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ABSTRACT
Space missions require liquid drug formulations that remain physically stable and exhibit predictable release under launch,
microgravity, and handling stresses. This study examined melatonin‑loaded nanoemulsions flown on theMAPHEUS‑15 sounding
rocket, comparing an uncoated nanoemulsion (MN) with a chitosan‑coated nanoemulsion (CCN). Droplet size, polydispersity
index (PDI), and zeta potential were measured at Day 0 and after spaceflight, ground vibration testing, matched ground controls,
and laboratory storage.Melatonin releasewas quantified by dynamic dialysis and interpreted using a compartmentalmass-transfer
model.
Melatonin‑loaded nanoemulsion (MN) showed amodest, systematic increase in droplet size under all post‑experiment conditions,
with unchanged PDI and zeta potential, consistent with time‑dependent coalescence and Ostwald ripening rather than a specific
microgravity effect. CCN maintained essentially unchanged droplet size, PDI, and zeta potential, indicating interfacial steric
stabilization by chitosan. For MN, ageing and sounding‑rocket exposure increased the apparent fraction of melatonin available to
the aqueous phase, but normalized release profiles overlapped when scaled to the fitted maximum releasable fraction, suggesting
unchanged intrinsic release kinetics. In CCN, both the accessible fraction and the release profile were preserved.
Overall, chitosan coating enhanced dimensional and release stability, supporting interfacial polymer coatings as a strategy for
robust liquid pharmaceutical formulations for future space medicine.
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Introduction

elatonin is an endogenous hormone with diverse physiological
oles, extending well beyond its classical function in circadian
hythm regulation to include musculoskeletal protection. Of
articular relevance to spaceflight, melatonin has been reported
o mitigate microgravity-induced bone loss by modulating osteo-
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clast activity and preserving bone density [1]. In parallel, its
role in sleep regulation and circadian alignment is critical for
astronaut performance, as simulated microgravity studies have
shown disrupted melatonin secretion and altered sleep phys-
iology [2]. Collectively, these properties position melatonin as
a promising therapeutic candidate to support astronaut health
during long-duration missions.
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ne major focus in space pharmacology is understanding
ow medications behave in microgravity. Because the body’s
esponse to drugs can be altered in space, it is essential
o characterize how pharmacokinetics and pharmacodynamics
ay need to be adapted to ensure safe and effective ther-
py during missions [3–5]. Also, research is examining how
pace environmental factors, such as ionizing radiation and
eightlessness, influence the stability, and performance of phar-
aceutical formulations [6, 7]. Space radiation can initiate
hemical reactions that accelerate the degradation of active
harmaceutical ingredients, potentially reducing therapeutic
ffectiveness [8]. At the same time, the absence of gravity may
lter the physical characteristics of liquid formulations including
anoemulsions, with implications for their stability and shelf
ife [9, 10].

nderstanding how space-specific factors affect medication sta-
ility is therefore crucial for maintaining the safety and efficacy
f drug treatments during long-duration missions. In the broader
ontext of human space exploration, it is equally important to
nvestigate how altered gravity influences humans, biological sys-
ems, and biochemical processes. Decades of spaceflight research
ave shown that astronauts and biologicalmodel systems, includ-
ng cells, small animals, and plants, exhibit diverse physiological
hanges with, skeletal muscle atrophy, bone demineralization,
nd immune dysregulation among themost consistently reported
n astronauts [11–13]. In addition to these systemic effects,
iophysical changes such as altered membrane fluidity and
odified incorporation of pharmaceutical substances into lipid
ilayers have been observed [14]. These findings indicate that
ravity shapes both fundamental biophysical properties and
omplex living systems in ways directly relevant to astronaut
ealth.

he provision of safe and effective drug therapies in space is a
ritical component of human exploration, particularly as counter-
easure to physiological effects of microgravity. Understanding
ow pharmaceutical formulations tolerate space environment
s therefore essential. It is equally important to determine how
eightlessness influences advanced drug delivery systems such
s nanoemulsions, which offer promising prospects for stable,
ersatile therapies. These lines of inquiry underpin efforts to
afeguard astronaut’s health and sustainable human missions to
he Moon, Mars, and beyond.

ravity has been the only constant backdrop against which life
as evolved on earth. To investigate how its alteration affects
iological and physicochemical systems, several microgravity
latforms are used, including sounding rockets, drop towers,
arabolic plane flights, satellites, and space stations [15, 16].
ounding rockets, in particular have contributed substantially
o gravitational biology and space medicine by enabling short-
uration exposure of cells, small animals, and tissues to real
icrogravity [17, 18]. For example, in the TEXUS-53 mission,
uman thyroid cancer cells flown on a sounding rocket showed
hanges in gene expression related to apoptosis, adhesion, and
ytoskeletal organization under microgravity conditions [18].
uch studies are vital for understanding the physiological changes
xperienced by astronauts during long-duration missions and for
eveloping effective countermeasures against the adverse effects
f space travel and altered gravity.
of 12
Despite extensive use of sounding rockets and other micrograv-
ity platforms to study biological responses to altered gravity,
comparatively few investigations have examined the stability
and performance of pharmaceutical nanoformulations following
real spaceflight exposure. Consequently, experimental evidence
describing how liquid drug delivery systems behave under real
flight conditions remains limited.

Previous study on the cosmic-ray stability of tablets highlighted
the necessity of developing drug formulations tailored to perform
reliably in space. In that study, an iron-oxide coating was applied
to ibuprofen tablets and was shown to stabilize tablet integrity
and reduced active pharmaceutical ingredient (API) degradation
under to cosmic rays aboard and outside the International space
station (ISS) [19]. Nevertheless, current astronautmedications are
designed, licensed, and regulated for use under standard Earth
gravity, with largely uncharacterized changes in their efficacy
profiles in microgravity. Coatings represent one practical way to
modulate and protect drug performance by shielding the active
pharmaceutical ingredient from environmental degradation, con-
trolling release kinetics, and enhancing therapeutic effectiveness
[20, 21]. However, evidence on the behavior of coated formula-
tions in space, particularly under microgravity, remains scarce.
Most studies of coatings and advanced drug delivery systems
have been conducted under terrestrial conditions or on simu-
lated microgravity platforms, leaving a gap between laboratory
observations and validation under real flight conditions.

This study addresses that gap by investigating the stability and
release behavior of chitosan-coated melatonin nanoemulsions
following exposure to a MAPHEUS-15 sounding rocket mis-
sion. Unlike simulated microgravity platforms, sounding rockets
expose formulations to the combined effects of launch vibration,
hypergravity, real microgravity and recovery within a single
experimental campaign, thereby providing a realistic assessment
of pharmaceutical performance under spaceflight condition.
Building on prior work on radiation-resistant pharmaceutical
formulations and simulated microgravity studies, the present
investigation extends those findings through experimental val-
idation in an authentic suborbital environment. Although the
physicochemical characterization techniques employed are well
established, the novelty of this work lies in applying these
methods to pharmaceutical nanoemulsions recovered from real
spaceflight and directly comparing coated and uncoated for-
mulations under flight condition. These findings contribute
experimental evidence supporting the development of robust
liquid medicines for future orbital and deep-space missions.

2 Methodology

2.1 Experimental Workflow and Study Timeline

This study investigated the stability of melatonin-loaded
nanoemulsions under spaceflight conditions utilizing the
MAPHEUS-15 sounding rocket platform. The experimental
workflow progressed through distinct phases: formulation
and initial characterization in Adelaide, Australia; payload
integration at the German Aerospace Center (DLR); spaceflight
operations at ESRANGE Space Center in Kiruna, Sweden; and
post-flight analysis in Adelaide (Figure 1).
Advanced Healthcare Materials, 2026
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FIGURE 1 Timeline of the StarMed MAPHEUS-15 sounding rocket nanoemulsion experiment.
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.2 Sample Preparation and Transport

elatonin-loaded nanoemulsions (NEs) and chitosan-coated
anoemulsions were prepared at the Adelaide University using a
pontaneous low-energy emulsification approach, as previously
escribed [22], with minor adaptations for the present study.
elatonin was dissolved in medium-chain triglyceride (MCT) oil
o form the oil phase (3mgmL−1). A surfactantmixture consisting
f Tween 80 and Span 80 (63:37 wt%), together with glycerol as a
o-solvent (2:1 ratio), was used to stabilize the emulsion system.
he surfactant mixture and melatonin-loaded oil were combined
t a surfactant-to-oil ratio of 1.0, yielding a homogeneous oil
hase under controlled stirring and temperature conditions.
anoemulsions were generated using a microfluidic droplet
ormation system equipped with dual HPLC pumps and a T-
ixer (0.5 mm internal diameter). The oil phase and aqueous
hase (10 mM phosphate buffer or 0.1% chitosan solution)
ere injected at defined flow rates to produce droplets that
ubsequently passed through a coiled flow inverter, enhancing
ixing and residence time within the microchannel. The result-
ng formulations were dispensed into high-performance liquid
hromatography (HPLC) 2 mL glass vials, sealed and labelled
s uncoated melatonin nanoemulsion (MN) and/or chitosan
oatedmelatonin nanoemulsion (CCN). Four replicate vials were
repared for each experimental condition, with one vial reserved
s a backup in case of damage during transit. Three independent
amples were analyzed.

.3 Payload Integration

pon arrival at the German Aerospace Center (Deutsches
entrum für Luft- und Raumfahrt, DLR), Germany, the
anoemulsion vials were integrated into the NyMEX
xperimental module using custom 3D-printed holders
esigned to secure HPLC vials during flight operations
Figure 2). The holders were mounted with Velcro tape in
dvanced Healthcare Materials, 2026
two dimensions within a vacuum-tight experimental chamber
to protect samples from pressure variations during ascent
and descent phases under ambient temperatures (22◦C ±
2◦C).

Samples were then allocated to four experimental groups with
four vials of each nanoemulsion formulation assigned per con-
dition:

I. Ground laboratory control (Ground Lab): Samples
remained in Adelaide for the duration of the study
and served as a storage/time control to assess changes
arising from laboratory storage alone.

II. Ground flight control (Ground): Samples were transported
from Adelaide to the German Aerospace Center (DLR),
Germany, together with the flight payload, remained on the
ground throughout the campaign, and were subsequently
transported back to Adelaide without exposure to vibration
testing or sounding rocket flight. This group controlled
for transport, storage and handling associated with the
campaign.

III. Vibration control (Vibration): Samples accompanied the
flight payload between Adelaide and Germany and were
subjected only to the standard pre-flight vibration qualifi-
cation test before being returned to Adelaide.

IV. Flight: Samples accompanied the payload throughout the
campaign and were launched aboard the MAPHEUS-15
sounding rocket, experiencing launch vibration, hypergrav-
ity, microgravity and recovery before return to Adelaide for
analysis.

With the exception of the Ground Lab Control, the Ground,
Vibration and Flight samples all followed the same international
transport pathway between Adelaide and Germany, after which
they underwent their respective experimental exposures.
3 of 12
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FIGURE 2 Experimental hardware used for the MAPHEUS-15 nanoemulsion spaceflight experiment. (a) NyMEx late access unit with open
vacuum tight vessel. The samples are located in the upper left part inside the vessel. The four, white caps of the glass vials are visible. The samples
were attached with Velcro tape in two dimensions, bottom and side. In this accommodation the vibration test and flight experiment were performed. (b)
Custom 3D-printed sample holders used to secure the nanoemulsion HPLC vials.
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.4 MAPHEUS-15 Sounding Rocket Mission

he MAPHEUS (Materialphysikalische Experimente unter
chwerelosigkeit) sounding rocket programme, operated
y the DLR Institute for Materials Physics in Space,
rovides a well-characterised and reliable platform for
hort-duration microgravity research. The MAPHEUS-
5 rocket was launched on 11 November 2024 at 08:38
entral European Time (CET) from the Skylark launch
ower at the ESRANGE Space Center, Kiruna, northern
weden.

he rocket reached an apogee of approximately 309–
10 km on a suborbital ballistic trajectory. The powered
scent phase lasted about 51 s, during which the payload
xperienced a peak acceleration of 11.8 g. Following motor
urnout and separation, the payload entered a microgravity
hase of 441 s with gravitational acceleration reduced to
ub-milli-g levels, providing a high-quality microgravity
nvironment. After re-entry and landing, the payload was
ecovered and the samples remained sealed within the
yMEX experimental chamber until return to Adelaide for
nalysis.

.5 Vibration Testing Protocol

nvironmental qualification vibration testing was performed
n the fully integrated payload prior to launch, in accordance
ith standard sounding rocket acceptance procedures. Vibration
ontrol samples were exposed to random vibration inputs of 7.5 g
oot mean square (RMS) in both the lateral X and Y axes, and
0.0 g RMS in the longitudinal Z axis (axial direction). These
est parameters were selected to envelope the expected launch
ibration environment and to verify structural integrity of the
ayload and its experimental contents.
of 12
2.6 Post-flight Analysis

Following payload recovery, all samples were returned to Ade-
laide, Australia, for post-flight analyses. Physicochemical charac-
terisationwas performed bymeasuring droplet size, PDI, and zeta
potential, using dynamic light scattering (DLS). In addition, in
vitro dialysis-based drug release studies were conducted to assess
whether spaceflight or vibration exposure had altered the release
kinetics of melatonin from the nanoemulsion matrix.

Comparative analysis across the Day 0 reference and four
post‑preparation groups (ground laboratory control, ground flight
control, vibration control, and flight), enabled the individual
contributions of storage, international transport, vibration and
spaceflight to be distinguished. This systematic approach allowed
any observed changes to be attributed to specific physical stres-
sors, providingmechanistic insight into nanoemulsion behaviour
under conditions relevant to future long-duration spaceflight
missions.

2.7 In Vitro Melatonin Release Study

The in vitro melatonin release study was performed as previously
described [22] using the dialysis bag diffusion method. This
approachwas employed as a comparative tool to evaluatewhether
exposure to launch, vibration, microgravity and storage time
altered the release behavior of the drug formulation under
standardized conditions.

Flight, vibration and ground samples, together with the Day
0 ground control and the 4-week stored ground control, were
evaluated in phosphate-buffered saline (PBS, pH 7.4). Dialysis
membranes (molecular weight cut-off: 12–14 kDa) were pre-
soaked inMilli-Q water for 12 h prior to use. Subsequently, 1.8 mL
of each formulation was transferred into separate dialysis bags
Advanced Healthcare Materials, 2026
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FIGURE 3 Schematic representation of drug release mechanisms from nanoemulsion systems. (A) Uncoated system: showing drug partitioning
and transport from the oil phase (O) through the surfactant mixture (Smix, S) into the internal buffer (B), followed by diffusion across the dialysis
membrane (M) into the reservoir sink (R). (B) Coated system: have additional polymeric barrier surrounding the Smix layer, modulating drug diffusion
from the oil phase (O/S) to the internal buffer (B) The coating introduces an additional resistance tomass transfer, altering the effective rate constants between
compartments.
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n = 3), which were securely sealed and immersed in 50 mL of
elease medium. The dialysis bags were incubated at 37◦C ± 2◦C
ith continuous shaking at 150 rpm.

t predetermined time intervals, 1 mL aliquots were withdrawn
rom the releasemediumand immediately replacedwith an equal
olume of fresh pre-warmed PBS to maintain sink conditions
nd a constant release volume. Melatonin concentration in the
ollected samples was quantified by UV spectrophotometry at
78 nm, and the cumulative percentage ofmelatonin releasedwas
alculated.

.8 Statistical Analysis andMathematical
odelling

or each experimental group, three independent samples (n = 3)
ere analyzed. Each sample was measured in triplicate (three
echnical measurements), and the mean value was used for
tatistical analysis. Results are presented as mean ± standard
eviation (SD). Statistical analyses and multiple comparisons
ere performed using GraphPad Prism (version 10.0; GraphPad
oftware, San Diego, CA, USA). Comparisons among experimen-
al groups were conducted using one-way analysis of variance
ANOVA) with Brown–Forsythe/Welch correction, followed by
unnett’s multiple comparisons test using Day 0 as the reference.
p-value < 0.05 was considered statistically significant.

he experimentally measured cumulative melatonin release data
btained from the dialysis experiments were interpreted using
compartmental diffusion model that accounted for both drug
elease from the nanoemulsion and subsequent diffusion across
he dialysis membrane. The model comprised five intercon-
ected compartments representing the oil phase (O), surfactant
hase (S), internal aqueous buffer (B), dialysis membrane (M),
nd external reservoir sink (R) compartments as illustrated in
igure 3. Drug transport between compartments was assumed to
dvanced Healthcare Materials, 2026
follow first-order kinetics governed by the corresponding transfer
rate constants, kxy. The temporal evolution of drug concentration
in each compartment was described by a system of ordinary
differential equations of the form:

d [𝐷O]

d𝑡
= −𝑘OS [𝐷O] + 𝑘SO [𝐷S]

𝑉S

𝑉O

d [𝐷S]

d𝑡
= − (𝑘SB + 𝑘SO) [𝐷S] + 𝑘OS [𝐷O]

𝑉O

𝑉S

+ 𝑘BS [𝐷B]
𝑉B

𝑉S

d [𝐷B]

d𝑡
= − (𝑘BR + 𝑘BS + 𝑘BM) [𝐷B] + 𝑘SB [𝐷S]

𝑉S

𝑉B

+ 𝑘MB [𝐷M]
𝑉M

𝑉B

d [𝐷R]

d𝑡
= 𝑘BR [𝐷B]

𝑉B

𝑉R

where [Dx] is the concentration of drug in compartment x of
volume Vx, and kxy is the rate constant for the transfer from
compartment x to compartment y of O, S, B, M, and R.

Model parameters corresponding to known experimental quan-
tities were fixed, and the remaining transport rate constants
were estimated by fitting the model to the experimental release
profiles. Model optimisation was performed using custom-
written software implementing a simulated-annealing simplex
algorithm based on Numerical Recipes in C: The Art of Scientific
Computing [46]. Model uncertainty was assessed by bootstrap
resampling; shaded regions in the release curve represent the
resulting 95% confidence intervals. Data symbols show experi-
mentally measured cumulative release values (mean ± SD, n =
3), and solid curves represent the fitted compartmental diffusion
model.
5 of 12
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TABLE 1 Summary of results for droplet sizes, polydispersity index and zeta potential. MN = melatonin nanoemulsion; CCN = chitosan coated
melatonin nanoemulsion, for each parameter. Three independent samples (n = 3) were analysed for each experimental group and each sample was
measured in triplicate.

Batch Droplet size (d.nm) PDI Zeta potential (mV)

MN day 0 162 ± 1.1 0.132 ± 0.02 −10.8 ± 1.0
MN flight 176 ± 1.5 0.146 ± 0.02 −12.9 ± 0.9
MN ground 176 ± 1.6 0.149 ± 0.02 −11.8 ± 0.5
MN vibration 176 ± 1.6 0.148 ± 0.02 −11.3 ± 0.7
MN ground lab 167 ± 1.5 0.125 ± 0.01 −10.5 ± 1.7
CCN day 0 149 ± 1.2 0.166 ± 0.01 −6.5 ± 0.7
CCN flight 150 ± 1.3 0.164 ± 0.02 −8.1 ± 0.8
CCN ground 151 ± 1.2 0.173 ± 0.02 −7.2 ± 0.5
CCN vibration 150 ± 1.3 0.174 ± 0.01 −7.9 ± 0.6
CCN ground lab 151 ± 1.3 0.174 ± 0.01 −6.6 ± 0.6
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Results and Discussion

.1 Index and Zeta Potential

or nanoemulsions intended as drug carriers in spaceflight,
ptimizing any interfacial coating is only meaningful if the
nderlying dispersed system remains physically and colloidally
table under mission‑relevant stresses. Changes in mean droplet
ize and size distribution directly modulate diffusion path
ength and interfacial area, thereby influencing drug transport
cross the coating and altering the effective release capacity
f individual droplets. This coupling between droplet dimen-
ions and release performance has been repeatedly highlighted
or lipid nanoemulsions and polymer‑coated carriers, where
maller droplets and lower polydispersity increase interfacial area
nd thereby enhance dissolution, bioavailability, and modulate
elease kinetics [23–25].

icrogravity‑ or vibration‑induced shifts in these static properties
ould therefore propagate into alteredmacroscopic release behav-
or, even when the chemical composition remains unchanged.
n parallel, zeta potential is a key descriptor of colloidal sta-
ility under the Derjaguin–Landau–Verwey–Overbeek (DLVO)
ramework, which balances van der Waals attraction against
lectrostatic double‑layer repulsion and predicts the propen-
ity of nanoemulsions to aggregate, flocculate or coalesce [26].
lterations in surface charge under spaceflight conditions could
odify the energy barrier to droplet–droplet approach and
ntroduce a dynamic instability component that feeds back into
rug release.

.1.1 Droplet Sizes

he MN formulation was susceptible to time‑dependent droplet
rowth across all conditions. Relative to the Day 0 reference (162
1.1 nm), mean droplet sizes increased to 176 ± 1.6 nm in the

light, ground and vibration batches, and to 167 ± 1.5 nm in
he ground laboratory control (Table 1, Figure 4). This consis-
ent increase across all post‑experiment samples indicates that
of 12
droplet growth reflects general ageing and handling rather than
a microgravity‑specific effect. Such behavior is compatible with
reports that nanoemulsion stabilized solely by low-molecule-
weight surfactants can undergo gradual size increase driven
predominantly by Ostwald ripening, which in turn can facilitate
subsequent coalescence. In thismechanism, Laplace pressure dif-
ference between droplets of different size, promoting molecular
diffusion of dispersed oil from smaller to larger droplets over
time [27].

The absence of any additional size increase in the flight samples
compared with the ground and vibration groups suggests that,
over the shortmicrogravitywindowof a sounding‑rocketmission,
gravity‑related hydrodynamic effects do not outweigh intrinsic
ripening processes in the uncoated formulation. However, the
CCNmaintained droplet sizes statistically indistinguishable from
Day 0 (149 ± 1.2 nm) under all conditions, with values of 150
± 1.3 nm (flight and vibration) and 151 ±1.3 nm (ground and
ground laboratory control). This invariance strongly supports
a stabilizing role for the chitosan shell, which provides both
steric hindrance and reinforces the interfacial layer in line
with previous reports on polysaccharide‑ and chitosan-coated
nanoemulsions [28, 29]. The hydrated polymer layer increases
effective droplet separation and introduces a diffusion barrier to
molecular exchange, thereby attenuating both coalescence and
Ostwald ripening [28–30]. The fact that droplet size remained
stable even after exposure to launch vibration indicates that
the chitosan network withstands substantial mechanical input
without interfacial failure. Overall, these findings demonstrate
that chitosan coating transforms the MN system from an
ageing‑sensitive nanoemulsion into a dimensionally robust car-
rier suitable for microgravity studies and, by extension, for
longer‑duration spacemissions where cumulative destabilization
risks are greater.

3.1.2 Polydispersity Index

Despite the divergent behavior in mean droplet size, PDI values
for both MN and CCN remained low and statistically unchanged
Advanced Healthcare Materials, 2026
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FIGURE 4 Effect of sounding rocket flight, vibration and ground controls on droplet size, polydispersity index (PDI) and zeta potential of MN and
CCN at Day 0 and post‑experiment. Data are mean ± SD (n = 3). Statistical analysis was performed in GraphPad Prism using one‑way ANOVA with
Brown–Forsythe/Welch correction followed by Dunnett’s multiple comparisons test versus Day 0. For MN, droplet size was significantly increased in
Flight, Ground and Vibration samples (**p < 0.01) while PDI and zeta potential showed no significant changes.
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elative to Day 0 across all experimental conditions. For MN, PDI
anged from 0.125 ± 0.02 (ground Lab) to 0.149 ± 0.02 (ground),
ompared with 0.132 ± 0.02 at Day 0. For CCN, PDI values were
onfined to 0.164 ± 0.02 to 0.174 ± 0.01, relative to 0.166 ± 0.01
t Day 0. All values lie within the range typically associated with
onodisperse or narrowly polydisperse nanoemulsions, indicat-
ng that the droplet populations remained relatively uniform even
hen the MN droplets grew in size.
dvanced Healthcare Materials, 2026
This pattern suggests that the dominant destabilization path-
way in MN was a near‑uniform shift toward slightly larger
droplets, rather than the development of a broad, multimodal
size distribution that would indicate catastrophic coalescence or
extensive flocculation. For CCN, the combination of stable mean
size and low, unchanged PDI further supports that the chitosan
coating suppresses heterogeneity‑generating events under both
microgravity and terrestrial conditions. From a drug‑delivery
7 of 12

ative C
om

m
ons L

icense



s
m
a
k

3

Z
i
M
s
±
(
±
n
a
A
b
i
i
S
(
i
i
o
s

F
D
a
−
P
t
t
o
=
a
o
n
d
t
s
a

M
s
a
e
p
a
s
c
t
i
p
m

T
l
T

FIGURE 5 Time‑dependent normalized drug release profiles from
MN and CCN formulations at Day 0 and after 4 weeks of storage. Sym-
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tandpoint, preservation of a low PDI is advantageous because it
aintains a predictable interfacial area and diffusion geometry
cross the droplet population, favoring reproducible release
inetics [31].

.1.3 Zeta Potential

eta potential measurements provided complementary insight
nto the electrostatic aspect of nanoemulsion stability. In the
N system, zeta potential remained moderately negative and
tatistically stable across all conditions, with values of −12.9
0.9 mV (flight), −11.8 ± 0.5 mV (ground), −11.3 ± 0.7 mV

vibration) and−10.5± 1.7mV (ground lab), comparedwith−10.8
1.0 mV at Day 0. These data suggest that neither microgravity
or vibration measurably altered the electrostatic environment
t the bare surfactant interface over the experimental timescale.
lthough MN exhibited significant droplet size growth, the
roadly unchanged zeta potential indicates that destabilization
s more likely associated with progressive drug solubilization
nto surfactant micelles, facilitated by the excess Tween and
pan present well above their critical micelle concentration
CMC), than with loss of electrostatic repulsion at the droplet
nterface. Because hydrodynamic diameters were obtained from
ntensity‑weighted DLSmeasurements, any emerging population
f small micelles would contribute only weakly to the scattering
ignal and cannot be quantified directly.

or the CCN, zeta potential values were slightly less negative at
ay 0 (−6.5± 0.7 mV) and remained within a narrow band across
ll conditions: −8.1 ± 0.8 mV (flight), −7.2 ± 0.5 mV (ground),
7.9 ± 0.6 mV (vibration), and −6.6 ± 0.6 mV (ground lab).
ost‑experiment samples therefore showed a modest tendency
oward more negative zeta potentials relative to the Day 0, with
he largest shift in the flight and vibration batches. Given the
verlapping standard deviations and the limited sample size (n
3), these changes are best interpreted as minor fluctuations
round a stable mean, rather than evidence for systematic gain
r loss of surface charge. Importantly, this slight increase in
egative charge did not translate into measurable changes in
roplet size or PDI, indicating that the electrostatic landscape of
he CCN interface remained within a regime that, together with
teric protection from the chitosan layer, was sufficient to prevent
ggregation or coalescence.

echanistically, the small drift towardmore negative values after
torage and flight may reflect subtle changes in ion adsorption
t the chitosan‑modified interface, pH‑dependent protonation
quilibria of chitosan amino groups, or slow rearrangement of
olymer chains at the oil–water boundary [32]. However, the
bsence of associated growth in droplet size or broadening of PDI
uggests that these interfacial adjustments did not compromise
olloidal integrity. These observations highlight a key advan-
age of polymer‑coated nanoemulsions: steric contributions to
nterfacial stabilization can buffer modest variations in zeta
otential, partially decoupling physical stability from the absolute
agnitude of surface charge.

he present flight campaign primarily assessed post-flight col-
oidal stability through droplet size, PDI and zeta potential.
he limited quantity of formulation for sounding rocket mission
of 12
necessitated prioritization of physicochemical measurements
and drug-release analyses, and pre- versus post-flight Cryo-TEM
or extended stability testing were therefore not included within
the scope of the present study. Baseline Cryo-TEM characteri-
zation and terrestrial stability evaluation of these formulations
have been reported previously [22], establishing morphology and
stability prior to flight. Future missions with larger recoverable
sample volumes could incorporate complementary structural
analyses and extended post-flight stability studies to further
probe potential nanoemulsion structural changes associated with
spaceflight exposure.

3.2 Drug Release Profiles of Melatonin
Nanoemulsions (Time/Storage Dependent Effect)

The experimentally measured cumulative melatonin release pro-
files of the uncoated (MN) and chitosan-coated (CCN) nanoemul-
sions are shown in Figure 5. Experimental data are plotted as
symbols (mean ± SD, n = 3), and the solid curves represent the
fitted compartmental diffusion model. Because the dialysis setup
captures both drug release from the formulation and diffusion
across the dialysis membrane, the compartmental model was
used to disentangle changes in drug partitioning from changes in
intrinsic release kinetics. In the uncoated system, rapid bidirec-
tional exchange between oil and surfactant (large kOS, kSO) causes
these compartments to behave effectively as a single droplet-
associated reservoir. Exchange between the droplet reservoir and
the internal aqueous buffer is governed by kSB and kBS, while
subsequent adsorption to dialysis membrane and diffusion into
the reservoir sink and described by kBM, kMB, and kBR (parameters
obtained by measuring the passage of drug from buffer to the
reservoir across the dialysis membrane; Figure S1). Between Day
0 and week 4, storage allows a larger fraction of melatonin to
equilibrate out of the droplet interior (O/S) into the aqueous
buffer (B), consistent with its higher effective solubility in the
surfactant-rich compartment than in the neat oil.
Advanced Healthcare Materials, 2026
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n the model, the Day 0 experiment assumes initial equilibration
etween oil and surfactant only, whereas the week 4 experi-
ent assumes initial equilibration between oil, surfactant and
uffer. Importantly, the same set of rate constants kxy adequately
escribed both datasets. Thus, storage did not substantially alter
he intrinsic release kinetics; instead, the higher plateau at
eek 4 reflects an increased fraction of drug already accessible
o, or readily exchangeable with, the aqueous phase at t = 0,
ather than a time-dependent change in diffusion behavior. The
ncreased release is plausibly explained by partial solubilization
f melatonin within surfactant micelles formed during storage,
iven that both surfactants were present well above their critical
icelle concentrations.

n the coated system, the chitosan introduces an additional dif-
usional barrier around the droplet, retarding exchange between
and B. In the model, the coated data are captured by scaling
oth kSB and kBS of the uncoated case by a common factor
∼0.1), thereby slowing drug movement out of and back into the
roplets while preserving the equilibrium partition (solubilities)
etween surfactant and buffer. The close similarities between
he week 0 and week 4 release profiles, combined with the
nchanged droplet size data, indicates that chitosan effectively
tabilized the droplets over the storage period. Overall, the
elease data and compartmental fits distinguish two behaviors: an
ncoated nanoemulsion in which ageing drives additional drug
nto aqueous and peripheral compartments (including micelles),
ncreasing the apparent extent of release; and a chitosan-coated
anoemulsion, in which slowed droplet–buffer exchange main-
ains both the interfacial barrier function and storage-robust
elease performance.

nalysis of the StarMed sounding rocket experimental groups
sing the same compartmental model showed that time and
andling stresses primarily influenced the accessible fraction
f melatonin in the uncoated nanoemulsions, without altering
heir intrinsic release kinetics. For MN samples, flight-exposed
amples displayed higher apparent cumulative release than their
atched ground controls; however, when normalized to the
itted total releasable amount, the release curves remained closely
uperimposable (Figures S2–S7). This indicates that the underly-
ng release kinetics of MN were not measurably changed across
he ground, flight and vibration conditions, despite differences in
he apparent accessible fraction of drug at t = 0. In the coated
ormulations, the release pattern remained consistent with the
resence of a chitosan barrier that retards diffusion between the
nternal droplets and the surrounding buffer while stabilizing
roplet size. The CCN groups maintained both their fitted
ccessible fraction and normalized release profiles across the
onditions. These data could be described using the same scaled
SB and kBS values as in the terrestrial storage study, implying that
he polymer shell continues to suppress droplet–buffer exchange
nd mitigate changes in drug partitioning associated with the
umulative flight and handling stresses. These findings suggest
hat, for uncoated nanoemulsions, the combination of handling
tress and ageing over time may increase early in vivo drug avail-
bility, whereas interfacial chitosan coatings confer tolerance by
reserving both release kinetics and accessible fraction under the
nvestigated spaceflight and control conditions.
dvanced Healthcare Materials, 2026
3.3 Comparison with Previous Microgravity
Studies and Study Limitations

The present findings align with earlier work examining
nanoemulsion and emulsion stability under simulated
microgravity. In our previous study, Adebowale et al.
[22], the same melatonin-loaded uncoated and chitosan-
coated nanoemulsion systems maintained their principal
physicochemical characteristics over 28 days of random
positioning machine (RPM) gravity-vector averaging, with
the chitosan-coated formulation showing greater resistance
to destabilization. Dantuma et al. [9] likewise investigated
drug-loaded nanoemulsions, including a melatonin formulation,
under simulated microgravity using a three-dimensional
clinostat and reported overall physicochemical stability during
the exposure. These studies indicate that nanoemulsion systems
can retain colloidal stability under different ground-based
altered-gravity simulations.

However, interpretation of ground-based microgravity data
requires consideration of platform-specific artefacts. Schmidt
et al. [47] demonstrated that RPM operating conditions can
induce fluid motion within multiphase systems, potentially
influencing droplet behavior independently of gravity-vector
averaging. Thus, while RPM and clinostat platforms enable
longer-duration, controlled experiments, they do not fully repro-
duce the conditions encountered during actual spaceflight. The
present sounding rocket study extends these observations into
a real suborbital environment, combining brief real micrograv-
ity with launch vibration, hypergravity, re-entry, and recovery.
Despite substantial differences in platform, exposure duration
andmechanical stresses, the consistent physicochemical stability
of the chitosan-coated formulation across simulated and real
flight environments supports the protective role of the polymeric
interfacial coating. Overall, these studies demonstrate the com-
plementary value of ground-based microgravity analogues and
real-flight platforms.

The significance of the present work therefore extends beyond
the physicochemical measurement themselves. Metrics such
as droplet size, PDI, zeta potential and release kinetics are
well-established for nanoemulsion characterization, but their
application to pharmaceutical formulations recovered after real
spaceflight remains limited. By bridging ground-based simulated
microgravity data with a suborbital sounding-rocket mission,
this study provides additional evidence that chitosan-coated
nanoemulsions can retain their physicochemical and drug-
release characteristics following spaceflight-associated stresses.

At the same time, several limitations must be acknowledged. The
present study evaluates the cumulative effects of the complete
sounding rocket flight profile rather than isolating the specific
role of microgravity. Although a dedicated vibration control
was included to help disentangle launch-related mechanical
stresses, the formulations experienced a sequence of conditions
comprising launch vibration, hypergravity, brief microgravity, re-
entry, recovery and restoration to earth gravity before post-flight
characterization. In situ physicochemical measurements during
the microgravity phase were not feasible, and the individual
9 of 12
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ontributions of each flight phase cannot be fully separated on
he basis of post-flight data only.

t should also be recognized thatmicrogravity-specific effectsmay
e transient or reversible. The absence of gravity-driven sedi-
entation and buoyancy-driven convection could, in principle,
nfluence droplet interactions, interfacial organization, molecu-
ar transport and drug partitioning within nanoemulsions during
icrogravity exposure. Such changes, if present, may diminish or
everse during re-entry and subsequent return to Earth gravity
nd therefore may not be detectable by end-point post-flight
nalysis. Accordingly, the present findings are best interpreted as
vidence of formulation resilience to the cumulative suborbital
light environment, rather than as a definitive assessment of
solated microgravity effects.

uture investigations using long-duration orbital platforms, ide-
lly incorporating in situ or real-time analytical capabilities,
ill be required to distinguish transient microgravity-induced
hanges from those associated with other phases of space-
light and to determine whether microgravity-specific effects are
eversible or persist under sustained exposure.

Conclusions

his study provides one of the first experimental evaluations
f pharmaceutical nanoemulsions recovered from a sounding
ocket mission, helping to bridge the gap between conven-
ional laboratory work, simulated microgravity investigations
nd authentic suborbital spaceflight. Using established physic-
chemical characterization methods together with mechanism-
ased release modelling, we show that chitosan-coated mela-
onin nanoemulsions can retain their structural integrity and
ontrolled-release behavior after exposure to launch vibration,
ypergravity, microgravity, and recovery. The uncoated MN for-
ulations exhibited a small but consistent increase in droplet
ize across all post‑experiment groups compared with Day 0,
hile maintaining low, unchanged PDI and stable zeta poten-
ial. These observations are consistent with general ageing and
stwald ripening rather than a microgravity‑specific instability.
our‑week storage and spaceflight exposure increased the appar-
nt melatonin release plateau from MN; however, normalized
elease profiles and fitted rate constants indicated that intrinsic
elease kinetics were largely unchanged. The differences are
herefore attributed to pre-equilibration and drug redistribution,
ikely into micellar phases formed during storage.

n contrast, the chitosan‑coated nanoemulsion maintained
roplet size, polydispersity, and zeta potential within exper-
mental variability across storage, vibration, and flight. Its
elease behavior remained well described by a model in which
urfactant–buffer exchange is uniformly slowed while the overall
artitioning pattern is preserved. Under the weeks‑scale storage
nd single short‑duration microgravity exposure tested, the chi-
osan coating acted as a stabilizing interfacial barrier that limited
roplet growth and maintained both the accessible drug fraction
nd the release profile.

lthough these experiments do not establish long‑term in‑flight
erformance, they support the view that relatively simple poly-
0 of 12
mer coatings can substantially enhance the structural and
kinetic robustness of nanoemulsion formulations, identifying
chitosan‑stabilized nanoemulsions as a promising platform for
extended‑duration space pharmacy applications. Overall, this
work demonstrates that chitosan-coated nanoemulsions possess
excellent resilience to the combined mechanical and gravita-
tional stresses encountered during suborbital flight, providing
experimental evidence to support the development of robust
liquid pharmaceutical formulations for future lunar, orbital and
deep-space missions.

5 Outlook

Spaceflight experiments often address fundamental questions,
such as how microgravity influences organized soft matter,
including nanoemulsions. Their transient nature, limited data
and interpretive challenges, further complicated by transport
and handling stresses, can nonetheless constrain definitive
conclusions.

The StarMed study provides a robust ‘negative proof’ regard-
ing microgravity impact within the tested regime: neither
the uncoated MN nor the chitosan-coated CCN exhibited
microgravity-driven changes in droplet size, PDI, zeta potential,
or release kinetics beyond time-dependent ageing. MN showed
modest droplet growth and an increased accessible drug fraction
after storage and flight, attributable to Ostwald ripening and
surfactant-mediated partitioning rather than gravitational effects,
whereas CCN preserved all physicochemical metrics across con-
ditions, confirming chitosan’s steric stabilization capacity under
launch vibrations (∼7.5 to 10 g RMS), approximately 6 to 7 min of
microgravity, and re-entry forces.

Paradoxically, this robustness underscores the need for more
stringent scrutiny of positive microgravity signals in future work.
Spaceflight data risk conflating weak gravitational effects with
aleatory (statistical) noise or epistemic uncertainties from incom-
plete models, imperfect ground truth, sampling bias, single-event
upsets induced by cosmic rays [33], radiation-thermal swings
[34], or communication dropouts [35]. Pre-flight logisticss further
amplify this risk: road and air transport impose continuous
vibrations (∼0.04 to 0.20 g) and discrte shocks reaching 4 to 6 g
[36, 37] followed by rocket ascent loads of several g (3 to 4 g,
e.g., Falcon 9 at ∼3.2 to 4.1 g [38, 39]) and broadband mechanical
excitation across a wide frequency range, (5 to 200 Hz) [40];
typically characterized via RMS and PSD metrics [41]. Against
this backdrop, subtle microgravity signatures can be obscured or
mimicked by non‑gravitational perturbations.

Building onAustralia’s first NASA ISS-led cosmic-ray tablet study
[19] and the emerging sounding-rocket data, there is a clear need
for enhanced experimental designs capable of detecting small
microgravity effects in soft‑matter and pharmaceutical systems.
Signal amplification through higher-sensitivity formulations and
measurement strategies is required to rise above aleatory noise,
while epistemic errors must be reduced through standardized
vibration profiles [41], well-characterized transport histories and
harmonized analysis pipelines. Where datasets remain small or
noisy, as is often intrinsic to space [42], artificial intelligence offers
promising tools: anomaly detection to identify biases and aliasing,
Advanced Healthcare Materials, 2026
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roxy datasets derived from clinostats and RPM experiments
43], synthetic data for augmentation [44], andmachine-learning
pproaches tailored for small-n space data and transfer learning
n space medicine [45].
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