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ARTICLE INFO ABSTRACT

Keywords: Topical ocular therapy plays a crucial role in managing infectious and inflammatory diseases of the anterior
Topical ocular pharmacology segment. Its therapeutic efficacy depends not only on the intrinsic potency of the drug, but also on the appro-
Pharmacokinetics priateness of the dosing regimen in relation to ocular pharmacokinetics and pharmacodynamics principles.
Pharmacodynamics

Because less than 5% of an instilled dose reaches the intraocular tissues, achieving therapeutic efficacy requires
tailoring dosing schedules to tear dynamics, barrier permeability, and formulation characteristics. Despite its
central relevance to clinical outcomes, the application of pharmacokinectics/pharmacodynamics (PK/PD)

Dosing regimen
Anti-inflammatory drugs

Corticosteroids

Immunomodulators principles to topical ocular therapy remains under-recognized and often inconsistently applied in routine prac-
Antimicrobial therapy tice. In this light, this review integrates experimental and clinical evidence on how pharmacologic principles
Nanocarriers guide the dosing of anti-microbial and anti-inflammatory agents. Among antibiotics, aminoglycosides benefit

Ocular drug delivery from high early peaks (peak concentratio/minimum inhibitory concentration [MIC]-driven), fluoroquinolones

from sustained exposure (area under the curve/MIC-driven), and p-lactams from continuous time above MIC
(T > MIC). These PK/PD parameters must also take into account the pathogen’s susceptibility in addition to the
intrinsic bacteriostatic or bactericidal activity of the drug. Similarly, corticosteroid and immunomodulator
regimens require controlled loading and tapering to balance efficacy and safety, particularly in graft care and
ocular surface disease. Advances in preservative-free systems, nanocarriers, and stimuli-responsive formulations
promise greater precision, lower toxicity, and improved adherence. Integrating PK/PD-guided strategies into
daily practice offers a rational framework for optimizing topical ocular pharmacotherapy across drug classes.

1. Introduction

Topical ocular drug delivery remains the cornerstone for treating
anterior segment diseases, owing to its simplicity, safety, and direct drug
access to target tissues; however, its pharmacokinetics profile differs
significantly from systemic routes due to the eye’s unique anatomy and
physiology. Rapid tear turnover, limited corneal permeability, and
multiple anatomical barriers sharply restrict intraocular bioavailability,
with additional losses related to blinking and nasolacrimal drainage that

further limit pre-corneal residence time of topically administered for-
mulations."?As a result, the efficacy of ocular pharmacotherapy de-
pends not only on the intrinsic potency of the drug but also on the factors
influencing pharmacokinetics and pharmacodynamics (PK/PD),
including physicochemical properties of its formulation, the dynamics of
tear film and ocular surface, and the clinical condition of the recipient
eye, together with formulation-related parameters such as particle size,
surface characteristics, and the balance between muco-adhesion and
muco-penetration that influence ocular drug exposure.! Growing
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attention has therefore been directed toward the PK/PD principles that
underlie ocular dosing. We synthesize current knowledge of ocular
PK/PD, focusing on the role of formulation parameters, ocular physi-
ology, and clinical context on drug exposure and response. We also
explore the influence of recipient ocular conditions on drug kinetics and
efficacy. We highlight emerging directions in PK/PD-guided posology,
nanomedicine and precision dosing as potential avenues to overcome
longstanding barriers in topical ocular drug delivery.®

2. Ocular pharmacokinetics and pharmacodynamics basics

The eye is highly compartmentalized and protected because of a set
of partially isolated micro-compartments separated by tight anatomical
and physiological barriers. Consequently, ocular PK/PD differs funda-
mentally from systemic PK/PD because, unlike systemic administration,
ocular delivery must overcome rapid precorneal clearance, limited
contact time, and multiple anatomical barriers, all of which drastically
reduce intraocular bioavailability and complicate therapeutic dosing.®®
More specifically, after topical dosing, drug disposition is governed by
precorneal loss (tear turnover and drainage), partitioning into the
cornea and conjunctiva, and subsequent distribution into the aqueous
humor and potentially deeper tissues. After intraocular delivery, addi-
tional barriers and slow clearance mechanisms determine exposure in
the vitreous and retina. These barriers create pronounced concentration
gradients across ocular tissues, meaning that plasma PK is generally not
areliable surrogate for ocular exposure, especially for posterior-segment
targets. Consequently, ocular pharmacodynamics should be interpreted
in the context of the relevant ocular compartment (i.e., tear film/corneal
epithelium for surface disease; aqueous humor for anterior-segment
targets; vitreous/retina for posterior-segment targets), as the PK driver
of effect (peak concentration [Cmax], area under the curve [AUC],
residence time) and the PD endpoints (e.g., epithelial integrity,
inflammation markers, intraocular pressure, retinal outcomes) are
typically compartment-specific rather than systemically determined.
This compartmentalization is a major reason why optimized ophthalmic
formulations prioritize local residence time and tissue-specific perme-
ability while simultaneously limiting off-target’.

2.1. Pharmacokinetics and pharmacodynamics interplay in ocular
therapy

PK is the quantitative study of drug absorption, distribution, meta-
bolism, and elimination and the resulting concentration-time profile in
the body.'® Applied to ophthalmology, PK focuses on drug concentra-
tions in the target ocular compartments, most commonly the corneal
stroma and the aqueous humor. Key PK descriptors include Cmax (peak
concentration), AUC over the dosing interval, often 24 h, Tmax (time to
peak), and T% (terminal half-life). PD is the quantitative study of the
relationship between drug concentration at the site of action and the
magnitude and time course of the biological effect, governed by mech-
anism of action and receptor interactions/occupancy.'! In ocular ther-
apy, PK and PD are tightly coupled because precorneal loss and
epithelial barriers determine whether drug concentrations in the corneal
stroma or aqueous humor reach the levels required to achieve the
intended effect.* For anti-infective agents, the ability of the drug to
achieve therapeutically effective concentrations at the site of infection is
often limited by ocular barriers and clearance.'? Thus, in vitro sensi-
tivity, typically expressed as the minimum inhibitory concentration
(MIC), must be interpreted in the context of local ocular drug levels. In
human ocular penetration studies, topical fluoroquinolones achieve
measurable corneal stromal concentrations, commonly reported on the
order of 10-20 ug/g, albeit with marked interindividual variability.'>*
Aqueous humor concentrations are substantially lower, typically within
the 0.1-0.5 pg/mL range after short preoperative dosing regimens.'*'°
With more intensive instillation schedules, higher aqueous levels have
been reported for specific agents; specifically, topical moxifloxacin
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achieved mean aqueous concentrations of 0.88 pg/mL with q6h dosing
and 2.28 ug/mL with q2h dosing.'® In contrast to fluoroquinolones,
vancomycin displays a pronounced compartmental distribution
following topical administration. Fortified topical vancomycin
(33 mg/mL) reaches very high corneal stromal concentrations, with a
reported mean of approximately 46.7 pg/g'’, while aqueous humor
concentrations remain markedly lower; after topical administration of
vancomycin 50 mg/mL, mean aqueous levels of approximately 0.22
ug/mL have been reported.'®

These measured tissue concentrations should be interpreted along-
side in vitro susceptibility data, particularly MIC90 values, defined as the
minimum inhibitory concentration required to inhibit the growth of
90% of tested isolates.' In bacterial keratitis isolates, fluoroquinolone
MIC90 values for Pseudomonas aeruginosa typically range from 0.25 to 4
pg/mL, depending on the specific agent.>”?! In contrast, MIC90 values
for Staphylococcus aureus are lower for methicillin-susceptible strains (e.
g., moxifloxacin MIC90 approximately 0.5 pg/mL), but substantially
higher for methicillin-resistant isolates (MRSA), with reported moxi-
floxacin MIC90 values of up to 32 pg/mL>'. By comparison, vancomycin
MIC90 values for Staphylococcus aureus, including MRSA, consistently
remain low (approximately 1 ug/mL).?"?* Accordingly, MIC values for
ocular pathogens should be interpreted in relation to the concentrations
that topical therapy is able to achieve within ocular tissues.

If the drug does not reach concentrations above the MIC at the site of
infection, clinical failure can occur despite apparent susceptibility.'’
These discrepancies may depend not only on the PK/PD factors dis-
cussed above, but also on the frequent presence of biofilm in ocular
infections, which can render the causative microorganism functionally
tolerant or insensitive to antibiotics even when planktonic MIC values
are low.?® In addition, the bacteriostatic or bactericidal profile of an
antibiotic is not an intrinsic binary property, but depends on its con-
centration relative to the MIC and the minimum bactericidal concen-
tration (MBC), the lowest concentration required to achieve > 99.9%
bacterial kill. Agents with an MBC/MIC ratio < 4 are generally consid-
ered bactericidal, while higher ratios suggest a bacteriostatic effect.?*
Moreover, the minimum toxic concentration (MTC) defines the upper
bound of the therapeutic window: beyond this threshold, toxicity is
expected to occur.?”

2.1.1. PK/PD indices

Integrating drug exposure with microbiological potency yields three
PK/PD indices used to predict antimicrobial efficacy: 1) T > MIC (the
fraction of the dosing interval during which drug concentration in the
target compartment remains above the minimum inhibitory concen-
tration), 2) Cmax/MIC (the ratio of peak concentration to MIC), and 3)
AUC/MIC (the 24-hour area under the concentration-time curve divided
by MIC).”° Each index captures a distinct dimension of pharmacologic
exposure, and different antimicrobial classes correlate with different
drivers of efficacy: p-lactams are time-dependent (linked to T > MIC),
aminoglycosides are concentration-dependent (linked to Cmax/MIC),
and fluoroquinolones are exposure-dependent (correlating best with
AUC/MIC, with a secondary role for Cmax/MIC).”” Because ocular
bioavailability after topical administration is limited, posologic strate-
gies, particularly loading, maintenance, and tapering, should be opti-
mized according to the PK/PD index most predictive of efficacy for the
antimicrobial class (Fig. 1).%8

To enhance clinical usability, we here report how quantitative PK/
PD targets commonly used for fluoroquinolones in the different in-
fections can be extrapolated and operationalized for ocular infections.
Fluoroquinolones exhibit concentration-dependent killing, and both
AUC/MIC and Cmax/MIC have been linked to clinical and microbio-
logical success as well as resistance suppression. A frequently cited
target range for many Gram-negative pathogens is AUC/MIC ~100-125
(and/or Cmax/MIC >10), while data in S. pneumoniae suggest that an
AUG/MIC < 40 may better predict efficacy.?” Although these thresholds
were largely derived from systemic/respiratory infection datasets, it
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Fig. 1. Pharmacokinetic concentration-time curve illustrating the therapeutic window. The graph shows a typical drug concentration-time curve following a single
dose. The Minimum Inhibitory Concentration (MIC) marks the lower limit of the therapeutic range, below which antimicrobial efficacy is lost and resistance selection
may occur (green zone). The Minimum Toxic Concentration (MTC) defines the upper boundary, above which toxicity may emerge. The blue-shaded area represents
the duration during which the drug concentration remains within the therapeutic window, high enough to inhibit bacterial growth without causing toxicity. PAE:

Post Antibiotic effect.

could be predictable to use them as reference targets to be interpreted in
ocular exposure metrics when direct ocular outcome-linked thresholds
are unavailable. In an ocular context, of course, these targets should be
applied by estimating local ocular exposure (e.g., tear film and/or
corneal tissue AUC and peak concentrations after topical dosing) and
comparing these exposures to MIC values from corneal isolates. Where
only systemic-derived targets exist, they are presented as pragmatic
reference thresholds, and we explicitly would emphasize the need for
future studies linking ocular compartment exposure to corneal infection
outcomes. %%

2.2. Barriers - tear film, cornea, conjunctiva, nasolacrimal drainage

The 7-10 uL tear film (turnover ~1 pL/min) rapidly dilutes instilled
drops; typical commercial volumes (>30 uL) overflow into the nasola-
crimal pathway, promoting systemic absorption and leaving < 5% to
reach intraocular tissues.'” The cornea lipophilic tight-junction epithe-
lium, hydrophilic stroma, and weakly lipophilic endothelium acts as a

Transcorneal
absorption

Lipophilic tight-junction epithelium
Hydrophilic stroma
Weakly lipophilic endothelium Cornea

Act as biphasic barrier

Anterior Chamber

biphasic barrier, so efficient passage generally requires amphipathic
properties. The conjunctiva is more permissive to hydro-
philic/macromolecular drugs, but its vascular and lymphatic beds favor
systemic uptake, reducing local bioavailability. Although emphasized
for systemic therapy, the blood-aqueous barrier (BAB) nonfenestrated
iris vasculature and tight junctions in the non-pigmented ciliary
epithelium can still influence topically applied agents by facilitating
efflux of lipophilic compounds from the anterior chamber to blood, thus
altering residence time and efficacy.®’ Fig. 2 provides a schematic
summary of the pathways and barriers involved in topical drug
absorption.

2.3. Routes of absorption and elimination

Entry is predominantly transcorneal for small, moderately lipophilic
molecules (optimal for the anterior chamber [AC]) or conjunctival/
scleral for hydrophilic/macromolecular agents (typically lower intra-
ocular levels). After entry, clearance proceeds via trabecular and

Dilution and drug loss
Tear turnover (~1 uL/min)
Blinking-induced clearance
Protein binding

Tear film

Reduced Reduced
ocular ocular
bioavailability ‘\‘ bioavailability
Systemic Blood-aqueous barrier Blood-aqueous barrier Systemic
absorption Facilitates efflux of lipophilic absorption

compounds from the anterior
chamber

Fig. 2. Schematic overview of pathways and barriers involved in topical ocular drug absorption. Following topical administration, drugs primarily enter the eye via
transcorneal absorption into the anterior chamber. The cornea presents multiple barriers, including the lipophilic epithelium, hydrophilic stroma, and endothelium,
which together restrict drug permeation. Additional loss mechanisms include tear film dilution and turnover, blinking-induced clearance, and nasolacrimal drainage,
all of which reduce ocular bioavailability and may contribute to systemic absorption. Drug distribution within the anterior chamber is further limited by the blood-
aqueous barrier, which regulates exchange between ocular tissues and the systemic circulation.
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uveoscleral outflow; lipophilic drugs are removed more rapidly with
uveal blood flow. Ocular metabolism features low cytochrome P450
expression but abundant esterases, which contribute to local clearance
and activate ester pro-drugs, thereby shaping intraocular bioavail-
ability.®®

2.4. Local vs systemic bioavailability

Topical dosing yields highly variable, generally low intraocular drug
concentration. Models relate AC penetration to molecular radius, lip-
ophilicity (octanol-water partition, ®), volume of distribution (Vd), and
clearance (Cla). In humans, predicted bioavailability is ~1-5% for
lipophilic drugs (®>1) and < 0.5% for hydrophilic agents (©<0.01).%2
Exposure may improve by lowering the conjunctival-to-corneal perme-
ability ratio and limiting nasolacrimal loss. Despite the local intent,
systemic absorption via conjunctiva and especially nasal mucosa, both
highly vascularized, bypass first-pass metabolism and can be clinically
relevant’; for example, timolol can achieve plasma levels sufficient for p
-blockade and bradycardia at standard doses.>*

2.5. Tear turnover, blinking, and retention time

Tear turnover and blinking significantly decrease the ocular surface
residence time of topically applied drugs. Fluorophotometric studies
demonstrate a characteristic biphasic decay in tear fluorescein concen-
tration after instillation, with a rapid early phase driven by reflex tearing
and blinking, followed by a slower basal phase reflecting steady-state
tear turnover estimated at ~0.5-2 pL/min>". Consistent with this, sub-
stantial precorneal drug clearance occurs within approximately 2-5 min
after dosing.”->> Under ocular surface irritation or inflammatory stimu-
lation, protective reflexes further accelerate precorneal clearance.
Experimental ocular surface stimulation markedly reduces interblink
interval (from ~9.5 s to ~1.4 s) and increases blink rate (up to ~110
blinks/min), enhancing nasolacrimal drainage36.ln parallel, reflex
lacrimation increases tear flow to ~50 pL/min, with maximal estimates
approaching ~100 pL/min, thereby prolonging the rapid-clearance
regime and further shortening ocular surface residence time.*”*®

Increasing viscosity or incorporating mucoadhesive polymers (e.g.,
hyaluronic acid/biopolymers) prolongs retention in humans, sometimes
several-fold versus saline®”, which can be leveraged to enhance ab-
sorption and reduce dosing frequency.

3. The physics and formulation of eye drops

Topical ocular therapy relies not only on the pharmacologic prop-
erties of the active compound, but also on the physicochemical and
technological characteristics of the eye drop formulation. These factors
influence precorneal residence time, corneal permeability, patient
tolerability, and ultimately therapeutic efficacy.

3.1. Drop volume, pH, osmolality, and lipophilicity

Conventional dispensers deliver 30-50 pL per actuation, well above
the tear reservoir of ~7 pL. The excess promotes overflow and reflex
tearing, accelerating nasolacrimal loss; in practice, a single instillation
suffices and sequential drops should be avoided.”* Tolerability is
optimized when the formulation approaches the tear pH (~7.4) and
remains within a workable window (=6.6-7.8); buffering allows main-
tenance of comfort when solubility or stability impose suboptimal pH.*"
2 Likewise, osmolality near 290-310 mOsm/L supports tear film sta-
bility and epithelial integrity.*>*> Corneal transport is favored by
amphipathic molecules with intermediate lipophilicity, whereas highly
hydrophilic agents more readily exploit conjunctival-scleral pathways;
aligning the formulation with the intended route improves exposure at
the target tissues.*’
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3.2. Solutions, suspensions, emulsions, and gels

Aqueous solutions remain the workhorse for daytime therapy
because they provide immediate drug availability and predictable initial
ocular pharmacokinetics; however, solutions are characterized by rapid
clearance, leading to short residence time and limited ocular bioavail-
ability. The use of viscosity enhancers or mucoadhesive polymers (e.g.,
hyaluronic acid, carbomers, methylcellulose) can modestly prolong
residence time and increase drug exposure, although excessive viscosity
may reduce patient comfort and reflex tearing, counteracting PK bene-
fits. 74446

Suspensions enable delivery of poorly water-soluble drugs and may
provide prolonged ocular exposure through gradual dissolution of drug
particles in the tear film. In terms of PK profile, this can result in a depot
effect at the ocular surface, extending absorption time; however, sus-
pensions exhibit greater inter-dose variability, require shaking to ensure
dose uniformity, and may elicit foreign-body sensation.’”

Oil-in-water emulsions improve solubilization and corneal epithelial
penetration of lipophilic agents, enhancing partitioning into ocular tis-
sues and potentially increasing intraocular bioavailability, as clinically
exemplified by cyclosporine.’®*® Nonetheless, emulsions may be asso-
ciated with transient visual blur, ocular discomfort, and formulation
instability, which can negatively impact adherence and effective dosing.

Gels and ointments provide the longest precorneal residence time
and enable sustained drug release resulting in prolonged ocular expo-
sure and reduced dosing frequency. These PK advantages are offset by
significant visual blurting, and reduced daytime tolerability, confining
their use primarily to nighttime administration or severe ocular surface
disease.”’

Finally, when enhanced retention or solubilization is required
without increasing dosing frequency, in-situ gelling systems,
cyclodextrin-based carriers, and nanostructured delivery platforms are
reasonable options offering intermediate PK profiles by combining
acceptable tolerability with improved residence time and tissue expo-

50.5
Sure.44""0“’1

3.3. Impact of preservatives on absorption and toxicity

Quaternary ammonium preservatives, notably benzalkonium chlo-
ride (BAK), are effective antimicrobials but perturb the ocular surface.
More specifically, preservatives can affect ocular absorption through
two mechanistically distinct and temporally different processes, namely
short-term permeability enhancement (“junction-opening”/barrier
perturbation) and long-term ocular surface toxicity (epithelium and
goblet-cell/secretory apparatus).

In the short term, surfactant preservatives such as BAK has been
shown to disrupt epithelial tight junctions, alter epithelial cell mem-
brane integrity and induce superficial epithelial desquamation''.These
structural changes perturb the corneal epithelial barrier and can tran-
siently increase paracellular permeability and transiently enhance drug
penetration of topically applied drugs, particularly hydrophilic or poorly
permeable compounds;°> however, this effect is dose- and
time-dependent and primarily observed when the corneal epithelium is
already compromised or with repeated exposure®”.In clinical-relevant
settings, preservative-containing formulations have been associated
with worsened epithelial barrier function compared with
preservative-free tears, consistent with preservative-driven barrier
disruption.

On the other hand, repeated exposure to preservatives, particularly
in chronic therapies, is consistently associated with cumulative ocular
surface toxicity, characterized by epithelial stress, reduced goblet cell
density, destabilization of the tear film, apoptosis in corneal and
conjunctival cells and inflammatory/oxidative pathways, ultimately
compromising surface homeostasis and tolerance.''** In vitro,
BAK-preserved ophthalmic combinations produce significantly greater
conjunctival epithelial cell toxicity, including reduced viability and
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increased apoptosis/oxidative stress, compared with less cytotoxic pre-
servative systems (e.g., polyquaternium-1) or preservative-free ap-
proaches.”® Confocal microscopy studies have also demonstrated
sub-basal nerve fiber damage following chronic BAK exposure,
contributing to ocular discomfort and neurogenic inflammation.*®

Clinically, this distinction matters because a formulation that tran-
siently increases permeability does not necessarily improve therapeutic
performance if chronic dosing progressively damages the ocular surface
and worsens symptoms, adherence, and long-term safety. For long-term
therapy or preexisting ocular surface disease, preservative-free pre-
sentations, via unit-dose packaging or advanced multidose valves, are
therefore preferred.

3.4. Advanced delivery systems: nanocarriers and beyond

Innovative ocular delivery platforms are designed to mitigate low
corneal permeability, rapid precorneal clearance, and poor solubility.
Among them, key emerging platforms include nanocarriers, polymeric
nanoparticles, nanomicelles, and dendrimers, as well as chitosan-coated
systems and stimuli-responsive hydrogels. Table 1 summarizes the
structural characteristics, delivery mechanisms, and reported advan-
tages of key nanocarriers and advanced delivery carriers currently
investigated to enhance corneal penetration, prolong precorneal resi-
dence time, improve bioavailability, and enable targeted ocular therapy.

Nanocarriers, including liposomes, polymeric nanoparticles (e.g.,
PLGA), nanomicelles, and dendrimers, can increase bioavailability by
improving solubilization, prolonging residence, and enabling controlled
release and targeting.**°%°1:57-5¢ Liposomes encapsulate both hydro-
philic and lipophilic drugs and can facilitate epithelial passage. Poly-
meric nanoparticles provide sustained release and extended tissue
exposure.”"*° Nanomicelles from amphiphilic copolymers are effective
for poorly soluble agents (e.g., voclosporin, dexamethasone) and, owing
to sub-100 nm size, may reduce precorneal clearance and support
penetration, particularly when ocular surface permeability is increased
by inflammation**. Dendrimers offer high payload capacity and surface

Table 1
Structural characteristics, delivery mechanisms, and reported advantages of key
nanocarriers and advanced delivery carriers.

Carrier Mechanism Advantages
Liposomes Phospholipid bilayer vesicles Enhanced bioavailability/
encapsulating hydrophilicand ~ penetration
lipophilic drugs; facilitate
penetration through the
corneal epithelium
Polymeric Biodegradable particles Controlled release;
nanoparticles enabling controlled release; prolonged tissue retention
(e.g., PLGA) prolonged retention in ocular
tissues
Nanomicelles Assemblies of amphiphilic Effective for poorly soluble
copolymers; size < 100 nm drugs; small size may reduce
tear clearance and promote
penetration, especially in
inflamed tissues
Dendrimers Branched macromolecules Improved bioavailability

Chitosan-coated
nanoparticles

Stimuli-
responsive
hydrogels

Ligand-targeted
nanocarriers

with functional surface
groups; high drug-loading;
modifiable for targeted
delivery

Chitosan coating to increase
mucoadhesion and residence
time on the ocular surface

Temperature or pH sensitive
hydrogels

Nanocarriers functionalized
with ligands to deliver drugs
to specific cell types

and tolerability reported in
early trials

Increased precorneal
residence; enhanced
absorption in preclinical
models

Aim to reduce dosing
frequency, minimize side
effects, and improve
targeted delivery

Targeted delivery; potential
reduction of off-target
effects and dosing frequency
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functionalization for targeted delivery, with early studies suggesting
favorable tolerability.°>°' Surface chitosan-coating can enhance
mucoadhesion and residence on the ocular surface.”’ Looking ahead,
stimuli-responsive (temperature/pH) hydrogels and ligand-targeted
carriers aim to lower dosing frequency, limit off-target exposure, and
increase tissue selectivity.so’62 66

These approaches are particularly attractive in anterior segment
disease, such as dry eye and ocular inflammation, where longer reten-
tion and controlled release can translate into practical clinical benefit.

4. The clinical impact of recipient ocular conditions on dosing
strategy

The condition of the recipient can also impact on ocular drug
exposure. Indeed, inflammation, surgical changes, and ocular surface
disease alter barrier permeability and tear-film clearance, requiring
tailored dosing to maintain efficacy and safety.

4.1. Inflamed or infected eye: barrier disruption and dosing strategy

Ocular inflammation, infectious or sterile, remodels ocular phar-
macokinetics by disrupting the BAB and the corneal epithelium, which
normally limit drug penetration. Inflammatory cytokines increase iris
vascular permeability and loosen tight junctions within the ciliary
epithelium, permitting greater influx of plasma proteins and circulating
drugs into the aqueous humor. This creates a pharmacokinetic
“paradox”: systemic agents may achieve higher intraocular exposure
than topical drops because of several factors determining underexpo-
sure, including early reflex tearing, increased blinking, mucin disrup-
tion, and faster tear turnover accelerate washout.”-°” On the contrary, in
a healthy eye the efficacy of systemic routes is limited by the blood
ocular barrier that restricts intraocular drug levels.®®

In addition, in inflamed eyes, particularly in microbial keratitis and
severe anterior uveitis, standard topical dosing is often insufficient; to
counter increased permeability and accelerated clearance, clinicians use
loading regimens with high frequency instillation (every 15-60 min) to
rapidly achieve therapeutic levels across disrupted barriers.”-%° Inflam-
mation increases aqueous protein leakage that binds lipophilic drugs,
lowering the free active fraction.”® Corneal neovascularization provides
leaky routes that may increase penetration even for larger molecules,
although quantitative human PK data remain limited.

Biofilm formation further complicates topical antibiotic therapy.
These structured bacterial communities, embedded in an extracellular
matrix, are far more tolerant than free-floating (planktonic) organisms,
reported up to ~1000 fold higher drug concentrations required, and
better evade host defenses.”" Several clinically relevant microorganisms
exhibit a well-recognized propensity to form biofilms in ocular in-
fections, most notably Pseudomonas aeruginosa, Staphylococcus aureus
(including MRSA), and coagulase-negative staphylococci. Additional
contributions from Gram-negative bacteria such as Escherichia coli and
fungal species including Candida albicans have also been doc-
umented.”?”’* They commonly develop on ocular tissues and on devices
such as contact lenses and sutures, sustaining chronic or relapsing
infection. Biofilm-associated infections exhibit reduced antibiotic sus-
ceptibility through multiple concurrent mechanisms. The extracellular
matrix can act as a diffusion barrier and, in some settings, sequester
antimicrobial molecules (e.g., via binding to extracellular DNA), thereby
delaying or reducing effective drug penetration to embedded cells”>’°,
In parallel, steep gradients of oxygen, nutrients, and pH within the
biofilm microenvironment reduce antimicrobial activity and generate
marked physiological heterogeneity.”® High bacterial density within
biofilms can further diminish antibiotic efficacy for selected drug clas-
ses, consistent with an inoculum effect.”® Moreover, a substantial frac-
tion of biofilm-associated bacteria adopt slow-growing or metabolically
quiescent states, including persister cells, which reduces the effective-
ness of agents that require active growth or metabolism’°.In addition,
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biofilm-associated cell-cell signaling (quorum sensing) coordinates
stress responses, matrix production, and tolerance phenotypes, further
stabilizing the biofilm and limiting antimicrobial effectiveness.”> The
close spatial organization within biofilms also facilitates horizontal gene
transfer, promoting antibiotic resistance and the persistence of chronic
or relapsing infections.”” When biofilm is suspected, management
typically includes loading with high frequency topical antibiotics,
consideration of fortified concentrations and dual coverage, plus night
time ointment and debridement or device removal, followed by reas-
sessment at 24-48 h. If the response is inadequate, escalate the route.
removal, followed by reassessment at 24-48 h. If the response is inad-
equate, escalate the route.”® Experimental anti-biofilm strategies remain
largely investigational. Preclinical studies have investigated agents
specifically designed to destabilize biofilm structure, including com-
pounds that enzymatically degrade extracellular matrix components and
quorum-sensing inhibitors that disrupt biofilm-associated signaling
pathways, ultimately reducing biofilm stability and tolerance pheno-
types.”>’° Furthermore, advanced drug delivery systems have been
developed to improve antimicrobial activity against biofilm-associated
pathogens.®” Among these, nanotechnology-enabled platforms can
enhance local drug retention, improve penetration into biofilms, and
provide sustained antimicrobial exposure at the site of infection. Pre-
clinical evidence suggests that these systems may interact with biofilm
matrix components or exploit biofilm-specific microenvironmental fea-
tures, such as acidic pH, localized enzymatic activity, or increased levels
of reactive oxygen species, to enhance targeting and antimicrobial ef-
ficacy in vitro and in selected in vivo models.®’ Despite these promising
findings, these strategies have not yet been validated and therefore do
not currently modify standard therapeutic recommendations.””**!

4.2. Post-operative and transplanted cornea: fragility, immunity, and
tailored dosing

Ocular surgery, particularly corneal transplantation (penetrating or
lamellar keratoplasty), induces profound structural and immunologic
changes that affect drug pharmacokinetics and dosing strategies. In the
immediate postoperative period, the cornea presents with disrupted
epithelial integrity, altered stromal hydration, and compromised barrier
function. These factors can transiently enhance permeability to topically
applied drugs, but also increase vulnerability to toxicity, especially from
preservatives or high-dose regimens; however, the pharmacokinetic
profile of transplanted eyes is deeply influenced by a more complex,
evolving variable: the breakdown of ocular immune privilege. The
cornea is typically protected from systemic immune activation by the
absence of vasculature, low MHC expression, and active immune regu-
latory mechanisms (such as anterior chamber-associated immune devi-
ation, or ACAID).*? Surgical trauma, neovascularization, and
inflammation can dismantle these mechanisms, exposing the graft to
host immune surveillance. This immunologic shift has both clinical and
pharmacologic consequences. Inflammatory neovascularization in-
troduces new, aberrant vascular pathways that not only permit immune
cell infiltration but may also facilitate altered drug access into the
corneal stroma. Moreover, the inflamed environment can alter drug
clearance kinetics via increased enzymatic activity and barrier leakage,
although specific pharmacokinetic studies in this context remain
scarce.®®?

High-risk corneal grafts, those with preexisting inflammation, prior
rejection, or deep vascularization, require long-term, intensive immu-
nosuppression. Standard corticosteroids remain the first-line agents, but
prolonged use increases the risk of infection, delayed healing, and
glaucoma. In these settings, adjunctive immunomodulators such as
topical cyclosporine A or tacrolimus are frequently employed. These
agents have been shown not only to reduce rejection risk but also to
maintain epithelial integrity better than corticosteroids alone in certain
contexts.?

Corneal neovascularization with lymphangiogenesis enables APC
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migration to nodes, priming naive T cells and accelerating rejection.®*
Topical vascular endothelial growth factor-C/D blockade suppresses
lymphangiogenesis but doesn’t prolong graft survival in mice, likely due
to compensatory immune pathways.®® Importantly, post-keratoplasty
eyes are particularly susceptible to infectious complications, which
can significantly compromise graft survival. Multiple factors contribute
to this heightened vulnerability, including persistent epithelial defects,
exposed or loose sutures, prolonged use of corticosteroids, and altered
ocular surface flora.®” These elements create a permissive microenvi-
ronment for microbial colonization, especially by opportunistic patho-
gens. Fungal organisms such as Candida and Fusarium are increasingly
recognized as leading causes of infectious keratitis and graft failure,
particularly in tropical regions and among patients on long-term topical
corticosteroids.®® The avascular nature of the graft and local immuno-
suppression further impair immune surveillance and drug delivery,
complicating eradication efforts. In such settings, clinicians must
promptly adjust the therapeutic regimen. This often involves temporary
withdrawal of corticosteroids and the initiation of targeted antimicro-
bial therapy.®” Topical calcineurin inhibitors, such as cyclosporine A or
tacrolimus, may be introduced as steroid-sparing agents, providing
immunomodulation while minimizing pathogen proliferation.®*
Recognizing early signs of infection and tailoring both antimicrobial and
immunosuppressive strategies are essential to preserving graft function
in this delicate pharmacological context.

4.3. Dry eye and ocular surface disease: tear-film instability, epithelial
barrier dysfunction, and formulation-driven dosing

Dry eye disease (DED) is defined as a multifactorial, symptomatic
condition characterized by loss of tear film and/or ocular surface ho-
meostasis, involving tear instability, hyperosmolarity, inflammation,
and neurosensory dysfunction.®® This framework explains the frequent
sign-symptom discordance and highlights that pharmacologic decisions
must be tailored to the individual’s etiological drivers (lipid, aqueous,
mucin/glycocalyx deficiency; eyelid/blink anomalies; ocular surface
abnormalities). Shortened tear film break-up time (TBUT), reduced tear
volume, mucin/glycocalyx disruption, and increased osmolarity impair
uniform spreading of standard drops, shorten residence time, and in-
crease concentration spikes that can exacerbate burning and reflex
tearing.88 From a pharmacokinetic standpoint, these alterations result in
heterogeneous precorneal drug distribution, increased intra- and
inter-individual variability in surface exposure, and reduced predict-
ability of the delivered dose. Because precorneal residence in DED is
intrinsically short and highly variable, effective drug exposure depends
on formulations that stabilize the tear film-epithelial interface and
ensure uniform precorneal distribution. HP guar/borate gels stabilize
the tear film, lower osmolarity, aid epithelial repair, and prolong resi-
dence, while hyaluronic acid improves symptoms and staining. Lipid
emulsions and perfluorohexyloctane reduce evaporation and improve
TBUT and comfort, with trials supporting perfluorohexyloctane four
times daily and benefits by 15 days with usually mild transient blur.®’

Given the fragility of the injured surface, preservatives (eg BAK)
exacerbate epithelial, neural, and goblet-cell toxicity and raise osmo-
larity. Consequently, preservative-free unit-dose or PF-multidose sys-
tems are preferred for chronic use, with systematic reviews and real-
world studies noting better TBUT, Schirmer, and symptom outcomes
after switching from preserved drops.®®°° Similarly, osmoprotective
compositions (e.g., trehalose or polyols) and hypoosmotic designs help
buffer hyperosmolar stress and support epithelial homeostasis. This
approach aligns with the DEWS framework that targets the vicious circle
in which tear film instability leads to hyperosmolarity, which triggers
inflammation and ultimately causes surface damage (DEWS Digest).
Inflammatory signaling, characterized by upregulation of cytokines
(IL-1, IL-6, IL-8, TNF-a) and proteolytic enzymes such as MMP-9, drives
immune-mediated remodeling of the corneal epithelial barrier through
damage to the glycocalyx and intercellular tight junctions. The epithelial
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glycocalyx is a hydrated steric and electrostatic barrier that limits direct
solute access while regulating surface wettability. In DED, inflammatory
degradation of this layer exposes the apical epithelium to hyperosmolar
and inflammatory stress, reducing constraints on drug access and
increasing variability in epithelial exposure, particularly for hydrophilic
and charged compounds.®"*°? Concomitantly, inflammatory remodeling
of the ocular surface disrupts epithelial tight junctions through
MMP-9-mediated cleavage and redistribution of occludin and ZO-1,
leading to loss of paracellular sealing and increased permeability to
hydrophilic solutes.”®> Hyperosmolar stress amplifies this MMP-driven
junctional breakdown, further compromising the epithelial diffusion
barrier.>? Barrier damage results in a quantifiable increase in corneal
epithelial permeability, with fluorophotometric studies demonstrating
up to 3- to 3-fold increases in stromal uptake of sodium fluorescein in
DED patients compared with healthy controls.” Moreover, fluorescein
penetration correlates with corneal epithelial staining severity, indi-
cating that progressive barrier disruption is associated with increasing
solute permeability.>® From a pharmacokinetic perspective, this barrier
breakdown implies increased and more variable trans-epithelial drug
flux, particularly for hydrophilic and paracellularly transported com-
pounds, with reduced predictability of effective tissue exposure.
Controlling this inflammatory milieu is therefore central to restoring
barrier function and stabilizing exposure. TFOS DEWS III treats
inflammation as an etiological driver and recommends that its assess-
ment inform severity, risk, and management. In this setting, short
courses of topical corticosteroids (with intraouclar pressure monitoring)
provide rapid symptom/sign control, while T-cell-directed agents such
as cyclosporine A and lifitegrast sustain immune modulation and sup-
port surface recovery.>” Pharmacologic success in DED depends on
achieving sustained, uniform surface exposure by tailoring formulation
and posology to etiological drivers and adapting treatment over time.

5. Posology and its clinical relevance
5.1. Loading dose

In acute infections, a loading phase ensures that therapeutic con-
centrations are reached rapidly in the target tissue despite short ocular
residence time. By preventing an initial window of subtherapeutic
exposure, a loading dose also reduces the risk of early treatment failure
and resistance selection.'” In moderate to severe bacterial keratitis,
current clinical protocols recommend antibiotics administered every
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5-15 min during the first hour, then hourly, aligning with PK/PD
principles of concentration- and exposure-dependent antibiotics (Fig. 3).
This strategy supports attainment of class-specific targets such as
Cmax/MIC and AUC/MIC, optimizing early bactericidal activity and
clinical response.”>”® Fortified formulations (e.g., tobramycin
14 mg/mL, cefazolin 50 mg/mL) are often employed when commercial
preparations fail to achieve therapeutic concentrations in corneal tissue,
particularly in severe bacterial keratitis. Compared to standard 0.3%
tobramycin, fortified concentrations demonstrate a dose-proportional
increase in tear film, stromal, and aqueous humor levels.”” This
enhanced bioavailability improves the likelihood of achieving PK/PD
targets, especially for pathogens with higher MICs or in deep stromal
involvement;”® however, higher concentrations carry an increased risk
of epithelial toxicity and delayed wound healing, particularly with
aminoglycosides and amphotericin B.””-°° Moreover, when two fortified
agents are administered in close succession, their hypertonicity can
provoke reflex tearing and mechanical dilution of the first instilled drug,
reducing its precorneal residence time and compromising effective
exposure (i.e., washout effect).”® Similarly, once microbial control has
been achieved, topical corticosteroids are often introduced with an
initial loading phase to ensure rapid suppression of ocular inflammation.
Intensive early dosing (e.g., prednisolone acetate 1% every 1-2 h during
the first 24-48 h) facilitates prompt tissue penetration and modulation
of the inflammatory cascade.'*

5.2. Maintenance dose and tapering

Once therapeutic concentrations have been achieved, the purpose of
maintenance dosing is to sustain drug levels within the therapeutic
range, compensating for ongoing elimination while avoiding peaks that
may induce toxicity. %!

In bacterial keratitis, instillation frequency is typically reduced from
hourly dosing to every 2 h for 24-48 h, then tapered every 2-3 days
until a QID schedule is reached, which is generally maintained for 5-7
days before discontinuation. This stepwise strategy is applied consis-
tently to both fortified antibiotic combinations and fluoroquinolone
monotherapy.

This pattern, while broadly effective, can be further optimized by
aligning maintenance and tapering schedules with the PK/PD index
governing the drug’s efficacy.'%?

Topical corticosteroids follow a comparable principle of controlled
dose reduction. After the initial intensive phase, topical corticosteroids

PK/PD-driven Loading-Maintenance-Tapering Framework
according to different clinical scenarios

LOADING
e
INFECTIOUS Very aggressive
KERATITIS q5-15 min
A
POST-OPERATIVE / Moderate initial
CORNEAL GRAFT dosing
OCULAR SURFACE Minimal or none
DISEASE

TAPERING

Prolonged
high-frequency

Delayed
post-consolidation

Prolonged Very slow
low-dose and controlled
N
Long-term Adaptive

formulation driven symptom-guided

4

Fig. 3. PK/PD-driven loading-maintenance-tapering framework for topical ocular therapy across different clinical scenarios. The figure illustrates how dosing

strategies can be adapted according to disease severity and treatment goals.
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should be tapered in a controlled, stepwise manner to prevent rebound
inflammation and minimize steroid-related adverse effects. The reduc-
tion schedule is guided by clinical improvement and epithelial healing,
typically progressing from every 1-2 h to four times daily, then to twice
or once daily over 1-2 weeks as inflammation resolves. Abrupt discon-
tinuation should be avoided, as premature withdrawal may trigger
recurrence of stromal inflammation.

For aminoglycosides, which exhibit concentration-dependent killing
(Cmax/MIC), a high peak concentration during the loading phase is
essential to achieve bactericidal activity.'’® Following this, dosing can
typically be reduced more aggressively due to the post-antibiotic effect
(PAE), a pharmacodynamic phenomenon wherein bacterial regrowth
remains suppressed after drug concentrations fall below the MIC®?.
Although direct ocular evidence remains limited, this pharmacodynamic
behavior allows for wider dosing intervals during the maintenance and
tapering phases without compromising efficacy, if preceded by adequate
early exposure.'%%10°

For fluoroquinolones, which demonstrate AUC/MIC-dependent effi-
cacy, the focus shifts to achieving sufficient cumulative exposure over
time. As a result, dosing every 1-2 h is generally maintained for 24-48 h
post loading to optimize bactericidal activity.'°® Because total exposure
is the principal driver, tapering should be delayed until clinical
improvement is consolidated, and sufficient cumulative dosing has
occurred. Subtherapeutic tapering may risk underexposure, particularly
for pathogens with higher MICs.'?7:1%8

For f-lactams and glycopeptides, which are time-dependent
(T > MIQ), efficacy is closely tied to the duration drug concentrations
remain above MIC during the dosing interval.'’’ These agents lack a
significant PAE, and subtherapeutic or missed doses, especially during
nighttime, can result in transient periods of underexposure, which may
not only compromise bacterial killing but also promote f-lactamase in-
duction and selection of resistant strains.'%>''° Hence, dosing should
aim to maintain continuous exposure, including overnight instillations
when feasible, and tapering should proceed cautiously.

These principles are broadly extensible to other antimicrobial classes
with similar pharmacodynamic indices. Table 2 summarizes the major
antibiotic classes used in ophthalmology, their PK/PD indices, and
relevant clinical considerations.

5.3. Compliance and circadian factors

Once posology strategies are defined based on pharmacologic

Table 2
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principles, real-world factors, most notably patient adherence, become
critical in ensuring therapeutic success.''! In outpatient settings,
adherence remains a major challenge, particularly during the mainte-
nance and tapering phases, which often extend over days to weeks.' >
Frequent dosing schedules place a substantial burden on patients,
especially older adults or those with reduced manual dexterity, visual
impairment, or cognitive decline. Evidence indicates that nonadherence
is closely associated with regimen complexity, difficulty in drop instil-
lation, and medication-related discomfort.''%!!*

Poor adherence may result from both intentional and unintentional
factors: physical impediments (e.g., tremors, arthritis), forgetfulness,
misinterpretation of instructions, or underestimation of disease severity.
Nocturnal dosing is particularly problematic, as it disrupts sleep and
may be neglected entirely. Moreover, repeated nighttime awakenings
can exacerbate circadian misalignment, contributing to irregular sleep-
wake cycles, reduced attention, mood disturbances, cognitive decline,
and overall poorer quality of life, especially in older patients.''”
Importantly, circadian rhythms regulate key ocular surface functions,
including tear secretion, epithelial cell renewal, and immune response
modulation, that are essential for maintaining homeostasis.''® Disrup-
tion of these rhythms may alter the ocular microenvironment, poten-
tially influencing drug distribution, residence time, and therapeutic
efficacy. To partially mitigate this, nighttime ointments or gel-forming
drops may help maintain drug levels on the ocular surface and sup-
port adherence, although their pharmacokinetic limitations must be
considered when designing regimens.''”

Improving adherence requires a multifaceted approach. Patient ed-
ucation, simplification of regimens when possible, and individualized
tapering based on clinical response and pathogen virulence are key. In
select cases, caregiver involvement and the use of adherence aids, such
as alarms or mobile app notifications, may improve compliance, espe-
cially in elderly or visually impaired patient.' ™

5.4. At-risk populations: physiological vulnerability, systemic exposure,
and dosing considerations

Although topical ophthalmic therapies are intended to act locally, a
substantial fraction of the instilled dose does not penetrate the eye and
may be absorbed systemically through conjunctival and nasolacrimal
pathways. As a result, dosing strategies in “at-risk” populations should
account not only for local efficacy but also for age- and disease-related
physiological factors that increase vulnerability to systemic exposure

Summary of antimicrobial classes used in ocular therapy: PK/PD indices and clinical considerations.

Antibiotic Class Mechanism of Action PK/PD Clinical Notes Interaction Profile
Index
Aminoglycosides Bactericidal. Inhibit protein synthesis by Cmax / MIC  High peak is key; post-antibiotic effect Synergistic with beta-lactams
(tobramycin, netilmicin) binding to 30S ribosomal subunit; cause allows spacing after initial dose
misreading of mRNA
Beta-lactams (cefazolin, Bactericidal. Inhibit bacterial cell wall synthesis T > MIC Efficacy relies on maintaining levels Antagonism with bacteriostatic
ceftazidime) by binding penicillin-binding proteins (PBPs) > MIC; avoid dosing gaps agents like macrolides or
tetracyclines
Fluoroquinolones Bactericidal. Inhibit DNA gyrase and AUC / MIC Aim for good overall exposure; effective ~ Neutral or synergistic with other
(moxifloxacin, topoisomerase IV, blocking DNA replication in mono- or combo-therapy bactericidals
levofloxacin)
Macrolides (azithromycin) Bacteriostatic. Inhibit protein synthesis by AUC / MIC Long half-life permits infrequent dosing; ~ Antagonism with beta-lactams
binding to 508 ribosomal subunit not for acute keratitis
Tetracyclines (doxycycline) Bacteriostatic. Inhibit protein synthesis by AUC / MIC Adjunct in ocular surface inflammation; May antagonize bactericidal agents
binding to 30S ribosomal subunit anti-collagenase and anti-inflammatory when combined
action
Glycopeptides Bactericidal. Inhibit cell wall synthesis by T > MIC Aggressive dosing needed for resistant Synergistic with aminoglycosides
(vancomycin) binding to D-Ala-D-Ala terminus of cell wall Gram-positive pathogens
precursors
Antifungals (natamycin, Fungicidal. Bind to ergosterol in fungal Variable Slow penetration: prolonged intensive May act synergistically with other
amphotericin B) membranes, causing pore formation and cell treatment often required antifungals
death
Antivirals (ganciclovir, Inhibit viral DNA polymerase after Time- Sustained exposure needed; ganciclovir Usually used as monotherapy; few
trifluridine) phosphorylation, preventing DNA replication dependent has lower toxicity combination studies
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and adverse effects.®’"118

In paediatric patients, anatomical and physiological factors amplify
systemic exposure. Reduced tear volume, smaller ocular surface di-
mensions, and thinner, more permeable ocular membranes increase
drug concentration at the ocular surface and facilitate absorption.'”
Moreover, ophthalmic dosing is not weight-adjusted, resulting in a
disproportionately high dose-to-body-mass ratio. PK modeling studies
estimate that approximately one-half of the adult topical dose may be
sufficient in neonates, increasing to about two-thirds by 3 years of age
and approaching adult requirements by around 6 years.'!*'?° Impor-
tantly, infants are particularly vulnerable due to immature drug meta-
bolism and incomplete blood-brain barrier development. Clinically
relevant systemic adverse effects have been reported in children after
topical ophthalmic administration, including central nervous system
depression, sedation, and apnea with a2-agonists and anticholinergic
agents, as well as cardiovascular effects with topical p-blockers.''® From
a dosing strategy perspective, these considerations support use of the
lowest effective concentration, cautious dosing frequency, and avoid-
ance of unnecessary polypharmacy. Simple administration measures,
such as eyelid closure or nasolacrimal occlusion, have been shown to
significantly reduce systemic absorption without compromising ocular
efficacy.'>!?!

In geriatric patients, reduced tear production and increased tear film
instability occur within a context of ocular surface inflammaging char-
acterized by chronic, low-grade inflammation and reduced tissue resil-
ience.'?>!?% These changes may impair drug distribution and increase
susceptibility to local toxicity, particularly with chronic topical therapy.
Concomitant use of multiple topical agents further compromises toler-
ability and effective self-administration.'** Systemic safety consider-
ations are particularly relevant in geriatric patients due to frequent
comorbidities and polypharmacotherapy, a setting associated with an
increased risk of drug interactions.'?® Following topical ophthalmic
administration, clinically meaningful systemic effects have been re-
ported in older adults. Topical p-blockers may exacerbate bradycardia,
hypotension, or bronchospasm, while centrally acting agents such as
anticholinergics and a-agonists have been associated with confusion,
sedation, and other central nervous system effects.''®1%° From a dosing
strategy perspective, this supports prioritizing tolerability, regimen
simplification, and preservative-free formulations to maintain long-term
adherence and minimize cumulative toxicity in older adults. Moreover,
awareness of comorbidities that may increase susceptibility to specific
drug classes should inform therapeutic choice and clinical monitoring.

Patients with renal or hepatic impairment represent an additional
vulnerable group in topical ophthalmic therapy. In these patients, even
limited systemic exposure may acquire clinical relevance due to reduced
metabolic or excretory capacity, particularly during chronic treat-
ment.'?®'? In a nationwide population-based cohort study of patients
with primary open-angle glaucoma and advanced chronic kidney dis-
ease, topical carbonic anhydrase inhibitor use was associated with a
significantly increased risk of metabolic acidosis and progression to
long-term dialysis.'?® In addition, several ophthalmic agents undergo
hepatic metabolism following systemic absorption. Timolol represents a
paradigmatic example, as it is predominantly cleared by hepatic
CYP2D6, while ocular CYP2D6 expression is negligible. Consequently,
reduced hepatic metabolic capacity or concomitant CYP2D6 inhibition
may increase systemic exposure and the risk of cardiovascular and res-
piratory adverse effects.®>'?° From a dosing strategy perspective,
treatment in patients with renal or hepatic impairment should empha-
size prudent agent selection, minimization of systemic exposure by
avoiding excessive dosing frequency, and clinical monitoring.

6. Conclusions
Topical ocular therapy works best when dosing regimens match

ocular PK and class specific PD. Loading, maintenance, and taper should
be planned to overcome precorneal loss while avoiding toxicity.
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Aminoglycosides need a high early peak then wider intervals using the
post antibiotic effect, fluoroquinolones require sustained exposure for
24-48 h before taper, and beta lactams and glycopeptides need contin-
uous time above MIC, including overnight when feasible. Clinical
context further shapes schedules, with inflamed or infected eyes and
suspected biofilm needing front loaded frequencies and sometimes for-
tified concentrations, post keratoplasty care requiring preservative free
regimens and prolonged steroid taper with early steroid sparing agents,
and dry eye benefiting from residence extending formulations that
support adherence.

Promising directions include nanomedicine that codelivers immu-
nosuppressants and antiangiogenic agents to prolong graft survival®®,
and local delivery of regulatory T cells to reestablish immune tolerance
in high-risk grafts, so far supported in animal models.** Additional
priorities are stimuli responsive carriers, standardized ocular PK/PD
targets, and adherence aware, circadian-aligned schedules tested in
prospective trials.

6.1. Method of literature search

A comprehensive literature search was conducted between January
and September 2025 to identify publications relevant to topical ocular
pharmacology, ocular pharmacokinetics, and dosing regimens. The da-
tabases PubMed/MEDLINE, Embase, Scopus, and Cochrane Library were
systematically searched without geographic restriction. The search
strategy combined controlled vocabulary (MeSH and Emtree terms) and
free-text keywords, including: ocular pharmacokinetics, topical
ophthalmic drug delivery, pharmacodynamics, eye drops, ocular
bioavailability, posology, ocular surface disease, corneal trans-
plantation, antimicrobial therapy, nanomedicine, and ocular barriers.
Boolean operators (AND/OR) were used to capture both experimental
and clinical data.

Eligible studies included original research, clinical trials, pharma-
cokinetic or pharmacodynamic modelling papers, meta-analyses, and
authoritative reviews published between 1980 and 2025 in English.
Reference lists of key papers, consensus statements (e.g., TFOS DEWS,
AAO PPP), and major ophthalmology textbooks were also manually
screened to ensure completeness. Exclusion criteria were: (1) non-
ophthalmic systemic pharmacology studies, (2) non-peer-reviewed
materials, (3) animal studies without translational relevance, and (4)
duplicate reports.
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