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Terminal sterilisation is a critical process for pharmaceutical products intended for parenteral or invasive
administration, yet conventional sterilisation approaches can compromise thermolabile or chemically sensitive
drug substances. In this study, the compatibility of crystalline and amorphous solid forms of five drug substances
(betamethasone dipropionate (BMD), estradiol (E2), itraconazole (ITZ), vismodegib (VDG), and zolmitriptan
(ZMT)) with sterilising gamma irradiation and ethylene oxide (EtO) cycles was evaluated in terms of chemical
and physical stability. Physical stability was assessed by visual inspection of crystalline powders and amorphous
solids pre- and post-sterilisation and by differential scanning calorimetry (DSC) to characterise the melting
behaviour of crystalline drugs, and glass transition and recrystallisation events in amorphous forms. Chemical
stability was examined using reverse phase-high-performance liquid chromatography (RP-HPLC), liquid chro-
matography-mass spectrometry (LC-MS), and proton nuclear magnetic resonance spectroscopy (‘H-NMR).

Gamma irradiation and EtO preserved the chemical integrity of BMD, E2, ITZ, and VDG. A reversible colour
change observed for ITZ was attributed to radical formation as confirmed by gentle heating, HPLC and LC-MS. E2
demonstrated alterations in crystallinity and thermal behaviour after sterilisation, despite maintaining chemical
integrity. ZMT exhibited pronounced sensitivity to sterilisation: gamma irradiation induced physical softening
and oxidative degradation, particularly in the amorphous form, while EtO sterilisation induced ZMT hydrox-
yethylation, as confirmed by LC-MS identification of multiple alkylated derivatives.

Overall, sterilisation compatibility was governed primarily by molecular structure rather than the drug solid-
state. These findings provide an insight for selecting sterilisation strategies and facilitate the translation of
crystalline and amorphous pharmaceutical solids toward clinical application.

1. Introduction

Sterility is a fundamental requirement for pharmaceutical formula-
tions intended for parenteral and invasive routes of administration, as
these routes bypass natural protective barriers and therefore demand
strict microbiological control to ensure patient safety and product
integrity (Hussong, 2010; Tyski et al., 2025). Regulatory authorities
such as the European Medicines Agency and the European Pharmaco-
poeia (Ph. Eur.) define sterilisation as a validated and controlled process
capable of achieving a sterility assurance level (SAL) of <107,
acknowledging that absolute sterility can never be guaranteed (Council
of Europe, 2019a; “European Medicines Agency,” 2019). Consequently,
the choice of sterilisation strategy must balance microbial inactivation

* Corresponding author.
E-mail address: a.crean@ucc.ie (A. Crean).

https://doi.org/10.1016/j.ejps.2026.107572

with preservation of drug quality attributes, including chemical stabil-
ity, impurity profile, and therapeutic efficacy (Lambert et al., 2011;
Speleers et al., 2025; Van Cauwenbergh et al., 2022).

Manufacturing of sterile medicinal products relies on two principal
approaches: aseptic processing and terminal sterilisation (“European
Medicines Agency,” 2019). Terminal sterilisation is generally
preferred, as it subjects the product to sterilisation in its final container
closure system, thereby minimizing the risk of post-process contami-
nation (Council of Europe, 2019a; Speleers et al., 2025). However, many
pharmaceutical compounds and delivery systems are thermolabile or
moisture-sensitive, rendering conventional heat- or steam-based steri-
lisation unsuitable (Li et al., 1998; Pérez Davila et al., 2021; Rediguieri
et al., 2016). Under such circumstances, alternative low-temperature
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sterilisation technologies, particularly ionizing radiation (gamma or
electron beam) and ethylene oxide (EtO) gas, are widely applied in both
pharmaceutical and medical device industries (Lambert et al., 2011; Van
Cauwenbergh et al., 2022).

Gamma irradiation, most commonly generated from cobalt-60
sources (Van Cauwenbergh et al., 2022), offers deep penetration and
broad-spectrum antimicrobial activity, making it suitable for terminal
sterilisation of packaged products (Harrell et al., 2018; Hasanain et al.,
2014; Simmons, 2012). Typical sterilisation doses are around 25 kGy
(Aquino and Aquino, 2012; “European Medicines Agency,” 2019; Van
Cauwenbergh et al., 2022), although higher doses may be applied
depending on the bioburden and material compatibility (Nguyen et al.,
2006). Numerous studies have demonstrated that gamma irradiation
can be successfully applied to a variety of pharmaceutical formulations
and drug delivery systems without compromising their structural
integrity or therapeutic performance. For example, hydrogel-forming
and dissolving microneedle arrays have been shown to retain mechan-
ical strength and drug-release characteristics following gamma steri-
lisation (Donnelly et al., 2012; McCrudden et al., 2015; Swathi et al.,
2020), and polymeric delivery systems such as PLGA microspheres
and nanoparticles maintained morphology, drug content, and release
kinetics after exposure to sterilisation-relevant doses (Desai et al., 2013;
Igartua et al., 2008; Yang et al., 2013).

Despite its effectiveness, gamma irradiation can induce radiolytic
degradation of drug molecules through mechanisms such as free radical
formation, oxidation, dehalogenation, and cleavage of labile chemical
bonds (Jacobs, 2022; Speleers et al., 2025). Gamma irradiation has been
shown to induce corticosteroid degradation pathways involving oxida-
tion of the C-11 alcohol group and loss of the C-17 side chain (Bussey
et al., 1983; Kane and Tsuji, 1983; Speleers et al., 2025), while dexa-
methasone has been reported to undergo hydroxyl radical oxidation,
radical substitution, and direct molecular decomposition (Guo et al.,
2017; Speleers et al., 2025). Antibiotics such as tetracycline have
generally shown higher stability in the solid state under irradiation
(Boess and Bogl, 1996; Speleers et al., 2025; Van Cauwenbergh et al.,
2022), although aqueous solutions were found to be significantly more
susceptible to degradation at sterilisation-relevant doses (Boess and
Bogl, 1996; Speleers et al., 2025).

EtO sterilisation represents an alternative for products that are
incompatible with ionizing radiation or high temperatures. EtO achieves
microbial inactivation through alkylation of nucleophilic sites in DNA,
RNA, and proteins, thereby disrupting essential cellular processes
(Mendes et al., 2012; Van Cauwenbergh et al., 2022). Its effectiveness at
relatively low temperatures renders it compatible with a wide range of
medical devices and drug-delivery systems, including polymeric im-
plants (Haim Zada et al., 2019; Herczeg and Song, 2022; Tipnis and
Burgess, 2018), microneedle arrays (Castilla-Casadiego et al., 2022; Li
et al., 2024), and combination products (Lambert et al., 2011; Rutala
and Weber, 2023), without significant alteration of their physical
structure or performance characteristics.

However, EtO is highly reactive and potentially toxic (Rutala and
Weber, 2023), and concerns persist regarding chemical interactions
with pharmaceutical compounds as well as the retention of residual EtO
and its by-products, such as ethylene chlorohydrin and ethylene glycol
(Buben et al., 1999; “ISO 10993-7:2008.; Mendes et al., 2007). Studies
have shown that EtO can react with labile hydrogen atoms or nucleo-
philic functional groups, potentially leading to polymerization, hydro-
lysis, or formation of adducts in sensitive drug substances (Chen et al.,
2015; Hill et al., 2025), including protein therapeutics (Chen et al.,
2015). Therefore, stringent control of residual EtO levels and careful
assessment of chemical stability after sterilisation are mandatory to
ensure patient safety.

Although gamma irradiation and EtO sterilisation are well estab-
lished for medical devices and combination products, focused in-
vestigations into their effects on drug substances remain comparatively
limited. Previous work on ophthalmic therapeutics such as
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dexamethasone, methylprednisolone, acyclovir, tetracycline hydro-
chloride, and triamcinolone demonstrated that gamma irradiation could
lead to the formation of specific impurities in corticosteroids (Speleers
et al., 2025; Van Cauwenbergh et al., 2022), while other drugs
remained largely compatible with Ph. Eur. requirements under certain
irradiation conditions (Krupianskaya et al., 2022; Speleers et al., 2025;
Van Cauwenbergh et al., 2022). Beyond conventional crystalline drug
substances, the role drug solid-state plays in its response to sterilisation
has received less attention. Amorphous and glassy pharmaceutical
solids, including melt-quenched glasses and glass-forming drug
matrices, have gained increasing importance in advanced drug delivery
technologies such as solid dispersions (Leuner and Dressman, 2000),
implants (Repka et al., 2012), and microneedle-based systems
(Elkhashab et al., 2025; Sartawi et al., 2023). These amorphous systems
often exhibit enhanced solubility and bioavailability but are inherently
less thermodynamically stable than their crystalline counterparts
(Hancock and Zografi, 1997; Yu, 2001), potentially rendering them
more vulnerable to radiation- or gas-induced degradation. Despite their
growing relevance, systematic studies comparing the sterilisation
response of crystalline versus amorphous drug forms are limited.

Therefore, a comprehensive understanding of how terminal steri-
lisation methods influence both the chemical and physical stability of
drug substances is essential for the rational design of sterile drug
products and drug delivery systems. In this context, the present work
investigates the effects of two clinically relevant terminal sterilisation
techniques, gamma irradiation and EtO, on a selection of therapeutic
molecules in both crystalline and amorphous (glassy) forms. The
selected model compounds, betamethasone dipropionate (BMD), estra-
diol (E2), itraconazole (ITZ), vismodegib (VDG), and zolmitriptan
(ZMT), represent chemically diverse molecules used in dermatological
(Charakida et al., 2006), hormonal (Naunton et al., 2006), antifungal
(Westerberg and Voyack, 2013), oncological (Sekulic et al., 2012), and
neurological therapies (Spencer et al., 1999). By systematically evalu-
ating changes in drug content, impurity profiles, and solid-state prop-
erties following sterilisation, this study aims to provide mechanistic
insight into sterilisation-induced degradation pathways and to support
the development of robust, sterilisation-compatible drug delivery
platforms.

2. Materials and methods
2.1. Materials

Vismodegib (VDG) and betamethasone dipropionate (BMD) were
purchased from MedChemExpress (Sweden). Itraconazole (ITZ), zolmi-
triptan (ZMT), and 17-p-estradiol hemihydrate (E2) were supplied by
Kemprotec (United Kingdom). Acetonitrile (HPLC gradient grade),
water (HPLC gradient grade), methanol (HPLC gradient grade),
dimethyl sulfoxide, formic acid, soybean-casein digest medium, fluid
thioglycolate medium and triethylamine were obtained from Sigma-
Aldrich (Wicklow, Ireland). Parafilm, chromatography vials, and lids
were purchased from ThermoFisher Scientific (Ireland). Petri dishes
were acquired from Lennox Laboratory Supplies Ltd. (Ireland). T-zero
calorimetry pans were sourced from Waters TA Instruments Ireland
(Dublin, Ireland).

2.2. Fabrication of amorphous drug forms

Powdered drugs were uniformly spread onto glass slides and placed
into a vacuum oven (VACUTHerm, ThermoFisher Scientific, Germany)
at temperatures approximately 5°C above their melting temperatures,
then cooled to ambient temperature, during which solidification
occurred. Details of the melting temperatures and glass transition tem-
peratures (Tg) of each drug are provided in supplementary information
(Table S1). The amorphous drug form was confirmed by differential
scanning calorimetry (DSC) analysis as described below.
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2.3. Sterilisation procedure

Drug powders were sterilised by gamma irradiation and ethylene
oxide (EtO) gas sterilisation. All samples were packaged in glass petri
dishes sealed with parafilm prior to sterilisation. Gamma sterilisation
was conducted at Swann-Morton Limited, United Kingdom. Samples
were exposed to a dose of 25 kGy for 10 hours using cobalt 60 tote
irradiator. Sterilisation was conducted at room temperature. EtO steri-
lisation was conducted at Synergy Health Ireland Limited, a STERIS
Company, Ireland. Samples were exposed to EtO gas at 50°C and 60%
relative humidity for 3 hours, followed by nitrogen washing at 700 mbar
and subsequent degassing at 40°C for 8 hours.

2.4. Sterility testing

Sterility of samples was determined following European Pharmaco-
poeia protocols (Council of Europe, 2019b). Drug powders were directly
inoculated into fluid thioglycolate medium (incubated at 32°C) and
soybean-casein digest medium (incubated at 22°C) for 14 days. For
samples where turbidity was observed after 14 days an additional 5-day
incubation in fresh media to confirm microbial growth. Positive controls
included Clostridium sporogenes for anaerobic conditions and Staphylo-
coccus aureus for aerobic conditions, while uninoculated media served as
negative controls to verify test validity.

2.5. Physical evaluation post-sterilisation

The visual appearance and thermograms of drug samples pre- and
post-sterilisation were compared. DSC analysis was performed using a
DSC Q1000 (TA Instruments, UK). Samples were sealed in T-zero calo-
rimetry pans (TA Instruments, Ireland), equilibrated at 25°C for 5 mi-
nutes, and heated above their melting points at 3°C/min with a
modulation of +1°C every 60 seconds.

2.6. Chemical evaluation post-sterilisation

Chemical analysis of drugs was performed pre- and post-sterilisation.
Proton nuclear magnetic resonance (*H NMR) spectra were acquired at
25°C using a Bruker Avance III spectrometer. Tetramethylsilane was
employed as an internal standard for chemical shift calibration, and
chemical shifts (§) were reported in parts per million (ppm), while
coupling constants (J) were reported in Hertz (Hz). Spectra for ITZ and
BMD were acquired at 600 MHz in deuterated chloroform. VDG and E2
spectra were collected at 400 MHz in deuterated dimethyl sulfoxide, and
ZMT spectra were obtained at 600 MHz in deuterated methanol.

Drug quantification was performed by RP-HPLC analysis using an
Agilent 1260 Infinity LC system. A Phenomenex Kromasil C8 column
was used for ITZ analysis and a Gemini C18 column for other drugs
investigated with all columns having dimensions of 250 mm x 4.6 mm
and a particle size of 5 um. An isocratic chromatographic method was
used for all drugs. Specific mobile phases and detection wavelengths
(Mmax) varied per drug as detailed in supplementary information
(Table S2). The drug assay was determined from the main drug peak
with reference to a calibration curve established for each drug. The
percentage recovery was calculated based on the sample mass. Addi-
tionally, chromatograms were inspected for any secondary peak indic-
ative of degradation or impurities. The impurity percentage was
calculated from the ratio of the impurity peak area to the main drug peak
area in the chromatogram.

Liquid Chromatography-Mass Spectrometry (LC-MS) qualitative an-
alyses was conducted to probe chemical stability using a Waters Alliance
2695 system connected to a Waters Micromass Quattro Micro mass
spectrometer (ESI+ mode). A reversed-phase Gemini C18 column (250
x 4.6 mm, 5 pm) was used for LC separations, employing consistent MS
conditions across drugs: source temperature at 140°C, desolvation at
350°C, nitrogen desolvation flow at 500 L/hr, cone gas flow at 25 L/hr,
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capillary potential at 3.6 kV, cone potential at 18 V, and m/z scan range
50-1250. The same mobile phases and run times used for the corre-
sponding RP-HPLC methods were applied for LC-MS analysis (Supple-
mentary information, Table S2).

2.7. Statistical analysis

Samples analysed were prepared and measured in triplicate. Statis-
tical analyses were performed using GraphPad Prism 9 (GraphPad
Software Inc., USA). RP-HPLC results were compared using one-way
analysis of variance (ANOVA). The null hypothesis was that there was
no statistically significant difference in drug recovery between the non-
sterilised control and sterilised samples. Statistical significance was
defined as p < 0.05.

3. Results
3.1. Sterility analysis

To assess the effectiveness of both sterilisation techniques, crystal-
line and amorphous drug samples were assessed post-sterilisation for
evidence of microbial growth according to the sterility testing procedure
described above. After a 14-day observation period, no bacterial or
fungal contamination was detected in any of the drug powders post-
sterilisation (Supplementary Information, Figs. S1 to S5). Transient
turbidity was observed in crystalline powder samples of ZMT and BMD;
therefore, aliquots from these samples were transferred into fresh me-
dium and monitored for a further 5 days. No turbidity or microbial
growth was observed indicating effective sterilisation of these samples.
The initial turbidity events observed may possibly be attributed to ar-
tefacts related to the physicochemical properties of these drug particles.

3.2. Visual observations post-sterilisation

Visual inspection offered insights into potential physical and chem-
ical changes induced by sterilisation. VDG, BMD, and E2 samples dis-
played no observable changes in morphology or colour following both
gamma and ETO sterilisation. However, changes in appearance were
noted for ITZ following gamma irradiation (Fig. 1) and ZMT following
both gamma and EtO-sterilisation (Fig. 3).

ITZ amorphous sample developed a distinct greyish-green discolor-
ation following gamma irradiation (Fig. 1 f), whereas the crystalline ITZ
powder exhibited a noticeable transition to a light brownish colour
(Fig. 1 ¢). The change in appearance may be attributed to macro-radicals
generated during exposure to ionizing radiation exposure. Such discol-
oration was absent in EtO-sterilised ITZ crystalline powder (Fig. 1 b) and
amorphous ITZ samples (Fig. 1 e). Similar radical-induced colour centres
were previously observed for poly (ethylene terephthalate) (Jamalzadeh
et al., 2024), liquid crystal polymers (Houriet et al., 2025) and poly-
carbonate (Clough et al., 1996). To verify whether the discoloration
observed was a transient radical-induced colour change rather than
irreversible chemical degradation, the gamma irradiated amorphous
samples were heated at 40°C for 5 minutes. Under these conditions, the
original colour was restored (Fig. 2), suggesting a reversible
radical-induced coloration rather than permanent structural alteration.

An ETO-induced colour change was noted for the ZMT crystalline
powder, turning from white to a golden yellow (Fig. 3 b). A comparable
amber or golden-yellow colour change was observed in the amorphous
ZMT samples immediately after preparation (Fig. 3 d), with no further
colour alteration after either sterilisation treatment. However, after both
sterilisation methods the amorphous samples exhibited a marked change
in morphology, appearing to have lost form due to fusion of particles
potentially due to melting during sterilisation. The origin of the colour
change observed in the control amorphous samples was examined in the
following sections to determine the chemical stability of the ZMT during
preparation of the amorphous phase.
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Control samples

EtO sterilised samples

Gamma irradiated samples

Crystalline powder

Amorphous sample

Fig. 1. Itraconazole crystalline and amorphous samples before and after sterilisation process. Crystalline itraconazole samples are shown in panels (a—c): (a) before
sterilisation, (b) after ethylene oxide sterilisation, and (c) after gamma irradiation. Amorphous itraconazole samples are shown in panels (d-f): (d) before steri-

lisation, (e) after ethylene oxide sterilisation, and (f) after gamma irradiation.

Fig. 2. (a) Itraconazole amorphous sample before sterilisation; (b) Gamma irradiated itraconazole amorphous sample; (c) the same sample after heating at 40°C for 5

minutes demonstrating reversal of the irradiation-induced colour change.

3.3. Drug solid-state form post-sterilisation

DSC analysis was conducted to evaluate drug solid-state stability
post-sterilisation. DSC thermograms of sterilised crystalline ITZ, VDG,
BMD, and E2 showed clearly defined melting endotherms consistent
with their previously reported melting temperatures detailed in sup-
plementary information (Table S1). Temperatures were observed post-
gamma irradiation and EtO sterilisation (Fig. 4 a-d) indicating no sig-
nificant sterilisation-induced change in melting behaviour. Amorphous
ITZ, VDG, and BMD samples displayed similar DSC thermograms pre-
and post-sterilisation, indicating that sterilisation did not alter their
thermal behaviour (Fig. 5 a-c). Thermograms displayed typical behav-
iour of amorphous drug forms; a characteristic T, followed by an
exothermic crystallisation event, and a subsequent endothermic melt. Ty
values observed were also similar to previously reported values detailed
in supplementary information (Table S1).

Of note was an increase in the crystallisation exotherm temperature
for amorphous ITZ post-sterilisation. The crystallisation peak of the non-
sterilised amorphous ITZ control was observed at 120.1 + 0.8°C, while
gamma-irradiated and EtO-sterilised amorphous ITZ showed crystal-
lisation peaks at 125.4 & 0.9°C and 121.89 + 0.9°C, respectively (Fig. 5

a). This shift was significant post-gamma irradiation (p < 0.05). Similar
changes in cool crystallisation-related DSC events have previously been
reported after gamma irradiation in amorphous and semicrystalline
materials, which were attributed to irradiation-induced changes in
material structure, crystallinity, or molecular mobility (Marcos Rios
et al., 2026; Milicevic et al., 2007)

The amorphous stability of E2 was undermined by both gamma
irradiation and EtO sterilisation. DSC thermograms displayed a reduced
enthalpy of crystallisation following both gamma irradiation and EtO
sterilisation of the amorphous samples (Fig. 5 d). The enthalpy of
crystallisation (AH.) was determined to be 14.16 J/g for the gamma
irradiated sample and 5.72 J/g for the EtO-sterilised sample, in contrast
to 34 J/g for the amorphous E2 sample pre-sterilisation. To further
investigate differences in crystalline content, a degree of crystallinity
parameter was estimated using equation 1, adapted for an equation
originally developed to determine the degree of crystallinity in poly-
meric films (Murthy et al., 1994),

_ AH, — AH,

X = AH,y ®

where X, is the degree of crystallinity AHm is the enthalpy of the melting
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Control samples

EtO sterilised samples

Gamma irradiated samples

Crystalline powder

Amorphous sample

Fig. 3. Zolmitriptan crystalline and amorphous samples before and after sterilisation process. Crystalline zolmitriptan samples are shown in panels (a—c): (a) before
sterilisation, (b) after ethylene oxide sterilisation, and (c) after gamma irradiation. Amorphous zolmitriptan samples are shown in panels (d—f): (d) before steri-

lisation, (e) after ethylene oxide sterilisation, and (f) after gamma irradiation.
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Fig. 4. Representative DSC thermogram of crystalline powder of (a) itraconazole, (b) vismodegib, (c) betamethasone dipropionate, (d) estradiol, and (e) zolmitriptan

pre and post gamma irradiation and ethylene oxide sterilisation.

peak, AH, is the enthalpy of the crystallisation peak, and AH,s is the
enthalpy of the melting peak of the control crystalline sample. Using this
approach, the calculated degree of crystallinity of gamma-irradiated
amorphous E2 sample was determined to be 0.78, while that of the
EtO sterilised amorphous E2 sample was 0.87, both considerably higher
than the amorphous form pre-sterilisation (0.48).

Of the drugs investigated, ZMT displayed the greatest changes in
solid-state form post-sterilisation. The crystalline ZMT sample before
sterilisation displayed a clear endothermic melting peak at 136°C, the
reported melting point of zolmitriptan (Ravikumar et al., 2007).
Post-EtO sterilisation, the endothermic melting peak at 136°C was not
evident, indicating a loss of solid-state form. In contrast, ZMT crystalline

solid-state form appeared to be unaffected by gamma-irradiation.
Post-gamma-irradiation, thermograms of crystalline ZMT displayed a
sharp endothermic melting peak at 136°C (Fig. 4 e), in agreement with
the thermogram for crystalline ZMT pre-sterilisation. Amorphous ZMT
post-gamma irradiation exhibited a reduced T, of 19°C compared to the
pre-sterilised control of 49°C (Fig. 5 e), indicating plasticisation of the
amorphous phase. The thermogram of amorphous ZMT post-EtO steri-
lisation displayed a melting transition at 136°C but with no observable
preceding Ty or crystallisation event (Fig. 5 e). This behaviour indicates
recrystallisation and a loss of amorphous content, suggesting that
exposure to the EtO sterilisation conditions (3 hours at 50°C, 60%
relative humidity) may compromise the amorphous stability of the
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Fig. 5. Representative DSC thermogram of amorphous samples of (a) itraconazole,
triptan pre- and post-gamma irradiation and ethylene oxide sterilisation.

sample.

3.4. Chemical stability assessment by RP-HPLC and LC-MS

To probe sterilisation-induced chemical instability and elucidate
associated chemical degradation products, drug samples were analysed
by RP-HPLC and LC-MS pre- and post-sterilisation. For all drugs, except
for ZMT, RP-HPLC analysis revealed no significant reduction in the drug
assay post-sterilisation using one-way ANOVA analysis (p > 0.05),
irrespective of drug solid-state (crystalline or amorphous) or steri-
lisation method (gamma irradiation or EtO) (Fig. 6). BMD and VDG
exhibited assay values within + 2% of the nominal values, indicating
minimal or no sterilisation-induced chemical degradation. This result
was confirmed by LC-MS analysis (Supplemental Information, Figs. S6
and S7). LC-MS analysis of ITZ samples post-gamma irradiation identi-
fied the presence of a degradation product with a mass of 671.27 g/mol
(Fig. 7), which was previously reported (Dettlaff et al., 2014; Sartawi
et al., 2023). The amount of this impurity remained minimal; 0.29
+0.01% in samples of crystalline ITZ and 0.23+0.01% in amorphous ITZ
post-sterilisation.

E2 assay consistently ranged from 98.89% to 99.92% following both
sterilisation procedures. LC-MS analysis of E2 revealed no detectable
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(b) vismodegib, (c) betamethasone dipropionate, (d) estradiol, and (e) zolmi-

structural modifications or additional peaks post-sterilisation (Supple-
mental Information, Fig. S8), further affirming its chemical stability.
In contrast, RP-HPLC analysis of ZMT demonstrated significant
chemical instability post sterilisation, particularly after EtO sterilisation
of its crystalline form (Fig. 6 e). Analysis revealed a reduction in ZMT
assay, with levels falling to approximately 61%. This decline was
accompanied by the appearance of several new chromatographic peaks
at retention times of 2.29, 4.77, 5.16, 5.90, 6.56, and 6.94 minutes,
indicative of the formation of multiple degradation products (Fig. 8 a).
To investigate the degradation products of ZMT following EtO ster-
ilisation, proposed EtO-induced reaction products were developed, with
corresponding molecular masses summarised in Table 1. These theo-
retical degradation products were then assessed for their presence in the
LC-MS data. An electrospray ionization in positive mode (ES*) scan was
conducted to confirm the presence of these predicted species. The ES*
scan revealed specific chemical transformations attributable to EtO
sterilisation. A major degradation product was observed at a mass-to-
charge ratio (m/z) of 376.2, corresponding to the addition of two
ethylene oxide units (4+88 Da relative to native ZMT), suggesting
nucleophilic alkylation reactions. Another prominent product was
detected at m/z 420.2, representing the addition of three ethylene oxide
units (+132 Da relative to ZMT). Additionally, a notable species at m/z
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Fig. 6. HPLC analysis of drug recovery after gamma irradiation and ethylene oxide sterilisation of both the crystalline powder and amorphous samples of (a)

itraconazole; (b) vismodegib; (c) betamethasone dipropionate; (d) estradiol; and (e)

zolmitriptan.
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Fig. 7. Representative UV chromatograms and LC-MS spectra of itraconazole control and gamma irradiated crystalline and amorphous samples, zoomed in to focus
on regions highlighting sample degradation. (a-c) UV chromatogram of (a) control Itraconazole, (b) gamma irradiated crystalline itraconazole, and (¢) gamma
irradiated amorphous itraconazole. The degradation product peak detected after gamma irradiation is highlighted with a red circle. (d-f) LC-MS spectra of (d)
itraconazole main peak, (e) gamma irradiated crystalline itraconazole, and (f) gamma irradiated amorphous itraconazole. The corresponding impurity had a mo-
lecular weight of 671.27 g/mol based on LC-MS analysis.
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Fig. 8. Representative UV chromatogram of zolmitriptan before and after ethylene oxide sterilisation, zoomed in to focus on regions highlighting sample degra-
dation. (a) unsterilised zolmitriptan control sample, (b) sterilised zolmitriptan crystalline powder, and (c) sterilised zolmitriptan amorphous sample.

332.2 was consistent with zolmitriptan modified by a single hydrox- In comparison, gamma irradiation induced fewer chemical changes
yethyl substitution. A further degradation product, detected at m/z in ZMT. LC-MS analysis of gamma-irradiated ZMT amorphous sample
303.2, suggested oxidative modification of the indole moiety, high- revealed minor low-mass fragment ions at m/z 304 (Supplemental In-
lighting extensive structural disruption following EtO sterilisation formation, Fig. S12), indicative of indole oxidation and similar to the
(Supplemental information, Figs. S10 and S11). degradation observed with EtO treatment. This oxidative damage likely

Prior to investigating the effect of sterilisation on the stability of the contributed to the yellow discoloration and morphological changes,
amorphous ZMT sample, the impact of amorphous form generation on observed in the amorphous samples following gamma irradiation.
its stability was investigated due to the amber or golden-yellow colour However, the gamma-treated samples showed no evidence of the
change was observed in the amorphous ZMT samples immediately after extensive chemical modifications or mass additions typically associated
preparation (Fig. 3 d). The RP-HPLC analysis showed no significant with EtO sterilisation, underscoring the distinct mechanisms of chemical
difference, and the ES* scan of the pre-sterilised amorphous form of ZMT alteration underlying each sterilisation method.

showed no detectable change compared to that of the crystalline control

(Supplemental Information, Fig. S9 and Fig. S13). These results indicate 3.5. Nuclear magnetic resonance spectroscopy (NMR) analysis
that the colour change observed after preparation is a characteristic of

the physical form of ZMT rather than an indication of chemical 'H NMR spectroscopy further confirmed the structural stability
degradation. profiles obtained from RP-HPLC and LC-MS analyses. The sterilised
Interestingly, when the amorphous sample of ZMT was subjected to samples of ITZ, BMD, VDG, and E2 exhibited NMR spectra indistin-
EtO sterilisation, RP-HPLC assay was substantially higher, at approxi- guishable from their non-sterilised counterparts, reinforcing the absence
mately 93% (Fig. 6 ). Only a minor additional chromatographic peak at of structural modifications across both sterilisation methods and phys-
5.17 minutes was detected (Fig. 8 b), indicating markedly reduced ical states (Supplementary Information, Figs. S14 and S15). In contrast,
chemical reactivity compared to the crystalline powder. LC-MS analysis ZMT demonstrated pronounced NMR spectral changes following EtO
revealed the same degradation products in the amorphous sample as sterilisation of its crystalline form. 'H NMR spectroscopy of the treated
those observed in the crystalline powder (Supplemental Information, samples correlated well with the results of LC-MS analysis, supporting
Fig. S11), suggesting that the reduced degradation may be primarily due identification of hydroxyethyl-substituted ZMT derivatives as
to a decreased surface area of exposure rather than an inherent impurities.
improvement in the chemical stability of the amorphous sample. The crystalline form of ZMT showed significant evidence of impurity
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formation post-EtO sterilisation. Spectral features consistent with
alkylation of ZMT, via ring-opening of ethylene oxide, were observed in
the 'H NMR spectra of the treated material. Resonances not associated
with ZMT were seen in the aliphatic regions 3.10-3.40 ppm and
3.50-3.90 ppm, along with broad singlets at 3.98 ppm and 4.06 ppm and
resonances overlapping with the ZMT multiplet signal at 4.12-4.25

Table 1

European Journal of Pharmaceutical Sciences 224 (2026) 107572

ppm; these signals are all consistent with the NCH, and CH,OH hydro-
gens that would result from N-alkylation reaction of ZMT with ethylene
oxide at one or more of its three nitrogens (Fig. 9). The more upfield
additional signals (3.10-3.40 ppm) can be expected to correspond to
NCH; hydrogens, while the more downfield additional signals (over the
range 3.50-4.25 ppm) are expected to correspond to CHoOH hydrogens.

Proposed structure and identified degradation products of zolmitriptan following ethylene oxide sterilisation, detected by positive mode electrospray ionization mass

spectrometry.

Chemical degradation Proposed structure

Chemical formula Molecular mass (Da)

Alkylation with single hydroxyethyl substitution (o) C18H5N303 331.18959
N HO
O NH )
N
4
NMe 2
[e) HO C18H25N303 331.18959
O)LN /7
NH
=
NMe 2
o} C1gH26N309 332.19687
O NH
NH
4
HO._~—NMe,
@
Alkylation with two hydroxyethyl substitution 0 OH Cy0H3oN304 376.22308
I OH
o N g
N
=
H—NMe,
@
o I OH CaoH3oN304 376.22308
O N
NH
4
HO._—NMe,
@

(continued on next page)
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Table 1 (continued)
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Chemical degradation Proposed structure

Chemical formula Molecular mass (Da)

O Ca0H3oN304 376.22308
% OH
0" "NH S
N
Z
HO._—NMe,
[©)
Alkylation with three hydroxyethyl substitution e} OH CyoH34N302 420.24930
XS on
0N S
N
4
HO._—NMe,
Indole oxidation () H C16H21N303 303.15829
MNH N
e} O
N MGQ

The aromatic region shows further impurity signals, perhaps most
prominently at 7.22 ppm and 7.36 ppm, that indicate modification at the
indole ring. These may be the result of oxidation of the indole moiety or
alkylation of the indole nitrogen.

Comparison of the 'H NMR spectra of the ZMT crystalline control
and pre-sterilised amorphous showed no detectable spectral changes,
further supporting the LC-MS observations described above and the
hypothesis that the ZMT colour change observed after preparation is a
characteristic of the physical form rather han an indication of chemical
degradation. Close examination of the '"H NMR spectrum of amorphous
form of ZMT, post treatment in the presence of EtO, revealed signals
similar to, or matching, those the observed for the crystalline form of
ZMT, albeit at a much lower level (Fig. 10). These features were more
clearly seen in the aliphatic region than in the aromatic region.

Th

4. Discussion

This study systematically evaluated the impact of two clinically
relevant terminal sterilisation methods gamma irradiation and EtO
sterilisation on both crystalline and amorphous forms of five drug sub-
stances: BMD, E2, ITZ, VDG, and ZMT. While both sterilisation methods
achieved SALs compliant with Ph. Eur. requirements, the physico-
chemical response of the drug substances investigated was dependent on
their molecular structure and in some cases the solid-state form. These
findings reinforce the concept that sterilisation compatibility cannot be
generalized across drug classes and must be evaluated on a compound-
specific basis.

Gamma irradiation at 25 kGy preserved the chemical integrity of
four of the five model drugs investigated. BMD and VDG showed no
significant changes in thermal behaviour or molecular structure con-
firming their compatibility with ionizing radiation under the applied
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Fig. 9. Representative '"H-NMR spectrum of crystalline powders of (a) zolmitriptan and (b) zoomed zolmitriptan post gamma irradiation and ethylene oxide

sterilisation.
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sterilisation.

conditions. ITZ exhibited a distinct but non-destructive response to
gamma irradiation, characterized by a reversible greyish-green dis-
colouration that was more pronounced in the amorphous form. The
disappearance of this discolouration after mild thermal treatment in-
dicates that the phenomenon was optical rather than chemical in nature.
Similar irradiation-induced colour changes in ITZ have also been re-
ported previously (Dettlaff et al., 2014; Sartawi et al., 2023). Such
reversible colour changes have previously been described in polymers
and attributed to the formation of annealable colour centres due to
transient alterations in molecular structure that affect light absorption
but are not chemically destructive (Jamalzadeh et al., 2024). The
metastable glassy state of amorphous ITZ, which has been described as
exhibiting liquid-crystalline characteristics (Elkhashab et al., 2025;
Kozyra et al, 2018), may facilitate the temporary trapping of
radiation-induced radicals within the molecular matrix. Similar phe-
nomena have been reported with other compounds, such as sulfameth-
oxazole (Ogrodowczyk et al., 2011) and cyclophosphamide (Varshney
and Dodke, 2004), where radiation exposure resulted in temporary
colour changes linked to radical-induced shifts in colour properties
rather than molecular degradation. A minor impurity was observed in
both the crystalline and amorphous forms of ITZ, with RP-HPLC and
LC-MS detecting a low-level radiolytic impurity (~0.27%), consistent
with previously reported dehalogenation (Cl) products resulting from
gamma irradiation (Dettlaff et al., 2014; Sartawi et al., 2023). However,
this impurity was present in comparable amounts in both solid-state
forms and does not fully account for the colour disparity between
them. The absence of new peaks in the HPLC and NMR spectra, together
with only trace radiolytic impurities detected by LC-MS, confirms that
no permanent chemical degradation occurred for ITZ.

In contrast, E2 displayed altered solid-state behaviour following both
gamma irradiation and EtO sterilisation. Although RP-HPLC assay
values remained high and no structural changes were detected by ‘H-
NMR spectroscopy, DSC analysis revealed a loss in amorphous content
and drug recrystallisation. These findings suggest that sterilisation pri-
marily affected the supramolecular structure of E2 rather than its
chemical structure. This observation aligns with previous studies
showing that certain corticosteroids and 17p-estradiol drug substances
can tolerate sterilisation doses of gamma irradiation under controlled
conditions (Bussey et al., 1983; Mohr et al., 1999), although radiolytic
impurities and solid-state modifications have been described for certain
formulations under specific processing parameters (Speleers et al.,
2025).

BMD, ITZ, and VDG were compatible with EtO sterilisation as shown
by the preservation of thermal properties and molecular integrity. For
gamma-irradiated amorphous ITZ, an increase in crystallisation peak
temperature was observed. The increase in crystallisation temperature
of the ITZ samples post-sterilisation indicates that sample gamma

sterilisation enhanced the stability of the amorphous ITZ sample, and
this may relate to a reduction in molecular mobility following irradia-
tion. However, more in-depth analysis is required to elucidate the effect
of the sterilisation process on the ITZ amorphous sample’s cold crys-
tallisation behaviour. It should be noted that the absence of experi-
mental controls to account for the effect of sample storage and time on
the sample cold crystallisation behaviour limits the ability to relate this
change in crystallisation temperature to solely gamma-irradiation in this
study.

ZMT demonstrated pronounced chemical sensitivity to EtO exposure.
LC-MS analysis revealed the formation of multiple alkylation products
consistent with hydroxyethylation reactions, indicating direct chemical
modification of its molecular structure. ZMT contains several labile
hydrogen atoms associated with nitrogen functionalities, which are
known targets for EtO-mediated alkylation. The detection of products
bearing up to three hydroxyethyl substitutions confirms that EtO-
induced chemical reactions can occur even under standard EtO steri-
lisation conditions. LC-MS spectra demonstrated that both ZMT solid
forms produced identical degradation products. However, RP-HPLC
analysis determined a higher recovery for amorphous ZMT following
EtO sterilisation compared to the crystalline form, indicating less
degradation. The lower level of degradation observed for the amorphous
ZMT was further evidenced by NMR analysis. The 'H NMR spectrum of
amorphous ZMT, post-EtO sterilisation revealed similar signals but at a
much lower level than its crystalline form counterpart. The reduced
degradation may be explained by the reduced surface area:mass ratio of
the amorphous ZMT sample compared to the crystalline. The lower
surface area would limit EtO penetration, thereby decreasing chemical
modification without eliminating chemical reactivity.

VDG showed no evidence of EtO-induced alkylation or structural
modification, which can be attributed to the presence of chemically
stable functional groups such as a tertiary amide. The amide nitrogen is
strongly resonance-stabilized and therefore weakly nucleophilic (Bao
et al., 2021; Kaiser et al., 2018), which likely reduces susceptibility to
EtO-mediated alkylation under the conditions studied.

These findings revealed that, in assessing the compatibility of crys-
talline and amorphous drug forms with two sterilisation processes, the
solid-state structure plays an important but secondary role relative to
molecular structure. The amorphous form of ZMT exhibited greater
physical softening and oxidative degradation than its crystalline coun-
terpart following gamma irradiation, consistent with its higher molec-
ular mobility and elevated free energy state (Vranic, 2004). In contrast,
amorphous ITZ showed only reversible optical effects with no evidence
of permanent chemical degradation. E2 displayed an intermediate
behaviour, in which sterilisation induced measurable changes in crys-
tallinity and thermal properties without detectable chemical modifica-
tion. These contrasting outcomes demonstrate that, although
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amorphous systems may be more vulnerable to sterilisation stress in
some cases, this effect is not universal and depends strongly on chemical
composition.

Overall, this work demonstrates that terminal sterilisation of crys-
talline and amorphous drug substances is viable but needs to be assessed
on a case-by-case basis. Gamma irradiation proved broadly compatible
with most of the drugs studied, with only reversible optical effects
observed for ITZ and E2 recrystallisation. EtO sterilisation was likewise
suitable for several compounds but induced chemical modification in
ZMT due to its reactive functional groups. These results provide insight
into the relationship between molecular structure, solid-state form, and
sterilisation response and provide a scientific basis for supporting ter-
minal sterilisation strategies for both crystalline and amorphous phar-
maceutical solids, thereby supporting their future clinical translation.

5. Conclusion

This work provides a systematic assessment of the chemical and
physical compatibility of crystalline and amorphous forms of five drug
molecules with gamma irradiation and ethylene oxide sterilisation.
While both sterilisation methods achieved the required SAL, their in-
fluence on physicochemical stability varied markedly according to their
molecular structure and, to a lesser extent, physical form. Gamma
irradiation maintained the chemical and physical integrity of BMD, ITZ,
and VDG with only minor reversible chemical effects on ITZ. While E2
was shown to be chemically compatible with both sterilisation tech-
niques, E2 amorphous stability was undermined by both techniques,
with the increased crystalline content detected. ZMT exhibited chemical
reactivity combined with physical instability upon exposure to both
sterilisation techniques. ZMT hydroxyethylation upon exposure to EtO
was elucidated for both crystalline and amorphous forms. Gamma
irradiation sterilisation induced ZMT melting and oxidative changes.
These findings highlight the need for molecule-specific evaluation of
drug molecule compatibility with specific sterilisation procedures.
Collectively, these findings demonstrate that terminal sterilisation of
drug solid forms by gamma irradiation and EtO sterilisation must be
guided by drug chemical functionality and its susceptibility to radiation-
or alkylation-mediated reactions, respectively.
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