the behavior of amorphous pharmaceutical systems during dis-
solution. PharmRes. 2010;27(4):608-18.

7. Vasanthavada M, Tong W, Serajuddin A. Development of solid
dispersion for poorly water-soluble drugs. Water-insoluble drug

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

formulations. 2nd ed. New York: Informa Healthcare; 2008. p.
149-84.

Surikutchi BT, Patil SP, Shete G, Patel S, Bansal AK. Drug excipi-
ent behavior in polymeric amorphous solid dispersions. J Excipi-
ents Food Chem. 2013;4(3):70-94.

Jani R, Patel D. Hot melt extrusion: an industrially feasible
approach for casting orodispersible film. Asian J Pharmaceut Sci.
2015;10(4):292-305.

Patil H, Tiwari RV, Repka MA. Hot-melt extrusion: from theory to
application in pharmaceutical formulation. AAPS PharmSciTech.
2016;17:20-42.

Breitenbach J. Melt extrusion: from process to drug delivery tech-
nology. Eur J Pharm Biopharm. 2002;54(2):107-17.

Forster A, Hempenstall J, Rades T. Characterization of glass
solutions of poorly water-soluble drugs produced by melt extru-
sion with hydrophilic amorphous polymers. J Pharm Pharmacol.
2001;53(3):303-15.

Bennett R, Keen J, Bi Y, Porter S, Diirig T, Mcginity J. Investi-
gation of the interactions of enteric and hydrophilic polymers to
enhance dissolution of griseofulvin following hot melt extrusion
processing. J Pharma Pharma. 2015;67(7):918-38.

O’Donnell KP, Woodward WHH. Dielectric spectroscopy for the
determination of the glass transition temperature of pharmaceuti-
cal solid dispersions. Drug Dev Industr Pharma. 2015;41:959-68.
Siew A. New excipient options for oral solid dosage drugs.
PharmTech (online edition). January 30, 2015 (http://www.
pharmtech.com/new-excipient-options-oral-solid-dosage-
drugs). Accessed 16 June 2023.

Huang S, O’Donnell KP, Keen JM, et al. A new Extrudable form
of Hypromellose: AFFINISOL™ HPMC HME. AAPS PharmSc-
iTech. 2016;17:106-19.

Gupta SS, Solanki N, Serajuddin ATM. Investigation of thermal
and viscoelastic properties of polymers relevant to hot melt extru-
sion, IV: Affinisol™ HPMC HME polymers. AAPS PharmSc-
iTech. 2016;17:148-57.

Khatri P, Katikaneni P, Desai D, Minko T. Evaluation of Affini-
sol® HPMC polymers for direct compression process applica-
tions. J Drug Deliv Sci Technol. 2018;47:461-7.

Prasad E, Islam MT, Goodwin DJ, Megarry AJ, Halbert GW,
Florence AJ, Robertson J. Development of a hot-melt extru-
sion (HME) process to produce drug loaded Affinisol™ 15LV
filaments for fused filament fabrication (FFF) 3D printing. Addit
Manuf. 2019;29:100776.

Mora-Castafio G, Millan-Jiménez M, Linares V, Caraballo 1.
Assessment of the extrusion process and printability of suspen-
sion-type drug-loaded Affinisol™ filaments for 3D printing. Phar-
maceutics. 2022;14:871.

Tahir F, Islam MT, Mack J, Robertson J, Lovett D. Process moni-
toring and fault detection on a hot-melt extrusion process using
in-line Raman spectroscopy and a hybrid soft sensor. Comput
Chem Eng. 2019;125:400-14.

Devi D, Ghosh A, Mandal UK. Sustained release matrix tablet of
100 mg losartan potassium: formulation development and in vitro
characterization. Braz J Pharm Sci. 2022;58:1-16.

Skalicka B, Matzick K, Komersova A, Svoboda R, Barto§ M,
Hromadko L. 3D-printed coating of extended-release matrix tab-
lets: effective tool for prevention of alcohol-induced dose dumping
effect. Pharmaceutics. 2021;13:2123.

Huang S, O'Donnell KP, Delpon de Vaux SM, O'Brien J, Stutz-
man J, Williams RO. Processing thermally labile drugs by hot-
melt extrusion: the lesson with gliclazide. Eur J Pharm Biopharm.
2017;119:56-67.

Bordos E, Islam MT, Florence AJ, Halbert GW, Robertson J. Use
of terahertz-Raman spectroscopy to determine solubility of the
crystalline active pharmaceutical ingredient in polymeric matrices
during hot melt extrusion. Mol Pharm. 2019;16(10):4361-71.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://www.pharmtech.com/new-excipient-options-oral-solid-dosage-drugs
http://www.pharmtech.com/new-excipient-options-oral-solid-dosage-drugs
http://www.pharmtech.com/new-excipient-options-oral-solid-dosage-drugs

2268

Pharmaceutical Research (2023) 40:2253-2268

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Solanki NG, et al. Formulation of 3D printed tablet for rapid drug
release by fused deposition modeling: screening polymers for drug
release, drug-polymer miscibility and printability. J Pharm Sci.
2018;107:390-401.

Liu Y, Thompson MR, O’Donnell KP. Impact of non-binder ingre-
dients and molecular weight of polymer binders on heat assisted
twin screw dry granulation. Int J Pharm. 2018;536:336—44.
Mora-Castaflio G, Millan-Jiménez M, Caraballo I. Hydrophilic
high drug-loaded 3D printed Gastroretentive system with robust
release kinetics. Pharmaceutics. 2023;15:842.

Rahimi SK, et al. Supercritical-CO, foam extrusion of Hydroxy-
propyl methyl cellulose acetate succinate/Itraconazole amorphous
solid dispersions: processing-structure-property relations. J Pharm
Sci. 2021;110.

Parulski C, Gresse E, Jennotte O, Felten A, Ziemons E, Lechan-
teur A, Evrard B. Fused deposition modeling 3D printing of solid
oral dosage forms containing amorphous solid dispersions: how
to elucidate drug dissolution mechanisms through surface spectral
analysis techniques? Int J Pharm. 2022;626:122157.

Pistone M, Racaniello GF, Arduino I, et al. Direct cyclodextrin-
based powder extrusion 3D printing for one-step production of
the BCS class II model drug niclosamide. Drug Deliv and Transl
Res. 2022;12:1895-910.

Adye DR, Jorvekar SB, Murty US, Banerjee S, Borkar RM.
Analysis of NSAIDs in rat plasma using 3D-printed sorbents by
LC-MS/MS: an approach to pre-clinical pharmacokinetic studies.
Pharmaceutics. 2023;15:978.

DPuranovi¢ M, Madzarevi¢ M, Ivkovié¢ B, Ibri¢ S, Cviji¢ S. The
evaluation of the effect of different superdisintegrants on the drug
release from FDM 3D printed tablets through different applied strat-
egies: in vitro-in silico assessment. Int J Pharm. 2021;610:121194.
Patel NG, Serajuddin ATM. Development of FDM 3D-printed
tablets with rapid drug release, high drug-polymer miscibility and
reduced printing temperature by applying the acid-base supersolu-
bilization (ABS) principle. Int J Pharm. 2021;600:120524.

Zhao X, et al. 3D printed Intragastric floating and sustained-
release tablets with air chambers. J Pharm Sci. 2022;111:116-23.
A .M. Stewart, M.E. Grass, TJ. Brodeur, A.K. Goodwin, M.M.
Morgen, D.T. Friesen, D.T. Vodak. Impact of drug-rich colloids
of Itraconazole and HPMCAS on membrane flux in vitro and Oral
bioavailability in rats. Mol Pharm. 2017, 14, 7, 2437-2449.
Thiry J, Lebrun P, Vinassa C, Adam M, Netchacovitch L, Zie-
mons E, Hubert P, Krier F, Evrard B. Continuous production of
itraconazole-based solid dispersions by hot melt extrusion: Pre-
formulation, optimization and design space determination. Int J
Pharm. 2016;515:114-24.

Oladeji S, Mohylyuk V, Jones DS, Andrews GP. 3D printing of
pharmaceutical oral solid dosage forms by fused deposition: the
enhancement of printability using plasticised HPMCAS. Int J
Pharm. 2022;616:121553.

Hanada M, Jermain SV, Thompson SA, Furuta H, Fukuda M,
Williams RO. Ternary amorphous solid dispersions containing a
high-viscosity polymer and mesoporous silica enhance dissolution
performance. Mol Pharm. 2021;18(1):198-213.

Chatterjee T, O’Donnell KP, Rickard MA, Nickless B, Li Y,
Ginzburg VV, Sammler RL. Rheology of cellulose ether excipi-
ents designed for hot melt extrusion. Biomacromolecules.
2018;19(11):4430-41.

Musarrat WH, Mohammad Y, Majed AR, Maria K, Abdul M,
Saba K. 3D printing methods for pharmaceutical manufacturing:
opportunity and challenges. Curr Pharm Des. 2018;24(42).
Rahman Z, Barakh Ali SF, Ozkan T, et al. Additive manufactur-
ing with 3D printing: Progress from bench to bedside. AAPS J.
2018;20:101.

@ Springer

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Pavan Kalyan B, Kumar L. 3D printing: applications in tissue
engineering, medical devices, and drug delivery. AAPS Pharm-
SciTech. 2022;23:92.

Ponsar H, Wiedey R, Quodbach J. Hot-melt extrusion process
fluctuations and their impact on critical quality attributes of fila-
ments and 3D-printed dosage forms. Pharmaceutics. 2020;12:511.
Windolf H, Chamberlain R, Delmotte A, Quodbach J. Blind-water-
marking—proof-of-concept of a novel approach to ensure batch
traceability for 3D printed tablets. Pharmaceutics. 2022;14:432.
Sahoo S, Chaktaborti CK, Behera PK. Characterization of
controlled release Ofloxacin suspensions by Fourier trans-
form infrared spectroscopy. Res J Pharm Bio Chem Sci.
2011;2:926-39.

Wang Q, Song H, Pan S, et al. Initial pyrolysis mechanism and
product formation of cellulose: An Experimental and Density
functional theory(DFT) study. Sci Rep. 10:3626.

D’Acierno F, Hamad WY, Michal CA, MacLachlan MJ. Thermal
degradation of cellulose filaments and nanocrystals. Biomacro-
molecules. 2020;21:3374-86.

Shen DK, Gu S. The mechanism for thermal decomposi-
tion of cellulose and its main products. Bioresour Technol.
2009;100:6496-504.

Lim W-S, Choi J-W, Iwata Y, Koseki H. Thermal characteris-
tics of Hydroxypropyl methyl cellulose. J Loss Prev Process Ind.
2009;22:182-6.

Viswanathan V, Rao TKG, Iyer PB. Raman spectrum of cellulose
from cotton. Ind J Fibre Text Res. 1999;24:78-80.

Sestak J. Thermophysical properties of solids, Their Measure-
ments and Theoretical Analysis. Amsterdam: Elsevier; 1984.
Vyazovkin S, Burnham AK, Criado JM, Pérez-Maqueda LA,
Popescu C, Sbirrazzuoli N. ICATC kinetics committee recommen-
dations for performing kinetic computations on thermal analysis
data. Thermochim Acta. 2011;520:1-19.

Sesték J. Science of heat and Thermophysical studies: a gen-
eralized approach to thermal analysis. Amsterdam: Elsevier;
2005.

Kissinger HE. Reaction kinetics in differential thermal analysis.
Anal Chem. 1957;29:1702-6.

Svoboda R, Chovanec J, Slang S, Benes L, Konrad P. Single-curve
multivariate kinetic analysis: application to the crystallization
of commercial Fe-Si-Cr-B amorphous alloys. J Alloys Compd.
2022;889:161672.

Svoboda R, Mélek J. Applicability of Fraser-Suzuki function
in kinetic analysis of complex processes. ] Therm Anal Cal.
2013;111:1045-56.

Svoboda R, Kostalova D, Krbal M, Komersova A. Indomethacin:
the interplay between structural relaxation, Viscous Flow and
Crystal Growth. Molecules. 2022;27:5668.

Romanova J, Svoboda R, Obadalova I, Bene§ L, Pekarek T,
Krejcik L, Komersova A. Amorphous enzalutamide — non-isother-
mal recrystallization kinetics and thermal stability. Thermochim
Acta. 2018;655:134-41.

Svoboda R, Romanova J, glang S, Obadalova I, Komersova A.
Influence of particle size and manufacturing conditions on the
recrystallization of amorphous enzalutamide. Eur J Pharm Sci.
2020;153:105468.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Thermal degradation of Affinisol HPMC: Optimum Processing Temperatures for Hot Melt Extrusion and 3D Printing
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Experimental
	Results
	TGA and DSC Data
	Microscopic and Spectroscopic Data

	Discussion
	Decomposition Kinetics
	Kinetic Predictions and Processing Temperatures

	Conclusions
	Acknowledgments 
	References


