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Abstract

Population ageing is rapidly reshaping healthcare systems worldwide, yet most drug delivery systems (DDS)
continue to be designed using conventional models that inadequately reflect age-related physiological chang-
es. Ageing is associated with progressive decline in tissue function, altered immune responses, and increased
prevalence of chronic diseases, all of which significantly influence therapeutic outcomes. Emerging evidence
suggests that biological hallmarks of ageing—including cellular senescence, chronic inflammation, mitochon-
drial dysfunction, and impaired tissue repair—directly affect drug absorption, distribution, and retention
across multiple delivery routes. This commentary discusses how ageing-associated changes compromise the
performance of oral, transdermal, ocular, and pulmonary drug delivery systems. Reduced gastrointestinal mo-
tility, dysphagia, skin barrier alterations, ocular degeneration, and declining pulmonary function collectively
limit the effectiveness of conventional formulations in older adults. Recent advances in sustained-release
formulations, biodegradable implants, nanocarriers, and senescence-targeted delivery platforms provide
new opportunities to address these challenges. However, elderly populations remain significantly underrepre-
sented in formulation development and clinical translation. We argue that ageing should no longer be treated
as a secondary variable in pharmaceutical design. Instead, future DDS development must incorporate age-
associated biological mechanisms to create personalized, adaptive, and safer therapeutic strategies for grow-
ing elderly populations.
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Population ageing is rapidly transforming global health-
care priorities. According to the World Health Organi-
zation, the number of individuals aged over 60 years
is expected to exceed 2.1 billion by 2050, significantly
increasing the prevalence of chronic diseases such as
cardiovascular disorders, neurodegeneration, diabetes,
cancer, and age-related macular degeneration. While ther-
apeutic innovation has advanced considerably, drug deliv-
ery systems (DDS) have largely remained “age-neutral,”
often overlooking the profound physiological changes that
accompany ageing [1, 2]. Recent advances in senescence-
targeted therapeutics and precision drug delivery have
highlighted an urgent need to redesign DDS platforms
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specifically for ageing populations.

A recent wave of studies on senolytics and age-responsive
therapeutics has renewed interest in how ageing biology
influences drug performance. For example, combinations
such as dasatinib and quercetin have demonstrated the
ability to selectively eliminate senescent cells in preclini-
cal models, reducing inflammation and improving tissue
function [3, 4]. These developments signal an important
shift: ageing is no longer viewed solely as a risk factor
for disease but as a modifiable biological process that can
itself become a therapeutic target. However, the effective-
ness of such interventions depends heavily on delivery
systems capable of navigating aged tissues [5-7].

Ageing alters nearly every physiological barrier involved
in drug transport. In the gastrointestinal tract, reduced
gastric acid secretion, delayed gastric emptying, impaired
intestinal motility, altered microbiota composition, and re-
duced transporter activity significantly affect oral drug ab-
sorption [8]. Polypharmacy further complicates treatment,
as elderly patients frequently require multiple medications
with varying pharmacokinetic profiles. Dysphagia also re-
mains a major challenge in older adults, particularly those
with neurological disorders, often leading to poor adher-
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Figure 1. Impact of aging biology on drug delivery performance across major administration routes.

ence or unsafe modification of dosage forms [9, 10].

Oral administration remains the most common route of
drug delivery, yet ageing significantly alters gastrointes-
tinal physiology. Reduced gastric acid secretion, delayed
gastric emptying, altered intestinal motility, microbiome
dysbiosis, and reduced transporter expression all contrib-
ute to variable drug absorption [10]. Polypharmacy further
complicates treatment in older adults. Dysphagia affects
a substantial proportion of elderly patients, particularly
those with stroke, Parkinson’s disease, and neurodegen-
erative disorders. Crushing tablets or splitting doses often
compromises therapeutic precision. These challenges
create opportunities for smarter oral DDS such as gastro-
retentive systems, mucoadhesive carriers, multiparticulate
formulations, and polymeric microcapsules capable of
improving adherence while maintaining controlled release
[11].

Transdermal delivery offers several advantages for elderly
patients, including improved compliance and avoidance
of first-pass metabolism. However, ageing skin undergoes
structural deterioration, including epidermal thinning,
reduced hydration, decreased lipid content, and impaired
dermal blood flow. These changes reduce transdermal per-
meability and may alter dose consistency. Current patches
were not specifically designed for geriatric skin physi-
ology. Future systems may require adaptive adhesives,
microneedle-assisted delivery, and stimuli-responsive hy-
drogels that account for aged skin barriers [12].
Age-related macular degeneration, glaucoma, cataracts,
and diabetic retinopathy are increasingly prevalent in
ageing populations. Yet ocular drug delivery remains
notoriously inefficient. Conventional eye drops deliver
less than 2% of administered drug to intraocular tissues

due to tear drainage and poor corneal retention [13]. Age-
related reductions in tear production further worsen these
limitations. Recent advances in biodegradable implants,
nanoparticle carriers, and sustained-release intravitreal
systems represent important progress. Anti-vascular endo-
thelial growth factor (anti-VEGF) therapies have demon-
strated how delivery innovation can transform treatment
outcomes in ageing-related ocular disease [14].
Pulmonary delivery provides rapid systemic absorption
and has emerged as an attractive platform for biologics.
However, lung ageing introduces new barriers including
reduced elasticity, thickened alveolar membranes, im-
paired mucociliary clearance, and altered immune surveil-
lance. Emerging evidence suggests that age-related chang-
es in pulmonary immune proteins may alter nanoparticle
interactions, highlighting the need for immunologically
informed inhalation platforms [15]. Figure 1 shows how
ageing-associated biological changes impair oral, trans-
dermal, ocular, and pulmonary drug delivery performance
and guide advanced therapeutic strategies.

Among all ageing-related mechanisms, cellular senes-
cence may represent the most important future target for
DDS innovation. Senescent cells accumulate with age
and contribute to chronic inflammation through the se-
nescence-associated secretory phenotype (SASP), which
promotes tissue degeneration and disease progression.
This has stimulated interest in nanocarriers capable of se-
lectively targeting senescent tissues, delivering senolytic
drugs, and minimizing systemic toxicity [16, 17].

Recent developments in biomaterials science are par-
ticularly promising. Stimuli-responsive nanoparticles,
hydrogel systems, lipid-based carriers, and biodegradable
polymeric implants are being engineered to respond to
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oxidative stress, inflammatory signals, and pH changes as-
sociated with ageing tissues. These systems could enable
site-specific drug release while reducing adverse effects
associated with conventional formulations [18].

Despite these advances, major challenges remain. Elderly
patients are significantly underrepresented in clinical tri-
als evaluating novel DDS platforms. Most formulations
are optimized using young animal models or healthy adult
populations, limiting translational relevance. Regulatory
frameworks also rarely require age-specific delivery eval-
uation, despite clear physiological differences [16, 19].
Future DDS development must move toward age-adaptive
design principles. Rather than treating ageing as a second-
ary consideration, formulation scientists should incorpo-
rate age-associated physiological changes into early-stage
drug development. This includes designing dosage forms
for patients with dysphagia, creating delivery systems
compatible with altered immune function, and engineer-
ing carriers that target senescent microenvironments [20].
The future of precision medicine cannot ignore ageing
biology. As global populations continue to age, drug de-
livery technologies must evolve beyond conventional one-
size-fits-all approaches. Recent advances in senescence
research provide a timely opportunity to rethink how
therapeutics are designed, delivered, and optimized for
older adults. The next generation of DDS should not sim-
ply treat age-related diseases—it should be fundamentally
built for ageing itself.
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