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Abstract

Background: Conventional ophthalmic eye drops have low bioavailability (<5%) and poor
patient adherence, driving the development of sustained-release ophthalmic drug delivery
systems. The lacrimal drainage system represents a unique anatomical site for minimally
invasive depot formulations. Objective: To summarize and critically appraise punctal and
intracanalicular drug delivery systems, occlusive devices, and in situ-forming hydrogels
with respect to composition, release mechanisms, clinical efficacy, safety, and critical quality
attributes (CQAs). Methods: A narrative literature review was conducted using PubMed,
Scopus, Web of Science, Google Scholar, ClinicalTrials.gov, and patent/regulatory sources,
including FDA materials and Google Patents, covering 2001-2026. Anatomical features,
materials, active pharmaceutical ingredients, release profiles, and adverse events were
analyzed. Results: Seventy-one sources were included. Occlusive plugs without an active
pharmaceutical ingredient demonstrate premature expulsion in up to 57.4% of cases and
bacterial colonization in 44%. Drug delivery systems provide release from 7 days (PEGDA
hydrogels) to 3 months (Eximore, Ocular Therapeutix™). DEXTENZA® (dexamethasone)
is FDA-approved for postoperative inflammation, whereas pivotal trials of travoprost
(OTX-TP) and latanoprost systems (L-PPDS, EXP-LP) did not demonstrate superiority over
placebo or eye drops. In situ systems eliminate size-fitting requirements but face challenges
related to gelation control and biodegradation. Conclusions: We propose the following
candidate CQAs: retention (>80% over 4 weeks), swelling degree (30-60%), controlled burst
release (<40% within 24 h), and mechanical compatibility. The proposed QTPP matrices for
punctal, intracanalicular, and in situ systems may guide the development of ophthalmic
drug delivery platforms.
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1. Introduction

Over 2.2 billion people worldwide suffer from vision impairment or blindness, under-
scoring the global burden of ocular disease [1]. Eye drops remain the most widely used
dosage form in ophthalmology and are first-line therapy for many diseases [2], and account
for approximately 90% of commercially available ophthalmic preparations on the global
market. Despite their widespread use in clinical practice, the effectiveness of topical drop
therapy is limited by several anatomical and physiological features of the eye. The bioavail-
ability of such therapy typically ranges from 0.5% to 5%. Due to the limited capacity of the
precorneal space, only a small volume of the drug formulation can be applied to the ocular
surface; moreover, a considerable proportion of the administered dose, approximately 60%
of the active pharmaceutical ingredient (API), is eliminated through reflex blinking and
nasolacrimal drainage [3]. An additional limitation is the presence of preservatives in some
eye drops, which may have toxic effects on the tissues of the ocular surface [4].

Many ophthalmic diseases, including glaucoma, dry eye disease (DED), and chronic
inflammatory ocular surface diseases, require long-term and often multiple daily drug
administration [5]. Such treatment regimens reduce patient adherence and increase the
likelihood of errors in eye drop use. According to published studies, 39.2% of patients
forget to administer eye drops, 92.6% use them incorrectly, and only 20-30% maintain
hygienic technique without the bottle tip touching the ocular surface [6,7]. These findings
indicate that the clinical effectiveness of topical drop therapy is constrained not only
by low bioavailability but also by patient-related behavioral factors, including incorrect
administration technique and poor treatment adherence. Consequently, dosage forms with
prolonged action and reduced dosing frequency are regarded as a promising strategy for
improving adherence in patients with chronic and degenerative eye diseases [8].

Patient-centered study results also confirm significant inconvenience associated with
long-term eye drop therapy. In a single-center anonymous survey by Weber et al. conducted
among 102 glaucoma patients receiving topical hypotensive drugs, 35.3% reported that eye
drops disrupted their lives, 41.2% expressed concern about their use, and 61.8% preferred
alternative ophthalmic drug delivery systems over continued eye drop therapy. The most
important characteristics in choosing alternative systems were efficacy, duration of effect,
and minimal risk of adverse effects. At the same time, patients expressed concern about
surgical interventions and a strong preference for non-invasive or minimally invasive
approaches [9].

To overcome these limitations, alternative ophthalmic drug delivery systems are
currently being developed, aimed at increasing therapeutic activity, prolonging drug
contact time with ocular tissues, reducing the frequency of administration, and decreasing
toxicity. Contemporary delivery systems include microemulsions, nanoparticle solutions,
multicomponent carrier systems, ocular films, contact lenses, collagen shields, implants,
and in situ-forming gels. Among minimally invasive approaches, systems placed in the
lacrimal punctum or lacrimal canaliculus are of particular interest, as they exploit the
anatomical features of the lacrimal drainage system to achieve prolonged retention of the
dosage form and targeted drug release. For occlusive devices, an additional benefit is the
reduction in tear drainage through the nasolacrimal duct, which promotes increased tear
film residence time on the ocular surface and may be especially significant in the treatment
of ocular surface diseases [10].
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In a questionnaire study by Chan et al. including 250 Chinese patients from Singapore
with glaucoma, the acceptability of three routes of sustained delivery of antiglaucoma drugs
was assessed: subconjunctival, intracameral, and punctal. The punctal route of administra-
tion was accepted by many respondents—63.2% of patients, and 48.0% selected punctal
plug placement as the most preferred option among the proposed delivery systems [11].

Thus, the development of minimally invasive drug delivery systems intended for
placement in the lacrimal drainage system represents a promising direction for replacing
conventional topical drop therapy.

However, the available literature lacks a systematic analysis of critical quality attributes
(CQAs) for devices placed in the lacrimal drainage system, performed from the perspective
of quality by design (QbD) methodology. The present review addresses this gap: based
on anatomical constraints, clinical data, and regulatory requirements, we formulate the
target product quality profile (QTPP) for punctal plugs, intracanalicular inserts, and in
situ-forming systems, and identify the minimum necessary CQAs, providing practical
guidance for developers of ophthalmic drug delivery systems.

The objective of this review is to analyze the relevant scientific data on punctal and
intracanalicular delivery systems and occlusive devices, to characterize their composition,
and to substantiate critical quality attributes for development considering the anatomical
and physiological features of the lacrimal drainage system.

2. Materials and Methods

This is a narrative review conducted to analyze and synthesize scientific, clinical,
regulatory, and technological data on punctal and intracanalicular ophthalmic systems
intended for placement in the lacrimal punctum, lacrimal canaliculus, or the lacrimal
drainage system. The methodological approach was structured to identify, evaluate, and
synthesize relevant literature in the following areas: anatomical and physiological features
of the lacrimal drainage system; design and clinical characteristics of occlusive devices;
composition, mechanism of action, release profile, efficacy, and safety of punctal and intra-
canalicular drug delivery systems; in situ-forming systems; and critical quality attributes
relevant to the development of such systems.

2.1. Literature Search Strategy

The literature search was carried out using the electronic databases PubMed, Scopus,
Web of Science, Google Scholar, and ClinicalTrials.gov, as well as open regulatory, patent,
and informational sources, including FDA materials, Google Patents, clinical trial data,
and official manufacturer information. The primary search covered publications from 2001
to 2026. The last literature search was performed on 11 June 2026. Additionally, earlier
fundamental and clinically significant studies were considered if they contained data on
lacrimal drainage anatomy, punctal occlusion, plug complications, or served as primary
sources for describing specific technologies.

/a7

The following keywords and their combinations were used: “punctal plug”, “punctal

/ANTH /aNTH

occlusion”, “intracanalicular insert”, “intracanalicular drug delivery”, “lacrimal canalicu-

Zai /a7 Y/

lus”, “lacrimal drainage system”, “ocular drug delivery”, “ophthalmic drug delivery”,
“sustained release”, “controlled release”, “drug-eluting punctal plug”, “hydrogel”, “biore-
sorbable hydrogel”, “in situ gel”, “in situ-forming hydrogel”, “dry eye disease”, “glau-
coma”, “dexamethasone intracanalicular insert”, “DEXTENZA”, “travoprost punctum

plug”, “cyclosporine intracanalicular insert”, “latanoprost punctal plug”, “canaliculitis”,
“dacryocystitis”. Boolean operators AND/OR were applied to expand the search.

https://doi.org/10.3390 / pharmaceutics18070830


https://doi.org/10.3390/pharmaceutics18070830

Pharmaceutics 2026, 18, 830

4 of 34

2.2. Inclusion and Exclusion Criteria

Full-text scientific publications in Russian and English, clinical studies, preclinical
and in vitro studies, patent documents, registration materials, and official manufacturer
data were included if they contained information on the composition, design, mechanism
of action, release duration, retention, efficacy, safety, or complications of punctal and
intracanalicular systems.

The inclusion criteria were the presence of data on systems intended for insertion or
fixation in the lacrimal punctum or lacrimal canaliculus; description of material, geometry,
occlusion or drug delivery mechanism; presence of experimental, clinical, regulatory, or
patent data; relevance to the objectives of this review.

Exclusion criteria were: publications not related to punctal or intracanalicular delivery
systems; studies on non-ophthalmic or irrelevant delivery systems; publications lacking
data on composition, design, mechanism of action, efficacy, safety, or system characteristics;
review articles, letters, and editorials without primary data; duplicate publications or
materials with overlapping data; sources for which full text or sufficient open information
for analysis was unavailable.

2.3. Source Selection and Systematization

This review was not registered in PROSPERO or any other systematic review registry,
as it was conducted as a narrative review and did not meet the criteria for prospective
registration. A separate review protocol was not prepared. To improve the transparency of
literature selection and reporting, a flow diagram based on the PRISMA 2020 statement
was prepared (Figure 1), reflecting the main stages of identification, screening, full-text
source evaluation, and inclusion in the review. A total of 642 records were identified
from databases, registers, and additional sources: PubMed—249, Scopus—156, Web of
Science—98, Google Scholar—93 (total databases—611), ClinicalTrials.gov—21, and addi-
tional sources, including patents (n = 3), regulatory documents (1 = 1), citation searching
(n =5), and monographs (n = 1)—10.
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Studies included in review

Reports of included studies

Figure 1. PRISMA flow diagram.

Before the screening stage, 142 records were excluded: duplicate records—116, records
marked as ineligible using predefined automated filtering criteria—18, and records re-
moved for other reasons—S8. Subsequently, 490 records were evaluated by title and abstract,
of which 359 were excluded: 258 records were excluded using predefined automated
pre-screening criteria, and 101 records were excluded after manual screening. Abstract
screening and full-text eligibility assessment were performed independently by two au-
thors (K.S.L. and N.O.B.); disagreements regarding source inclusion were resolved through
discussion with the senior author (E.O.B.).

Full-text versions were sought for 131 publications and documents. Full texts of
8 sources were not obtained due to unavailability. Thus, 123 publications and documents
were evaluated for compliance with the inclusion criteria by full text or available docu-
mentary data. All 10 sources identified via other methods were successfully retrieved and
assessed for eligibility.

After full-text assessment, 62 sources identified via databases and registers were
excluded for the following reasons: no connection to punctal or intracanalicular deliv-
ery systems—24; lack of relevant data on composition, design, mechanism of action, or
system characteristics—17; studies of non-ophthalmic or irrelevant delivery systems—S;
review articles, letters, or editorials without primary data—7; and duplicate or overlapping
data—®6.

The final qualitative synthesis included 71 studies and documents. These sources were
used to analyze the anatomical and physiological rationale for development, device design
features, materials, mechanisms of action, drug release characteristics, efficacy, safety, and
critical quality attributes of punctal and intracanalicular ophthalmic systems.
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2.4. Data Extraction and Synthesis

Primary source selection was conducted by title, abstract, and keywords. In the next
stage, full texts of publications and Supplementary Materials were analyzed, including
clinical trial data, patents, prescribing information for approved drugs, and manufacturer
data. Sources were grouped by thematic sections of the review: anatomy and physiology of
the lacrimal drainage system; occlusive devices without active pharmaceutical ingredient;
punctal drug delivery systems; biodegradable intracanalicular systems; in situ-forming
systems; target product quality profile and critical development parameters.

Data extraction was performed by the authors using predefined categories relevant to
the objectives of the review. Extracted information was checked during data synthesis and
discussed within the author group.

For included sources, the following data were extracted: system type, device loca-
tion, material or polymer matrix, active substance, retention mechanism, occlusion or
phase transition mechanism, predicted or established release duration, development stage,
study design, primary efficacy endpoints, retention rate, safety profile, complications, and
limitations affecting further technology development.

Data were synthesized qualitatively. Given the heterogeneity of the included sources,
differences in study designs, and the simultaneous use of clinical, experimental, patent,
regulatory, and manufacturing data, a meta-analysis was not performed.

2.5. Evidence Level Assessment

Given the narrative nature of the review and the high heterogeneity of the included
sources, a formal risk-of-bias or certainty-of-evidence assessment using tools such as
GRADE or the Cochrane Risk of Bias tool was not performed. However, the study design,
sample size, presence of a control group, stage of clinical development, completeness of
composition and methodological descriptions, and type of data source were considered
when interpreting the evidence.

The highest priority in synthesizing the results was given to randomized controlled
clinical trials, prospective clinical studies, registration materials, and full-text original
research. Patent documents and manufacturer materials were used primarily to describe
the composition, design, mechanism of action, and technological features of systems,
particularly when clinical trial results had not been published in peer-reviewed literature.

2.6. Data Synthesis and Substantiation of Critical Quality Attributes

For each group of systems, common technological and biopharmaceutical patterns
were analyzed, including the influence of device geometry, mechanical properties, swelling
degree, biodegradation, mucoadhesion, release profile, and local tolerability on efficacy
and safety. Special attention was paid to parameters that may be considered critical for the
development of punctal and intracanalicular systems: device size and shape, compliance
with the anatomy of the lacrimal punctum and canaliculus, retention, occlusion control,
possibility of visual monitoring or removal, material biocompatibility, resistance to bacterial
colonization, reproducibility of drug release, system stability, and absence of significant
irritant effects.

Based on comparison of clinical, preclinical, in vitro, patent, and regulatory data,
parameters significant for forming the target product quality profile of punctal and intra-
canalicular ophthalmic delivery systems were identified.

2.7. Use of Artificial Intelligence Tools for Figure Preparation

Generative artificial intelligence tools—specifically Claude Opus 4.6 (Anthropic) and
ChatGPT GPT-5.4 (OpenAl)—were used only to assist in generating and iteratively re-
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fining preliminary graphical drafts of the anatomical and device schematics presented in
Figures 2 and 3 (the lacrimal drainage system and the EXP-LP latanoprost delivery device,
respectively). The Al-assisted graphical drafts were subsequently reviewed, manually
edited, and finalized by the authors in Microsoft PowerPoint to ensure anatomical and
technical accuracy. No generative Al tools were used to produce the scientific content, data
analysis, conclusions, or references of the manuscript. The authors take full responsibil-
ity for the accuracy, scientific validity, and integrity of all graphical content included in
this review.

3. Anatomy and Physiology of the Lacrimal Drainage System

The lacrimal apparatus can be anatomically and functionally divided into three sec-
tions: the tear-producing section (lacrimal gland and accessory lacrimal glands), the tear-
receiving section (conjunctival sac with the lacrimal rivus, lacrimal caruncle, plica semilu-
naris, and lacrimal lake), and the lacrimal drainage section, which includes the lacrimal
puncta, lacrimal canaliculi, lacrimal sac, and nasolacrimal duct [12].

Tear fluid produced by the lacrimal glands spreads over the surface of the cornea
and conjunctiva. When the eyelids close, the upper and lower lacrimal puncta contact the
lacrimal lake, promoting entry of tear fluid into the drainage system, with approximately
90% of the fluid passing through the lower lacrimal canaliculus [13], and then entering the
lacrimal sac and draining through the nasolacrimal duct (Figure 2).

Punctum —Z@8\
gy

y A
//‘ Vertical
#roizontal Canaliculus
#z__Canaliculus

—

Common
Canaliculus

Figure 2. Structure of the drainage system.

The drainage system begins with the upper and lower lacrimal puncta—small orifices
0.2-0.3 mm in diameter, usually oval, visible only when the eyelid is retracted [12,13].
Behind the puncta are the upper and lower lacrimal canaliculi, each comprising a short
vertical segment followed by a horizontal segment. According to anatomical studies, the
length of the vertical segment is approximately 2.4 & 0.5 mm, and its width is 1.6 &= 0.5 mm,
while the mean length of the horizontal segment reaches 9.2 + 2.3 mm with a width
of approximately 0.5-0.6 mm [13,14]. The diameter of the lacrimal punctum and the
lumen of the lacrimal canaliculus are of primary importance for the design of punctal
and intracanalicular systems. Furthermore, blinking, tear drainage, and eyelid movement

https://doi.org/10.3390 / pharmaceutics18070830


https://doi.org/10.3390/pharmaceutics18070830

Pharmaceutics 2026, 18, 830

8 of 34

create mechanical loads that affect fixation, patient comfort, and the risk of migration or
premature expulsion of the system. These parameters must be considered by developers
of medical devices and drug delivery systems when justifying the target product quality
profile (QTPP) and critical quality attributes (CQAs).

The lacrimal drainage system ensures tear drainage, regulates tear dynamics, and
participates in maintaining tear film homeostasis [15]. Regulating tear outflow through
occlusive devices increases the residence time of tear fluid and drugs on the ocular sur-
face. This principle is used both in the treatment of ocular surface diseases and in the
development of sustained local drug delivery systems.

4. Occlusive Devices (Without API)

Occlusive devices are small medical devices intended for partial or complete restriction
of tear drainage through the lacrimal drainage system [16]. They are manufactured from
biocompatible materials and inserted into the lacrimal punctum, as punctal plugs, or into
the lacrimal canaliculus, as intracanalicular plugs. Such devices can provide temporary or
long-term occlusion, the duration of which varies from several days to several months.

Occlusion represents a non-pharmacological treatment approach for dry eye syndrome,
indicated when artificial tears fail to provide sufficient relief. The primary principle of the
method is to reduce tear drainage, increase tear film residence time on the ocular surface,
and improve tear film stability [17]. The clinical significance of punctal occlusion has also
been confirmed in severe keratoconjunctivitis sicca associated with Sjogren syndrome:
Mansour et al. revealed that lacrimal punctum occlusion may contribute to improvement
of the ocular surface in patients with severe aqueous-deficient dry eye [18].

Additionally, this method can be used to improve the retention of topical medications
on the ocular surface [19]. By reducing tear drainage, the contact time of eye drops with the
ocular surface is prolonged, which may contribute to improved efficacy of topical therapy.
Thus, occlusive devices can be viewed not only as devices that reduce tear drainage but
also as a technological platform for the development of local drug delivery systems.

4.1. Punctal Plugs

Punctal plugs are inserted into the lacrimal punctum, allowing visual monitoring of
their position and, if necessary, easy removal [20]. The design of such devices typically
includes the following common elements: a cap (semi-permeable or impermeable mem-
brane with one or more pores), a body (impermeable to drugs and tear fluid), and a nose
(facilitating device insertion) [10].

By duration of residence in the lacrimal punctum, punctal plugs may be classified
as temporary or permanent [10]. Temporary plugs are used for short-term occlusion,
assessment of procedure tolerability, or temporary reduction in tear drainage. Permanent
plugs are intended for long-term restriction of tear drainage, reduction in dry eye symptoms,
and prolongation of tear fluid and topical medication residence time on the ocular surface.

Many permanent punctal plugs are commercially available, differing in size, shape,
surface texture, shaft design, cap size, and insertion mechanism. Most devices are made of
silicone, reflecting its biocompatibility, elasticity, and durability during long-term placement
in the lacrimal drainage system.

Table 1 presents the main models of permanent punctal plugs used in clinical practice,
their design features, and data from studies evaluating the efficacy and safety of these
devices, including possible complications arising from long-term use.
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Table 1. Design features and clinical characteristics of permanent punctal plugs.

Device Characteristics

Results (Adverse Effects, Advantages)

Plug Studied Design
=l
Plug SuperEagle® (EagleVision®) -

\

Soft material, thin non-protruding
cap. Conical shape and wide
curved nose designed to improve
device retention [21]

1. Premature expulsion rate 57.4%.
2. Mean time to premature expulsion
was 82 days.

3. Granulation tissue formation
observed in 34.5% of patients [22]

Conical shape aids plug retention.

Simple insertion and removal [21]

EaglePlug® (EagleVision®) g
"/
J—

EagleFlex Plug® (EagleVision®) - 7

Conical ribbed shaft for improved
retention and flexibility, providing
30% more surface area. Thin cap
reduces risk of corneal contact [20]

1. Punctum enlargement observed after
premature expulsion.
2. Time to expulsion for this plug type
was significantly shorter than that of
other devices in the study [23]

FCI® plugs: perforated punctal
plug, FCI® plug F

Tilted cap provides better fit,
matching natural eyelid anatomy
and preventing displacement.
Silicone perforated punctal plug
coated with hydrophobic PVP
(polyvinylpyrrolidone), allowing
tear flow through the perforation
(description adapted from the
manufacturer’s official website).

1. FCI® plug retention rate was 84.2% at
three months, 69.5% after one year, and
declined to 55.8% after 2 years [24]

2. Six-month retention rate for FCI®
plug F was 70.4%. Spontaneous plug
loss was associated with larger punctum
size in patients [25]

Table 1. Cont.

Plug Studied Design

Device Characteristics

Results (Adverse Effects, Advantages)

FCI® Ready-Set

Ultra-thin occluders made from
medical-grade silicone.
Anatomically shaped to adapt to
natural eyelid structure,
providing a comfortable fit
(description adapted from the
manufacturer’s official website).

Biofilm formation and bacterial
contamination were detected in 44% of
material extracted from plug orifices.
Staphylococcus epidermidis was most
frequently isolated (75%), followed by
Staphylococcus aureus (25%) [26]

SuperFlex® (EagleVision®)

v

Design based on a flexible ribbed
shaft that compresses easily and
adapts to lacrimal punctum
anatomy. Elastic structure aids
reliable retention. Low-profile rim
reduces risk of corneal contact,
minimizing foreign body
sensation after insertion
(description adapted from the
manufacturer’s official website).

1. Six-month retention rate for
SuperFlex® was 32% [27]

2. Spontaneous plug loss was associated
with eyelid laxity in elderly patients.
Punctum enlargement was also
observed [25].

Parasol® Punctal Occluders

Hollow nose compresses during
insertion, in most cases
eliminating the need for punctal
dilation. Design features a
sharp-tipped end and smooth
surface facilitating insertion
(description adapted from the
manufacturer’s official website).

1. Pyogenic granuloma leading to plug
extrusion in 4.2% of cases, possibly
related to the irregular plug surface

causing mucosal damage [21].
2. Six-month retention rate for Parasol®
was 68% [27].

Analysis of permanent punctal plug designs demonstrates that one of the key require-
ments for plug selection and development is reliable retention in the lacrimal punctum.
Insufficient fixation increases the risk of premature extrusion, migration into the lacrimal
canaliculus, and may cause damage to the drainage system, thereby contributing to canali-
culitis, dacryocystitis, and pyogenic granuloma—a reactive granulation tissue overgrowth
likely associated with chronic tissue irritation around the occluder [28]. This condition
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may be accompanied by an inflammatory reaction and generally requires plug removal to
eliminate the source of irritation.

Design parameters of the plug, including body shape, presence of ribs or expansions,
contact area with tissues, material rigidity, surface smoothness, and cap size, directly
affect retention, patient comfort, and risk of complications. Conical shape, ribbed shaft,
and materials of moderate rigidity may contribute to reducing the likelihood of early
extrusion. However, excessive rigidity, irregular surface, or device size mismatch with
the anatomical parameters of the lacrimal punctum may increase the risk of mechanical
irritation, inflammatory reaction, and premature plug loss.

Equally important is proper sizing of the punctal plug. A mismatch between de-
vice diameter and punctum size may lead to either insufficient fixation and extrusion or
excessive pressure on surrounding tissues. Manufacturers therefore offer extended size
ranges for punctal plugs, and personalized device design—including 3D printing to indi-
vidual lacrimal drainage system parameters—represents a promising direction for further
development [29].

Since punctal plugs are minimally invasive medical devices, ease of insertion and
removal, and reduction in the foreign body sensation experienced by the patient are also
important requirements. These characteristics can be ensured by a smooth cone surface,
designs that expand after insertion into the lacrimal punctum, and an adapted cap shape
that follows eyelid anatomy.

4.2. Intracanalicular Plugs

Intracanalicular plugs are positioned inside the lacrimal canaliculus, distinguishing
them from punctal plugs fixed in the lacrimal punctum. This location makes the device less
visible and potentially more comfortable for the patient, but complicates visual monitoring
of position and may complicate removal when necessary. Their design features, materials,
and clinical characteristics are presented in Table 2.

Table 2. Design features, materials, and clinical characteristics of intracanalicular plugs.

Plug Studied Characteristics Material Results (Adverse Effects, Advantages)
. 1. Good tolerability; only 3% of the
C.apame of expa'ndmg after . population is allergic to bovine collagen.
Collagen plugs insertion; swelling occurs Bovine collagen -
approximately 60% [21] 2. Granulomatous reaction was
PP observed among adverse effects [21]
1. Compared with silicone plug,
Thermosensitive polymer from thermosensﬁlve pl.ug provided greater
. . improvement in ocular surface
which the plug is made changes condition [30]
SmartPlug® size and shaPe after msgrtlon nto Thermosensitive acrylic material 2. Canaliculitis, dacryocystitis,
the lacrimal canaliculus . A, - .
L conjunctivitis, epiphora, and pyogenic
(description adapted from the
, . . granuloma were observed [31-33].
manufacturer’s official website). .
3. Premature expulsion was rare
(2.2% of cases) [32].
While the collapsible design
facilitates insertion, placement Cases of ocular irritation, epiphora, and
Herrick Lacrimal Plug® within the canaliculus may Medical-grade silicone intracanalicular plug migration were
predispose to tear stasis and reported [34].
secondary infection [21]
Within 10 min, the hydrogel
expands to match the shape of the Cases of canaliculitis development 6
FORM FIT® plugs lacrimal canaliculus, eliminating Hydrogel months after device use and granulation

the need for size matching
(description adapted from the
manufacturer’s official website).

tissue formation 5 years later have also
been reported [35].
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The main requirements for intracanalicular plug development arise from the frequent
complications also described in the table above. The material must be biocompatible,
non-allergenic, and simultaneously resistant to bacterial colonization, as this may lead to
canaliculitis and dacryocystitis. It is important that the plug does not cause a pronounced
foreign body effect or traumatize canalicular tissues. The design must provide partial rather
than complete occlusion of the lacrimal pathway to prevent tear stasis and consequent
infection. The surface should be smooth to minimize irritation and granulation tissue
formation. Equally important are position monitoring and the ability to remove the plug
without trauma. It must be reliably fixed to minimize the risk of device migration, which
requires surgical extraction.

Thus, an intracanalicular plug must combine stable retention or controlled swelling,
partial or managed occlusion, resistance to bacterial colonization, and the possibility of
safe removal.

5. Punctal Drug Delivery Systems

Punctal plugs can be used not only as occlusive devices but also as drug-loaded
delivery systems providing sustained drug release over several weeks or months [36]. This
ensures unidirectional API delivery and prolongs its contact with the ocular surface. Drug
solutions, suspensions, emulsions, nanoparticles, micro- and nanoparticles, or liposomal
suspensions may potentially be loaded into the body of a punctal plug [10]. Several
such designs have been described in the literature, along with clinical trials evaluating
their efficacy.

5.1. Evolute® Punctal Plug Delivery System (Mati Therapeutics, Austin, Texas, USA)

The Evolute® punctal plug delivery system, developed by Mati Therapeutics (Austin,
TX, USA), is a silicone non-invasive system sealed on the sides to prevent drug washout into
the nasolacrimal duct. The platform was considered for application in several therapeutic
areas, including glaucoma, ocular hypertension, postoperative pain and inflammation,
allergic diseases, and dry eye syndrome. The design represents a cosmetically inconspicu-
ous device, colored for easy physician identification, with an L-shaped form facilitating
placement and improving retention. According to the developer, the platform could be
adapted for delivery of various active substances.

Latanoprost punctal plug delivery system (L-PPDS) is one of the products developed
by Mati Therapeutics for glaucoma treatment. The plug body was filled with a latanoprost
polymer matrix surrounded by non-biodegradable silicone [37]. The delivery system was
designed to provide sustained API release over 30 days.

Patent US10632012B2 describes the composition and characteristics of L-PPDS in
detail: length from 4 mm to 8 mm, diameter from 0.7 mm to 0.9 mm, with an angle of
approximately 90 degrees between the vertical and horizontal segments. The cavity for the
therapeutic agent is in the vertical segment (head) of the punctal plug, with a diameter of
0.2 mm to 1.4 mm.

The device body is made of silicone. The material must be soft enough to ensure
patient comfort while sufficiently elastic for retention in the lacrimal drainage system. The
API cavity contains latanoprost as the active substance; a special medical-grade silicone that
slowly releases the API may be used as a matrix, with phosphatidylcholine as an excipient
for formulation stabilization [38].

Most L-PPDS clinical trial results remain unpublished. Despite this, the scientific
literature describes a Phase I study involving five patients that established safety, good
tolerability, and a reduction in intraocular pressure of approximately 30%. Phase II clinical
trial results for the delivery system loaded with 44 ug and 81 pg of latanoprost (L-PPDS)
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showed a mean intraocular pressure (IOP) reduction with the 44 ug dose of 3.5 mmHg at
the end of 4 weeks, with 36% of patients achieving an IOP reduction of more than 5 mmHg.
78% of patients completed the 4-week follow-up and retained L-PPDS in the lacrimal
punctum. Adverse effects included pruritus, ocular irritation, increased lacrimation, and
ocular discomfort [39]. Comparison of L-PPDS with eye drops showed insufficient efficacy
of the latanoprost punctal plug [40].

Nepafenac punctal plug delivery system (N-PPDS) is another punctal plug delivery
system containing nepafenac, a non-steroidal anti-inflammatory drug, from Mati Thera-
peutics. In a multicenter, randomized, parallel-arm, placebo-controlled Phase II clinical
trial (NCT03496467), the safety and efficacy of N-PPDS were evaluated compared with a
placebo punctal plug delivery system (p-PPDS) for the control of postoperative ocular pain
and inflammation after cataract surgery. The study enrolled 56 patients, of whom 38 were
in the N-PPDS group (experimental group) and 18 in the p-PPDS group (control group).
At three days, the proportion of pain-free patients was 69% (22 of 32) in the experimental
group and 38% (6 of 16) in the control group. At 7 days, the trend was maintained: absence
of pain was noted in 67% (24 of 36) of N-PPDS patients and 31% (5 of 16) in the placebo
group. The plug retention rate was 98% (55 of 56) at 14 days [41].

At present, clinical trials of the Evolute® platform have stalled at Phase II. There
are no publicly available data on Phase III trials, new peer-reviewed publications, or
FDA registration for the described systems. The devices showed generally favorable
retention in the lacrimal drainage system due to the L-shaped design and appropriate
material rigidity. However, N-PPDS showed no significant advantage over placebo, and
L-PPDS was inferior to topical eye drops in IOP-lowering efficacy. The reasons for L-PPDS
underperformance have not been formally established. One possible explanation may
relate to the limited drug reservoir capacity of punctal systems, which can restrict total API
loading; however, inadequate release kinetics, insufficient ocular surface bioavailability,
dose-response limitations, and disease-specific pharmacodynamic requirements may also
have contributed. Therefore, drug loading should be considered a plausible contributing
factor, but not a proven root cause of the limited clinical efficacy of L-PPDS.

5.2. Eximore Pack and Release Ophthalmic Drug Delivery Platform

Eximore is a biopharmaceutical company specializing in the development of innova-
tive therapies. One of its technologies was a patented multilayer ‘pack & release’ platform,
which is a non-degradable punctal plug loaded with APIL

EXP-LP is a device placed in the lacrimal punctum to provide sustained release of la-
tanoprost. According to patent US20210137942A1, published in 2021, the device comprises
a complex composite structure containing several elements: inert porous materials with
high surface area and low density, such as fumed silica, silica gel, activated charcoal, and
zeolite, onto which latanoprost is adsorbed. A swelling agent—kaolin or pectin—may also
be included in the matrix. A binding element represented by epoxy resin or polyurethane
is used to form a rigid structure. Furthermore, the entire device surface or part of it may
be coated with a protective layer (e.g., parylene or butyral) (Figure 3). The coating may be
either continuous or perforated with microholes of 0.5-5 microns. The patent describes two
compositions: the first, based on an epoxy matrix with 36% latanoprost content, and the
second, a dispersed composite polyurethane matrix containing 14% APL The possibility of
creating a combined system with latanoprost and timolol is also described.
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Figure 3. Structure of the EXP-LP latanoprost delivery device.

During development, the latanoprost release profile from samples into phosphate-
buffered saline during incubation at 37 °C over various time periods, as well as daily API
release over three months, was determined. The API release from punctal plugs with
different coating types was also compared [42].

According to company data from Eximore, in vitro preclinical studies showed that
EXP-LP can provide controlled API release over three months. In animal studies, the device
demonstrated a favorable safety profile and a 50% reduction in IOP during the first eight
weeks, with no serious adverse effects.

Furthermore, in a prospective, single-center, open-label, controlled, non-randomized
clinical study, the safety, plug retention, and preliminary efficacy of EXP-LP were evaluated.
The device was tested in two sizes and doses: a ‘large plug’ (diameter 1.08 mm, API content
450 pg) and a ‘small plug’ (diameter 1.06 mm, API content 250 pg). The study included
40 patients. The latanoprost punctal plug was inserted into one eye, while Xalatan® 1 drop
once daily was instilled into the other eye. This study was completed in 2019, but its results
were not published [43].

EXP-TC is another ‘pack & release’ system representing a punctal plug with a dual
function: mechanical occlusion of tear drainage and targeted drug therapy for dry eye
syndrome. The device is molded from a medical-grade composite containing tacrolimus,
an immunosuppressive macrolide drug. The EXP-TC design includes a flattened head
that remains visible at the lacrimal punctum and a central shaft tapering toward the nose.
Drug release is activated upon interaction of tear fluid with the plug. This mechanism is
designed to ensure continuous API delivery over three months.

According to company data from Eximore, in vitro studies demonstrated the plug’s
ability to provide controlled drug release. Over 60 days, the amount of API released
exceeded the minimum therapeutic threshold of 0.6 ng/day. In animal studies, the device
demonstrated a favorable safety profile and better outcomes than macrolide eye drops,
with no serious adverse effects (edema or opacities).

To evaluate safety, tolerability, device retention, and preliminary efficacy, a prospective,
single-center, open-label, non-randomized Phase I study was conducted in 2023 involving
20 patients with moderate and severe dry eye disease. Preservative-free 0.15% sodium
hyaluronate solution (Hyabak®) was used as an active control. The results of this study
were not published [44].
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5.3. PEGDA-Based 3D-Printed Hydrogel Punctal Plugs

Xu et al. [45] developed various formulations of drug-loaded punctal plugs based on
polyethylene glycol diacrylate (PEGDA) hydrogels using digital light processing (DLP)
3D printing. Photopolymer solutions based on polyethylene glycol diacrylate (PEGDA)
were prepared to form matrices. Dexamethasone, PEGDA, and polyethylene glycol
400 (PEG 400) were incorporated into the compositions. The study was conducted with
four main formulations: D10 and D20, where PEGDA was the sole polymer component
(with different drug loads), and D10PEG and D20PEG, in which PEG 400 was added to
PEGDA in a 4:1 (w/w) ratio. PEG 400 was used to create a semi-interpenetrating net-
work and increase matrix hydrophilicity, which could facilitate drug diffusion from the
polymer matrix.

To evaluate system efficacy and safety, plug surface morphology was examined by
scanning electron microscopy (SEM), cytocompatibility was assessed using the BALB/3T3
fibroblast cell line, API release rate in a dynamic flow in vitro model simulating anterior
ocular segment conditions was studied, and dexamethasone content was determined by
high-performance liquid chromatography (HPLC) after extraction from sectioned plugs
in ethanol. The tests demonstrated that increasing dexamethasone concentration from
10% to 20% was accompanied by a slight increase in surface roughness; D10PEG exhibited
pronounced burst release on day 1 with complete drug release within 4 days, while D20PEG
provided more prolonged release over a week. The slower release rate of D20PEG was
explained by the poor aqueous solubility of dexamethasone, which served as the limiting
factor. Cytocompatibility depended on composition: control plugs maintained 100% cell
viability, while D10PEG and D20PEG reduced it by approximately 50% at 24 h, attributed
to the cytotoxicity of free dexamethasone at high concentrations and the possible presence
of unreacted monomers, indicating the need for additional washing steps to improve
monomer conversion and biocompatibility of the delivery systems.

Table 3 summarizes the main API-loaded punctal plug delivery systems discussed below.

Table 3. Characterization of API delivery systems in the form of punctal plugs. [37-45].

Delivery System

Active Substance Formulation Composition Estimated Release Duration Development Stage

L-PPDS

API polymer matrix,

Latanoprost medical-grade silicone, Approximately 30 days Phase I

phosphatidylcholine

N-PPDS

API polymer matrix, .
Nepafenac medical-grade silicone, No release duration data Phase I

phosphatidylcholine available

EXP-LP

Latanoprost

Composite matrix based on
porous carrier material;
possible components: silica
gel, activated charcoal, zeolite,
kaolin/pectin, epoxy or
polyurethane matrix,
protective coating of parylene
or butyral

Up to 3 months 2019 clinical study

EXP-TC

Medical-grade composite with
tacrolimus; punctal plug
design with visible head and
central shaft

Tacrolimus Up to 3 months Phase I

3D-printed punctal
plugs for controlled
ocular delivery

Dexamethasone 10-20%

Irgacure® 819 2%, B-Carotene
1%, PEGDA 61.6-87%, PEG 4-7 days (depending on
400 15.4-17.4% (in D10PEG formulation)
and D20PEG formulations)

In vitro testing
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6. Intracanalicular Hydrogel Drug Delivery Systems

In addition to punctal plugs, intracanalicular hydrogel systems represent a promising
platform for local sustained drug delivery. The crosslinked polymer structure of hydrogels
allows drugs to be retained in the matrix and released gradually [46], while biocompat-
ibility, high water absorption capacity, and adjustable mechanical properties make such
materials attractive for ophthalmic delivery systems [47]. In the context of intracanalicular
application, the key property of hydrogels is their swelling capacity: upon contact with
physiological fluids, the hydrogel absorbs water, expands, and can adapt to the shape
of the canaliculus, promoting device fixation and reducing dependence on pre-sizing.
An additional advantage of biodegradable polymer platforms is the possibility of grad-
ual degradation after the depot function is fulfilled, potentially reducing the need for
subsequent system removal and repeated procedures [48].

Hydrogel plugs can be used either in dried form or directly as a solution for delivering
drugs of various classes, including steroids, NSAIDs, antibiotics, and pressure-lowering
agents [49].

6.1. ELUTYX™ (Ocular Therapeutix™)

ELUTYX™—a patented hydrogel technology based on polyethylene glycol (PEG)
developed by Ocular Therapeutix™—is a biodegradable hydrogel platform for local drug
delivery through the lacrimal canaliculus. Small molecules previously FDA-approved
can be incorporated into the hydrogel matrix. Biodegradation of these systems is gov-
erned solely by tear fluid temperature and pH. These parameters are sufficiently stable,
so the hydrogel dissolution time can be predicted. According to the developer, the plat-
form’s advantages include biodegradation without generating an acidic environment, soft
consistency, easy removal if necessary, and a reduced risk of impurities, allergens, or
immunogenic components owing to the synthetic nature of the materials.

Ocular Therapeutix™ has several products based on its patented technology. OTX-
TP is one of them and represents an intracanalicular plug for travoprost delivery to the
ocular surface over three months [50]. The device is based on a polyethylene glycol
hydrogel rod in which travoprost particles encapsulated in polylactic acid microspheres are
embedded. Insertion can be performed into the upper or lower lacrimal canaliculus, where
fluid absorption and swelling occur. The rod is impregnated with fluorescein to facilitate
visual monitoring.

Clinical trials of the OTX-TP demonstrated its potential efficacy and safety in early
development stages. In an initial prospective study involving 17 patients (26 eyes) with
primary open-angle glaucoma or ocular hypertension, plug retention at 10 days post-
implantation was 100%, and IOP reduction reached 6.2 mmHg (23%) at 8:00 a.m., 5.4 mmHg
(21%) at 10:00 a.m., and 7.5 mmHg (28%) at 16:00. By day 30, plug retention had declined
to 42% and the IOP-lowering effect decreased to approximately 16% [51].

In a randomized double-masked Phase II study involving 73 patients, OTX-TP in
combination with artificial tears was compared with timolol 0.5% combined with a placebo
punctal plug. Both groups showed clinically significant IOP reduction, but the effect was
more pronounced in the timolol group: 6.4-7.6 mmHg compared with 4.5-5.7 mmHg in the
OTX-TP group. The greater IOP reduction in the timolol group is presumed to be related
to prolonged drug contact time with the ocular surface due to the presence of the plug.
OTX-TP plug retention was 91% on day 60, 88% on day 75, and declined to 48% by day
90 [52]. The most common adverse effects with this system were foreign body sensation
(38.5%), pruritus (15.4%), and epiphora (3.8%) [53].

Subsequently, a large placebo-controlled Phase III study was conducted involving
554 patients at more than 50 centers. However, it did not demonstrate statistically significant
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superiority of OTX-TP over placebo in IOP reduction at 2, 6, and 12 weeks of follow-up.
Among adverse effects, dacryocanaliculitis was noted in 7% of patients in the OTX-TP
group compared with 3% in the placebo group. Due to the absence of a significant efficacy
advantage, further development of the OTX-TP system was discontinued [51,52].

Another ELUTYX™ technology-based development was OTX-CSI—an intracanalicu-
lar insert containing cyclosporine as an immunomodulatory drug. The agent was intended
for patients with moderate and severe dry eye syndrome. Cyclosporine release to the ocular
surface occurred over approximately 3—4 months.

The efficacy, tolerability, and safety of OTX-CSI were evaluated in a randomized,
multicenter, double-masked controlled Phase 1/2 clinical study. 153 patients were allocated
into three subgroups: two receiving OTX-CSI 0.36 mg with different intended release
durations (2-3 months and up to 4 months, respectively) and one receiving a placebo
hydrogel insert. Patients were observed for 16 weeks. The primary endpoint was the
Schirmer test at week 12, showing the increase in tear production in patients. OTX-CSI
results showed no significant difference compared with the placebo group. Placebo group
patients showed an increase of 2.24 to 3.08 mm, while patients receiving the cyclosporine
intracanalicular insert showed an increase of 1.91 to 1.98 mm. Regarding safety, the OTX-
CSI implant was generally well tolerated [54]. There is currently no information on further
clinical trials.

OTX-DED is also an intracanalicular ophthalmic insert intended for the treatment of
signs and symptoms of dry eye syndrome, but it contains dexamethasone as an API. The
glucocorticosteroid release is provided over 2-3 weeks.

In a randomized double-masked controlled Phase II study, 166 patients were dis-
tributed into three groups. The first group received OTX-DED with 0.2 mg dexamethasone
content (55 subjects), the second group received OTX-DED with 0.3 mg dexamethasone
(56 subjects), and the third received a placebo insert (55 subjects). The primary efficacy
endpoint was the assessment of bulbar conjunctival hyperemia change at day 15 from
baseline. The mean change was —0.51 for the OTX-DED 0.2 mg group and —0.43 for the
OTX-DED 0.3 mg group, compared with —0.21 in the placebo group [55]. Although the
study was not initially powered to demonstrate statistical significance, the results showed
statistically significant improvement (reduction in hyperemia) in the OTX-DED groups
compared with the placebo group.

DEXTENZA® is a commercially available, FDA-approved biodegradable intracanalic-
ular insert and represents a 3 mm cylindrical-shaped, resorbable, sterile ophthalmic in-
sert intended for insertion into the lower lacrimal canaliculus [56,57]. This insert has a
fluorescent yellow color and contains 0.4 mg dexamethasone in a polyethylene glycol
(PEG)-based hydrogel conjugated with fluorescein, with no antimicrobial preservatives.
Excipients include 4-arm PEG, N-hydroxysuccinimidyl glutarate (20K), trilysine acetate, N-
hydroxysuccinimide-fluorescein, dibasic sodium phosphate, monobasic sodium phosphate,
and water for injection [56].

A single intracanalicular insert releases dexamethasone over 30 days after insertion
and is intended for single use only. As this system is resorbable, it does not require removal;
however, it can be extracted by saline irrigation or manual expression if necessary [58].

DEXTENZA® demonstrated clinically significant efficacy in controlling postoperative
pain and inflammation after cataract surgery. In two Phase III studies summarized by
Walters et al., the absence of pain on day 8 was noted in 80.4% and 77.5% of patients in
the dexamethasone-loaded intracanalicular insert groups versus 43.4% and 58.8% in the
placebo groups, respectively. Statistically significant differences were also observed in
anterior chamber inflammation reduction and a lower need for rescue therapy [59]. In a
subsequent multicenter randomized double-masked Phase III study involving 438 patients,
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DEXTENZA® also achieved its therapeutic endpoints: absence of anterior chamber cells on
day 14 was observed in 52.3% of patients versus 31.1% in the placebo group, and absence
of pain on day 8 in 79.6% versus 61.3%. The adverse event profile was comparable to
placebo [60].

In four randomized placebo-controlled studies involving 567 patients with ocular
pain and inflammation after ophthalmic surgery with a mean age of 68 years, adverse
effects including anterior chamber inflammation (10%), elevated intraocular pressure (6%),
reduced visual acuity (2%), as well as cystoid macular edema, corneal edema, eye pain,
and conjunctival hyperemia (1% each) were identified. In a safety study for the treatment
of itching in allergic conjunctivitis (n = 154, mean age 41 years), the most common reactions
were elevated intraocular pressure (3%), increased lacrimation, eye discharge, and reduced
visual acuity (1% each) [7]. Despite this, in real-world clinical practice, the intracanalicular
dexamethasone insert also demonstrated high patient acceptability: 93% of patients were
satisfied or very satisfied with the treatment, and 93% would prefer this system over
postoperative eye drops [61].

6.2. Photo-Crosslinked Hydrogel Drug Delivery System (Lin, Wang et al.)

Lin et al. [62] developed a drug delivery system for the lacrimal duct based on a pho-
tocrosslinkable hydrogel consisting of four-arm polyethylene glycol norbornene (4aPEGNB)
and methacrylate-modified hyaluronic acid (HAMA). Introduction of the methacrylate
group into the hyaluronic acid chain allowed subsequent photocrosslinking under ultravio-
let (UV) irradiation, yielding a higher-strength hydrogel [63].

In the delivery system with encapsulated cyclosporine A (CsA), the drug concentration
was 10% and 30%, and a hydrogel with 10% tacrolimus was prepared for the FK506 system.
To obtain plugs of the required shape, the hydrogel with encapsulated drug was introduced
into silicone tubes with a defined inner diameter. After complete gelation under light
irradiation (395 nm), the hydrogels in tubes were placed in an oven at 80 °C until fully dried.

Mechanical properties of hydrogels with API loading from 2 to 30% CsA and 10%
FK506 were studied, as intracanalicular plugs are subjected to compressive loads in the
lacrimal duct. The hydrogel revealed high strength at relatively low solid content (5%),
but adding the drug reduced strength. Hydrogels with higher drug loading showed
higher degradation rates and greater swelling degree: from 33.9% (without drug) to 49.5%
(at 30% CsA). High drug concentration is presumed to interfere with the crosslinking
reaction, increasing swelling, which may promote better device adaptation to the lacrimal
canaliculus lumen.

In an in vitro API release study, the hydrogel plug showed an almost linear release
curve over two months. By day 60, more than 30% of CsA and more than 80% of FK506
remained in the plug. The developers also concluded that increasing API content and
reducing hydrogel density could enhance in vitro drug release.

In vivo drug release was studied in rabbits over 90 days. The study showed stable
and sustained release attributed to low CsA solubility.

Therapeutic efficacy was demonstrated in two disease models. In the treatment of
allergic conjunctivitis in rats, the use of tacrolimus plugs led to a rapid reduction in edema
and hyperemia and a decrease in inflammatory cells. In dry eye syndrome in rabbits,
cyclosporine plugs revealed a dual benefit: they not only mechanically retained tear fluid
on the ocular surface but also actively suppressed inflammation, promoting goblet cell
restoration and corneal healing.

The main biodegradable intracanalicular drug delivery systems, their composition,
active substances, and key preclinical and clinical results are summarized in Table 4.
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Table 4. Biodegradable intracanalicular drug delivery systems. [7,50-63].

Biodegradable Intracanalicular
Delivery System

Active Substance Development Stage Release Duration Key Results and Limitations

OTX-TP

In an initial prospective study,
IOP reduction reached up to
7.5 mmHg/28%; system
retention declined: 100% on day
10 and 42% on day 30. However,
Phase III did not demonstrate
statistically significant
superiority over placebo

Up to 3 months

Phase 111 (~90 days)

Travoprost

OTX-CSI

At 0.36 mg dose and 16-week
follow-up, Schirmer test
improvement was 1.91-1.98 mm,
while the placebo group showed
2.24-3.08 mm, indicating no
pronounced advantage

3-4 months

Phase II (~90-120 days)

Cyclosporine

OTX-DED

At doses of 0.2 mg/0.3 mg,
hyperemia reduction was
—0.51/—0.43 compared with
—0.21 in the placebo group

2-3 weeks

Phase II (~14-21 days)

Dexamethasone

DEXTENZA®

Absence of pain on day 8—up to
80.4%; absence of anterior
chamber cells on day 14—52.3%
vs. 31.1% placebo. Adverse
effects included: IOP elevation
up to 6%, anterior chamber
inflammation 10%, reduced
visual acuity 2%

Dexamethasone FDA-approved drug 30 days

Photocrosslinkable hydrogel

Swelling increased from 33.9% to
49.5%; residual content on day
60 was CsA > 30%, FK506 > 80%

In vitro: 60 days;

In vitro and in vivo in vivo: up to 90 days

Cyclosporine A

Analysis of clinically developed and experimental intracanalicular systems demon-
strates that their efficacy is determined not only by drug selection but also by swelling
degree, mechanical strength, degradation rate, canalicular retention, release profile, and
local tolerability. The OTX-TP experience demonstrates that sustained release alone
does not guarantee clinical benefit if the system does not ensure stable retention. Mean-
while, DEXTENZA® confirms the possibility of successful regulatory implementation of a
biodegradable intracanalicular insert when a reproducible release profile, acceptable safety,
and clinically confirmed efficacy are present.

7. In Situ-Forming Intracanalicular Systems

In situ technology (from Latin ‘on site’) is currently one of the most widely discussed
technologies for targeted drug delivery systems. Such systems may have various final
forms—gels, implants, emulsions, films—but their unifying feature is a phase transition
occurring locally at the application site in response to pathological or physiological stimuli.
Thus, a drug administered in liquid form undergoes a phase transition at the application
site to form a solid or semi-solid depot system with improved retention, resistance to
natural clearance, and sustained drug release.

In situ gelling systems are particularly promising for ophthalmic delivery, as they are
introduced as a solution and transition to their final form in the physiological conditions
of the eye. This property facilitates uniform distribution of the polymer system over the
ocular surface during blinking and prolongs drug contact time with ocular tissues [64].

In situ systems are most often classified by the nature of the stimulus promoting their
formation into thermosensitive, ion-sensitive, pH-sensitive, photosensitive, moisture-activated,
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and phase-inversion types. Combinations of stimuli-sensitive polymers—known as multi-
responsive systems—are often used for better system adaptation to in situ conditions [65].

7.1. In Situ-Forming Occluders

The property of stimulus sensitivity can be imparted to polymers that not only have
suitable physicochemical properties but also provide sufficient pharmacological activity
for the use of such systems in medicine. Thus, a subclass of in situ-forming intracanalicular
systems can be distinguished that will not serve as drug carriers but can be successfully
positioned as medical devices.

7.1.1. Thermosensitive ‘Liquid” Hydroxybutyl Chitosan Plug

Lin et al. [66] developed a ‘liquid plug’ strategy based on intracanalicular injection of
hydroxybutyl chitosan (HBC) solution—a thermosensitive biomaterial capable of rapidly
transitioning from liquid phase to hydrogel. In this development, this process is completed
at body temperature (37 °C) in approximately 50 s.

The duration of therapeutic effect is related to the degradation rate of the absorbable
material, as tear outflow through the drainage system increases as the material degrades.
In testing HBC versus VisiPlug®, patients with dry eye disease may require relatively
frequent HBC injection therapy to maintain efficacy. Based on clinical data, the effect is
presumed to last at least 4 weeks, although more frequent administration may be required
in some patients.

No significant differences in the rate or severity of adverse events were identified,
apart from foreign body sensation (HBC: 0%; VisiPlug®: 9%). This is consistent with the
developers’ suggestion that the HBC ‘liquid plug’ has several advantages over conventional
plugs, primarily due to its individualized and adaptive nature. The method requires no size
fitting and reduces the risk of complications such as spontaneous extrusion. Furthermore,
HBC may have antibacterial activity, potentially reducing the risk of infection, and the
material phase transition is accompanied by volume contraction, helping to avoid complete
canalicular obstruction.

7.1.2. In Situ-Forming Hydrogel Plug

Dai et al. [67] proposed an injectable in situ-forming SFMA /FTN hydrogel plug for
temporary lacrimal pathway occlusion in dry eye syndrome. The formulation included silk
fibroin methacrylate (SFMA) as a photocrosslinkable hydrogel matrix, fluorescent tracing
nanoparticles FTN based on indocyanine green, and the photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), with the optimized formulation containing 8% SFMA,
0.02% FTN, and 0.4% LAP.

After intracanalicular injection of the liquid SFMA /FTN solution, the system was irra-
diated with blue light for 1 min, which initiated free-radical polymerization and led to the
formation of a hydrogel plug conforming to the shape of the lacrimal canaliculus. The au-
thors conducted physicochemical and morphological characterization of the system, includ-
ing transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FI-
IR), ultraviolet—visible spectroscopy, SEM, assessment of gelation, swelling/degradation,
and rheological properties. Gelation time decreased from 10.5 & 1.0 to 3.3 + 0.3 s as SFMA
concentration increased from 5 to 10%, and hydrogels exhibited a porous structure, rapid
photocuring, and in situ formation capability.

System efficacy was evaluated in vitro and in vivo: biocompatibility was confirmed
using human corneal epithelial cells, hemolytic testing, and after subcutaneous admin-
istration in mice, and therapeutic action was evaluated in a rabbit dry eye model. After
SFMA /FTIN plug insertion, lissamine green dye did not pass from the eye to the nasal
cavity, indicating complete occlusion of the lacrimal drainage system and cessation of tear
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drainage through the nasolacrimal pathway. This obstruction was temporary, as permeabil-
ity partially recovered within 7 days, while the plug improved tear retention and reduced
fluorescein corneal staining. In vivo imaging system (IVIS) fluorescence imaging demon-
strated preservation of a localized signal in the lacrimal canaliculus region for up to 28 days,
confirming the possibility of non-invasive monitoring of plug position and degradation.

7.2. In Situ-Forming Drug Delivery Systems
7.2.1. Phase-Inversion System—Injectable CsA Organogel In Situ

Another example of an in situ system is the development by Ziqin Cao et al. of an
injectable organogel aimed at creating an effective local delivery platform with sustained
action. An organogel (or oleogel) is a semi-solid gel system where an organic liquid (oil or
non-polar solvent) is retained within a three-dimensional gelator network [68]. The liquid
phase is retained through hydrogen bonds, -7t stacking, or van der Waals forces.

Cyclosporine A (CsA) was used as API, and the gelling composition included
stearic acid (a lipophilic gelator), injectable soybean oil (organic phase), and N-methyl-
2-pyrrolidone (NMP) (co-solvent) in a ratio of 1.25:10:0.6 (w/v/v). This system provides
phase transition from solution to gel after injection through diffusion of the anti-gelling
co-solvent—such a system can be characterized according to the above classification as a
phase-inversion in situ system.

The developed system rapidly gels in situ in the lacrimal canaliculi, causing their
occlusion while simultaneously providing drug release, implementing a dual mechanism
of action. In vitro experiments demonstrated a reduction in fluid flow to 52.78% at 2 min,
while in vivo results showed complete lacrimal pathway occlusion and significant reduction
in tear drainage.

Pharmacokinetic data demonstrated improved CsA bioavailability: Cmax values
increased approximately 1.9-fold, and the area under the curve (AUC) increased 2.15-2.49-
fold in ocular tissues compared with eye drops, confirming the efficacy of the developed
system [69].

A consideration that merits attention for this system is the choice of N-methyl-2-
pyrrolidone (NMP) as a co-solvent. NMP is a widely used, water-miscible pharmaceutical
solvent that has been employed as a solubilizing vehicle in injectable depot formulations,
which supports its applicability for in situ-forming systems. At the same time, NMP
is a recognized local irritant and has been associated with reproductive toxicity at high
systemic exposure, which is why its concentration and total administered amount require
careful control. For a lacrimal-route in situ system, however, the administered volume and
the resulting NMP load are very small and locally confined, so the principal concern is
local tolerability of the canalicular tissue rather than systemic exposure. This favorable
balance notwithstanding, the local safety and tolerability of NMP-containing organogels
in the lacrimal drainage system have not yet been specifically established and should be
confirmed in dedicated ocular safety studies.

7.2.2. In Situ Lacrimal Duct Implant Based on a Biodegradable Thermoreversible
Polymer Formulation

The investigated dosage form represents an in situ lacrimal duct implant with a
biodegradable thermoreversible polymer formulation. The system is introduced into the
lacrimal canaliculus as a solution, freely distributes throughout the lacrimal drainage
system, and transitions from sol to gel upon temperature elevation in the inflammation
zone to 38-40 °C.

When the temperature decreases to physiological values (approximately 37 °C), the
polymer system undergoes a reverse gel-to-sol transition and is removed through the
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nasolacrimal duct. Such thermoreversibility reduces the risk of lacrimal canalicular and sac
obstruction, as well as the likelihood of complications associated with impaired tear outflow.

Kolliphor® P 407 poloxamer (BASF, Ludwigshafen am Rhein, Germany) was used as
the base, with Kolliphor® P 188 poloxamer, PEG 1500, hydroxyethylcellulose, hyaluronic
acid, and the mucoadhesive Polycarbophil Noveon® AA-1 used to form polyplexes. Nitro-
furalum at 40 mg per 10 mL polymer base and diclofenac at 25 mg/mL were used as active
components. Samples were prepared by the ‘cold” method with subsequent storage in a
refrigeration chamber for 7 days.

For in vitro assessment, a lacrimal duct and lacrimal sac model was created consid-
ering the anatomical features of the lacrimal drainage system at a 1:8 scale. The lacrimal
canaliculus was modeled as a polymer tube 8 cm long and 0.4 cm in diameter; the lacrimal
sac was made from polymer material. An artificial tear eye drop solution with hypromel-
lose 0.5% and 4% type II porcine gastric mucin was used to simulate the mucous membrane
and tear fluid. The model was thermostatted at 40 °C, after which the dosage form was
administered by syringe (3-5 mL volume). Gelation time was recorded from the moment
of sample introduction to the visual increase in dynamic viscosity. Additionally, pH, tem-
perature, and gelation time were assessed, with the optimal pH value approaching tear
fluid pH—7.4.

Criteria for selecting the optimal formulation were preservation of thermoreversible
properties, gelation temperature for the inflammatory model in the range of 38.5-40 °C,
minimum gelation time, and pH compliance with physiological values. The optimal for-
mulation was recognized as containing poloxamer 407 18.0%, poloxamer 188 3.0%, and
diclofenac 25.0 mg/mL. It was also noted that administration of the sample containing
nitrofuralum may lead to lacrimal drainage system obstruction, tissue trauma, and exac-
erbation of pathological processes; therefore, this API was not included in the optimal
formulation. The mean gelation temperature of this composition was 38.7 °C [70].

The main in situ-forming intracanalicular systems described above, including their
composition, selection criteria, and key in vitro and in vivo results, are summarized in
Table 5.

Thus, for in situ-forming intracanalicular systems, it is particularly important to
control parameters determining their composition, mechanism and rate of phase transition,
gelation conditions, pH, biocompatibility, biodegradation, degree of occlusion, API release
profile, and duration of therapeutic effect.
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Table 5. In situ-forming intracanalicular systems [65-67,69].

In Situ-Forming System

Composition

Selection Criteria

In Vivo and In Vitro Results

Thermosensitive ‘liquid’
hydroxybutyl chitosan plug

Hydroxybutyl chitosan (HBC)
solution

Biocompeatibility, antibacterial
properties, mucoadhesion,
solubility, hydrophilicity,
non-toxicity, rapid phase
transition capability, no size fitting
required, reduced infection risk

Phase transition time at body
temperature (37 °C) approximately
50 s; effect lasts at least 4 weeks

In situ-forming hydrogel plug

SFMA hydrogel matrix; FTN
fluorescent nanoparticles;
LAP photoinitiator.
Optimized formulation: 8%
SFMA, 0.02% FTN, 0.4% LAP

Rapid gelation under visible/blue
light; conforming to lacrimal
canaliculus shape;
biodegradability; non-invasive
position monitoring;
biocompatibility; temporary
lacrimal canaliculus occlusion

In vitro: gelation in 3.3-10.5 s;
cytotoxicity not detected up to
800 pg/mL FTN; hemolysis < 3%.
In vivo: subcutaneous administration
in mice—no pronounced
inflammation/fibrosis up to 56 days;
insertion into rabbit lacrimal
canaliculus—complete occlusion on
day 1, partial restoration of
permeability within 7 days,
therapeutic effect for at least 1 month

Injectable CsA organogel in situ

API—cyclosporine A (CsA);
stearic acid, injectable
soybean oil, NMP at ratio
1.25:10:0.6 (w/v/v)

Rapid in situ gelation after
injection, lacrimal canaliculus
occlusion, sustained CsA release

In vitro: reduction in fluid flow to
52.78% at 2 min; in vivo: complete
lacrimal pathway occlusion and
significant reduction in tear drainage.
Bioavailability enhancement: Cmax
increased approximately 1.9-fold,
AUC 2.15-2.49-fold in ocular tissues
compared with eye drops

In situ lacrimal duct implant based
on biodegradable thermoreversible

polymer formulation

Optimal formulation:
poloxamer 407—18.0%,
poloxamer 188—3.0%;
API—diclofenac 25.0 mg/mL,
nitrofuralum at 40 mg per

Preservation of thermoreversible
properties, gelation temperature
38.5-40 °C, minimum gelation
time, pH compliance with
physiological values close to tear

Using a lacrimal duct and sac model
at 1:8 scale, gelation temperature of
the optimal formulation was 38.7 °C,
and gelation time was 150 s

10 mL polymer base fluid pH 7.4

8. Target Product Quality Profile for Development of Products for
Lacrimal Drainage System Placement

Modern development of pharmaceuticals and medical devices must be conducted
in accordance with the strategy described in ICH Q8 (R2)—'quality by design’—which
describes approaches and tools for establishing conscious product quality from the prefor-
mulation or development stage.

The first stage should involve formation of the target product quality profile (QTPP)—
a comprehensive list of product properties covering its clinical use, biological properties,
physical and chemical characteristics, technological parameters, as well as consumer prop-
erties ensuring optimal biopharmaceutical parameters. Such a profile, given its broad scope,
can only be developed by a multidisciplinary team—physicians, marketing specialists,
technologists, drug developers, risk managers. For conventional dosage forms such as
tablets, solutions, and capsules, QTPPs are well-described and rarely go beyond parameters
describing route of administration, dose, and the complete set of pharmacopeial parameters.
However, QTPP formation for non-pharmacopeial complex drug delivery systems (such as
in situ systems) or medical devices may be a significantly limiting factor for implementing
the QbD approach in their development.

In this section, based on the analyzed array of published data, we attempted to
formulate typical target quality profiles for various products discussed above—punctal
plugs (Table 6), intracanalicular plugs (Table 7), in situ occluders, and drug delivery systems
(Table 8).
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Table 6. QTPP for Punctal Plugs.

A. For All Punctal Plugs (Occlusive Devices and Drug Delivery Systems)

QTPP/Quality Parameter

Optimal/Target Value How to Control/Method Basis/Source of Derivation

Reliable retention

Based on clinical
retention/expulsion outcomes
In clinical studies—assessment of ~ reported for commercial punctal
plug retention in the lacrimal plugs and punctal drug deliver;
punctum systems, including SuperEagle®,
FCI® plug, SuperFlex®, L-PPDS,
and N-PPDS [22,24,25,27,39,41]

Minimal risk of premature
expulsion/migration

Size conformance

Derived from anatomical
dimensions of the lacrimal
punctum and canaliculus and
from dimensions of punctal
systems reported in the reviewed
studies [12-14,38]

Diameter matches lacrimal

punctum size Pre-insertion size fitting

Absence of foreign body sensation

Based on clinical tolerability data
and design-related factors
described for punctal plugs (cap
profile, shape, material softness,
surface properties) [20,21,27,39]

Primarily clinical assessment;
indirectly controlled by shape,
surface smoothness, material
softness, and size

Minimal foreign body sensation

Surface smoothness

Proposed from reports linking
irregular surface or traumatic
Smooth surface without Visual inspection, interaction with irritation and
traumatizing irregularities microscopy /SEM granuloma formation; surface
evaluation methods were used in
experimental systems [21,28,45]

B. For punctal Drug Delivery Systems

QTPP/Quality Parameter

API release duration

Optimal/Target Value How to Control/Method Basis/Source of Derivation
Derived from reported release
Depending on the polymer durations: 4-7 days for
system and required release In vitro release profile PEGDA-based 3D-printed plugs,
profile—from 7 to 60 days ~30 days for L-PPDS, and up to

3 months for EXP systems [37-45]

APl loading/drug content

Based on reported loading ranges
for punctal systems: L-PPDS
. . (44-81 pg latanoprost) and
liiilisti i?gz};sﬁg;ed:}ﬁ in;’(l)%ni’ HPLC after extraction EXP-LP (250450 ug latanoprost),
8 interpreted considering device
dimensions and anatomical
constraints [13,14,39,43]

Biocompatibility / cytocompatibility

Derived from cytocompatibility
results for PEGDA-based systems
Cytocompatibility testing and clinical safety/tolerability
data for punctal delivery
systems [21,39,45]

Absence of pronounced
cytotoxicity and irritation

It is important to note that the described target/optimal values are often qualitative—
due to the lack of representative published data. In such cases, the research team must
independently establish quantitative metrics for optimal ranges of the described character-
istics based on preliminary studies or literature review at the preformulation stage, and
likely in consultation with clinical specialists.

Additionally, requirements related to ease of removal and monitoring of device po-
sition in the lacrimal drainage system may be imposed on medical devices. The system
should be visible to the physician upon examination to assess its location in the lacrimal
punctum or canaliculus, and should provide for the possibility of controlled and safe
removal when necessary, without traumatizing surrounding tissues.
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Table 7. QTPP for intracanalicular plugs.

A. For All Intracanalicular Plugs (Occlusive Devices and Drug Delivery Systems)

QTPP/Quality Parameter Optimal/Target Value

How to Control/Method Basis/Source of Derivation

Retention in

. . At least 80% over 4 weeks
lacrimal canaliculus

Proposed as an expert-derived
development target based on
reported early retention values for
lacrimal systems, including L-PPDS
(78% at 4 weeks), N-PPDS (98% at
14 days), and OTX-TP retention
profiles reported in different
trials [39,41]

In clinical studies—assessment of
plug retention in the
lacrimal punctum

Should not be less than 30% and

Hydrogel swelling degree should not exceed 60%

Derived from reported swelling
behavior of collagen plugs (~60%)
and photocrosslinked hydrogel
systems (33.9-49.5%) [21,63]

In vitro studies in lacrimal
duct model

Biocompatibility Absence of cytotoxicity

Based on preclinical and clinical
safety data for hydrogel-based
intracanalicular systems [45,63]

In vitro: cytocompatibility test
using BALB/3T3 fibroblast cell line

Degree of occlusion Controlled or partial occlusion

Derived from complication profiles
associated with excessive tear stasis,
canaliculitis, dacryocystitis, and
epiphora in intracanalicular
devices [31-35]

In vitro studies in lacrimal
duct model

Absence of foreign

body sensation Minimal foreign body sensation

Based on tolerability findings
reported for intracanalicular
systems, including OTX-TP and
dexamethasone inserts [53,56,61]

Primarily clinical assessment;
indirectly controlled by shape,
surface smoothness, material
softness, and size

Material must be resistant to
bacterial colonization

Antimicrobial
resistance/infection risk

Derived from reports of bacterial

contamination, biofilm formation,

canaliculitis, and dacryocystitis in
lacrimal devices [26,31,33]

In vitro microbiological testing

Compressive modulus range

Mechanical strength 91.25-133 .4 kPa

Proposed from the compression
testing range reported for
photocrosslinked lacrimal duct
hydrogel systems [63]

Compression testing method

B. For Intracanalicular Drug Delivery Systems

QTPP/Quality Parameter Optimal/Target Value

How to Control/Method Basis/Source of Derivation

Depending on the polymer

Derived from
OTX-DED/DEXTENZA®-type

API release system and required release In vitro/in vivo release profile dexamethasone systems (2—4 weeks)
profile—from 7 to 60 days and OTX-CSI/CsA hydrogel systems
(up to 34 months) [54-56,58,63]
Based on reported values for
OTX-DED (0.2-0.3 mg
o - 10-30%— : ®
API content 0.2-0.4 mg; 10-30%—depending Quantitative API analysis dexamethasone), DEXTENZA

on the system

(0.4 mg dexamethasone), and
experimental CsA /FK506 hydrogels
(10-30%) [55,56,63]

No more than 40% released
during the first quarter of the
application period

Release rate without
burst release

Proposed as an expert-derived target
to avoid excessive burst release;
informed by comparison between
rapid early release in PEGDA-based
systems and more sustained release
in hydrogel/organogel
platforms [45,63,69]

In vitro dynamic flow
model + HPLC

Predictable resorption without
mandatory removal over the
therapeutic action period

Matrix biodegradability

Based on the resorbable behavior of
DEXTENZA® and controlled
degradation reported for
experimental hydrogel
systems [56,58,63,67]

Clinical studies, in vivo
retention studies
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Table 8. QTPP for in situ-forming systems.

A. For All In Situ-Forming Systems (Occlusion Devices and Drug Delivery Systems)

QTPP/Quality Parameter

Optimal/Target Value

How to Control/Method

Basis/Source of Derivation

Gelation time

No more than 3 min

Visual gelation time
recording/rheology

Derived from reported gelation times:
~50 s for hydroxybutyl chitosan,
3.3-10.5 s for SFEMA /FTN hydrogel
systems, and ~150 s for the
thermoreversible lacrimal implant
model [66,67,70]

Gelation temperature

Depending on nosology: up to
37 °C without inflammation, up
to 39 °C—with inflammation

Thermostatted lacrimal
duct model

Based on reported thermosensitive
behavior of hydroxybutyl chitosan
and the thermoreversible
inflammatory lacrimal implant model
(optimal 38.7 °C) [66,70]

System pH

Close to tear fluid
pH—approximately 7.4

pH measurement

Derived from formulation selection
criteria used for the thermoreversible
lacrimal implant [70]

Degree of occlusion

Complete or temporary lacrimal
pathway occlusion; fluid flow
reduction to 50% within 2 min

Fluid flow
model/permeability test

Based on complete temporary
occlusion reported for SFMA /FTN
hydrogel plugs and fluid flow
reduction to 52.78% at 2 min for CsA
organogel [67,69]

Swelling and degradation

Controlled biodegradation; partial
restoration of permeability
within 7 days

In vitro studies in lacrimal
duct model

Derived from the SFMA /FTN
hydrogel plug model [67]

Rheological properties

Sufficient viscosity /strength after
gelation for canalicular retention

Rheological analysis

Based on rheological characterization
reported for SFMA /FTN hydrogel
and thermoreversible systems [67,70]

Biocompatibility

Absence of pronounced
cytotoxicity; hemolysis < 3%;
no pronounced
inflammation/fibrosis

Cell test, hemolytic test

Derived from cell, hemolysis, and
in vivo biocompatibility studies of
SFMA /FTN hydrogel plugs [67]

Duration of therapeutic effect

At least 4 weeks

Dynamic efficacy assessment
in vitro/in vivo

Based on reported therapeutic duration
for hydroxybutyl chitosan and
therapeutic/monitoring duration for
SFMA /FIN hydrogel systems [66,67]

B. For In Situ Drug Delivery Systems

QTPP/Quality Parameter

Optimal/Target Value

How To Control/Method

Basis/Source of Derivation

Sustained API release while

Derived from CsA organogel and

APl release Lo . In vitro release test related in situ lacrimal drug delivery
maintaining occlusion
systems [69,70]
Based on CsA organogel
Target superiority over pharmacokinetic data showing
API bioavailability drops—observed improvement in Pharmacokinetic study ~1.9-fold increase in Cmax and

pharmacokinetic parameters

2.15-2.49-fold increase in AUC
compared with eye drops [69]

Following the QTPP elements presented in Tables 6-8, it is important to distinguish
between the desired target profile of lacrimal drainage pathway systems and the devel-
opment risks that may prevent this profile from being achieved. The proposed target
values should therefore be interpreted as risk-informed development ranges rather than
universally validated acceptance criteria. Their practical relevance depends on whether the
system can maintain retention, provide reproducible drug release, remain biocompatible
during residence in the lacrimal drainage pathway, and withstand manufacturing, ster-
ilization, and clinical-use conditions. From a pharmaceutical development perspective,
these requirements are closely linked to dosage-form design, material selection, swelling
and degradation behavior, API loading and release kinetics, sterility assurance, and the
translational gap between in vitro testing and in vivo performance.
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To visualize these relationships, an Ishikawa cause-and-effect diagram was constructed
(Figure 4). The diagram summarizes the main material-, design-, formulation-, patient-,
procedure-, and measurement-related factors that may contribute to premature system
failure or reduced clinical effectiveness. This approach emphasizes that successful develop-
ment of punctal, intracanalicular, drug-eluting, and in situ-forming systems requires not
only controlled drug release, but also robust retention, local tissue compatibility, predictable
performance, and validated quality-control methods.
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Too stiff — trauma

Too soft — expulsion

Surface roughness — granuloma

Poor resistance to bacterial
colonization / biofilm

Degradation or swelling
outside target range

Mismatch to punctum
or canaliculus

Burst releasse ————————»

Weak retention features —
expulsion

Inadequate kinetics or duration ——

Low API solubility —————— >
Cap / collar profile — irritation ow solubility

In situ gelation time /

Complete occlusion — tear stasis ——|

Limited reservoir capacity

temperature / pH outside
specification

Washout >

Effect

Premature failure /
low clinical

Blinking and
mechanical loads

—

Eyelid laxity — loss ————

Punctal enlargement

Interpatient anatomical >
variability

Adherence / patient
behavior

Insertion complexity /
need for dilation

Operator dependence

No validated in vitro
retention model

No standardized CQA
thresholds

_ ]

effectiveness of
lacrimal drainage
pathway systems

Fragmented evidence

Traumatic
base
removal
Weak comparability
Positioning and across studies
-

visual control
Need stronger

QTPP validation

4. Anatomy & patient

5. Operator & procedure ‘ 6. Measurement & control

Figure 4. Ishikawa cause-and-effect diagram of QTPP-relevant risks contributing to premature failure
or reduced clinical effectiveness of lacrimal drainage pathway drug delivery systems.

The qualitative nature of this diagram relative to a formal quantitative risk-assessment
tool (FMEA) is discussed in Section 9.1.

It is evident that for any system intended for long-term use in the lacrimal drainage
system, retention in the lacrimal canaliculus will be a critical parameter. At the same time,
reliably determining retention qualitatively today is only possible at the in vivo study stage.
This leads to many developments, including those described in the above review, failing at
the early clinical trial stage.

The lack of instrumental-methodological base for studying this parameter in a labora-
tory setting can be compensated by creating, validating, and scaling in vitro lacrimal duct
models, by analogy with ongoing studies of other dosage forms on nasal cavity models [71],
vitreous models [65], and so on.

Identification of critical quality attributes (CQAs) based on the proposed QTPPs should
be conducted by making decisions on the degree of influence of the parameters included
in the target quality profile on the efficacy and safety of the drug/medical device, as well
as the availability of a validated method and reproducible procedure for determining
these parameters. The minimum necessary critical parameters for quality assessment and
screening of systems placed in the lacrimal drainage system, in our opinion, are presented
in Table 9.
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Table 9. Minimum necessary CQAs for medical devices and drug delivery systems in the lacrimal
drainage system.

Critical Parameter Comment

Premature expulsion or device migration nullifies the
therapeutic effect. Clinical studies demonstrate a decline in
retention from 100% on day 10 to 42% on day 30 (OTX-TP).

Target parameter: >80% retention over 4 weeks

Retention in lacrimal canaliculus

The degree of lacrimal drainage system blockage
determines both the mechanical effect (increased tear
residence time) and the risk of complications (epiphora,
dacryocystitis). Partial occlusion is preferable to complete
occlusion to reduce fluid stasis. Target parameter: fluid
flow reduction > 50% within 2 min of introduction

Occlusion

The device must withstand compressive loads arising
during blinking and eyelid movements without
deformation, migration, or fragmentation. Excessively soft
materials prematurely extrude; excessively rigid ones
traumatize the mucosa. Target parameter: compressive
modulus in the range of 91-133 kPa

Mechanical strength

This characteristic is critical for hydrogel systems
(intracanalicular plugs, in situ-forming implants).
Swelling Swelling provides passive fixation without pre-sizing.
Target range: 30-60% (based on reported
hydrogel/collagen plug data).

Taken together, cross-system analysis reveals several consistent associations between
technological characteristics and clinical performance. Retention—the most critical CQA—
is primarily determined by device geometry and material properties: L-shaped designs
(L-PPDS, N-PPDS) and swelling-based fixation (intracanalicular hydrogels, SmartPlug®)
achieve higher retention rates than straight-shafted silicone plugs. Systems with insufficient
fixation—as observed with OTX-TP, which declined from 100% retention at day 10 to 42% by
day 30—demonstrate that even technically sophisticated drug-release platforms fail when
retention is compromised, because premature expulsion nullifies any pharmacokinetic
advantage. Clinical efficacy further depends on the match between drug loading capac-
ity and disease-specific pharmacodynamic requirements: the lacrimal punctum volume
(~0.2-0.5 puL effective reservoir) constrains total drug load to approximately 500 ng, which
appears sufficient for postoperative anti-inflammatory therapy (DEXTENZA®, 0.4 mg dex-
amethasone; FDA-approved), but may be suboptimal for IOP-lowering in glaucoma, where
daily prostaglandin doses and intraocular pressure response dynamics differ substantially.
Patient acceptance is influenced by device visibility, foreign body sensation, and ease of
removal—properties governed by material softness, surface smoothness, and fluorescent
labelling for position monitoring. These relationships, now summarized in the Ishikawa
diagram (Figure 4), indicate that the path to clinical success requires simultaneous opti-
mization of retention, drug loading, and local tolerability rather than sequential attention
to each.

Translating these critical attributes into a finished product raises several pharmaceutical-
development challenges. Material selection determines both mechanical performance
(swelling degree, compressive modulus) and biodegradation behaviour: hydrophilic poly-
mers such as PEG-based crosslinked hydrogels offer predictable biodegradation driven by
tear-fluid pH and temperature, whereas non-degradable silicone matrices provide long-
term mechanical stability but require device removal. Drug-release behaviour is governed
by the interplay between polymer network density, drug solubility, and API-matrix interac-
tions: low-solubility drugs (e.g., latanoprost, dexamethasone, cyclosporine) require careful
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formulation to avoid excessive burst release, while the small reservoir volume imposes
strict constraints on total drug loading. Biocompatibility must be evaluated at both the
material level (cytotoxicity, hemolysis, sensitization potential) and the system level (absence
of canaliculitis-promoting surface features or bacterial-colonization risk), as clinical data
show that even approved materials (silicone, PEG hydrogel) are associated with biofilm
formation and granulation tissue in a proportion of patients. Sterilization is a particularly
challenging translational step: terminal methods (gamma irradiation, ethylene oxide) may
alter polymer crosslinking density, drug stability, and release kinetics, requiring validation
studies that are rarely reported in the reviewed preclinical literature. Finally, the transla-
tional gap between in vitro and in vivo performance—currently a principal bottleneck of
the field—arises because no standardized, validated biorelevant lacrimal-duct model is yet
available to predict retention and release before animal or human studies; development of
such tools, analogous to USP dissolution models for oral dosage forms, is identified as a
priority in our Section Research Perspectives.

9. Limitations
9.1. Limitations of the Evidence

The evidence base for punctal and intracanalicular drug delivery systems is still limited
and uneven. Because peer-reviewed data are scarce, for several systems we deliberately
included all available sources, including trial registries, patent documents, regulatory
filings, manufacturer materials, and unpublished or secondary reports; such sources carry
lower evidentiary weight and were used mainly to describe composition, design, and
mechanism rather than to establish efficacy. Some key retention and efficacy figures
also originate from older (2007-2013) and predominantly single-centre studies with small
samples and are presented descriptively.

To our knowledge, this is the first attempt to translate the fragmented evidence
on lacrimal-route delivery systems into explicit, QbD-based QTPP and CQA reference
points. We therefore offer them not as validated clinical or regulatory thresholds, but as
an initial structured framework that gives developers a concrete starting point and that
dedicated preformulation, in vitro, in vivo, and clinical studies can now test, refine, and
ultimately validate.

Similarly, the Ishikawa cause-and-effect diagram (Figure 4) is a qualitative, literature-
informed risk-mapping tool rather than a formal Failure Mode and Effects Analysis (FMEA).
A quantitative FMEA requires reliable Severity, Occurrence, and Detectability scoring for
each failure mode; occurrence rates in particular cannot be reliably estimated at present, since
most of the reviewed systems have not reached post-market surveillance and lack systematic
failure-rate data. We therefore consider the qualitative diagram appropriate for the current
stage of evidence synthesis, while acknowledging that quantitative risk prioritization should
become feasible as more systems accumulate post-approval clinical experience.

9.2. Limitations of the Review Process

As detailed in Section 2, this work is a narrative review and not a systematic review
or meta-analysis. The PRISMA-style flow diagram and predefined eligibility criteria were
included only to make the literature search transparent and reproducible, and the synthesis
was necessarily qualitative; accordingly, the present conclusions are interpretive rather
than the product of a quantitative or formally graded evidence assessment. The proposed
QTPP/CQA framework should therefore be read as an initial synthesis intended to orient
development, not as a definitive standard.

Because this review is intended primarily for developers of pharmaceutical and com-
bination products, and because the reviewed systems differ markedly in development
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maturity, we grouped them by development stage to help readers weigh the underlying
evidence. We adopted a technology-readiness-level (TRL)-type logic for this purpose,
while recognising that other classification schemes are equally valid. On this basis, the sys-
tems discussed range, for example, from (1) regulatory-approved products (DEXTENZA®);
through (2) candidates that did not meet their primary Phase III endpoint (OTX-TP); (3) ex-
ploratory Phase II programs (OTX-CSI, OTX-DED); (4) preclinical proof-of-concept designs
(PEGDA-based 3D-printed and photo-crosslinkable hydrogels); (5) systems characterized
only ex vivo or in vitro (thermoreversible poloxamer formulations); to (6) long-marketed
occlusive devices supported by relatively sparse comparative data (silicone punctal plugs).
The level of evidence, therefore, differs substantially across systems and should be inter-
preted accordingly.

10. Conclusions

This review presents a systematized analysis of medical devices and drug delivery
systems utilizing the anatomical features of the lacrimal drainage system—from simple
silicone occluders to biodegradable hydrogels and in situ-forming depot matrices. Despite
convincing demonstrated potential for sustained release (from 7 days to 3 months) at
preclinical and early clinical stages, the translational success and clinical implementation of
these developments remain limited.

To date, only one product—DEXTENZA® (intracanalicular dexamethasone insert)—
has received FDA approval, while numerous promising platforms (L-PPDS, OTX-TP, OTX-
CSI) failed to meet endpoints in late-phase clinical trials due to insufficient efficacy or
unexpected safety signals, including canaliculitis (up to 7%) and high extrusion rates.

Based on the reviewed and analyzed experience, several important conclusions were
drawn for further scientifically and experimentally substantiated development:

e Retention is at least as critical as drug release. The high rate of premature expulsion
(up to 57.4% for some punctal plug designs) nullifies any advantages of the sustained
release profile. Mechanical strength and anatomical adaptation (L-shaped design for
punctal plugs, swelling capacity for intracanalicular systems) are mandatory critical
quality attributes for any system involving this route of administration.

e Drug loading has strict anatomical constraints. The limited volume of the lacrimal
punctum (diameter 0.2-0.3 mm) and canalicular lumen (0.5-0.6 mm) restricts total
drug loading to approximately 500 ug, which may be insufficient for chronic diseases
such as glaucoma. In the case of L-PPDS, limited drug-loading capacity may therefore
represent one possible factor contributing to its underperformance; however, inade-
quate release kinetics at the ocular surface may also have played a role, and the precise
mechanism has not been formally established.

e  Thermosensitive and photocrosslinkable in situ systems eliminate the size-fitting prob-
lem but require strict control of gelation time (<3 min), phase transition temperature,
and pH to prevent premature washout or excessive occlusion. Additional complexity
comes from the regulatory classification of such systems (pharmaceutical drug, medi-
cal device, or combination product), as well as low system stability and difficulties
with scaling such solutions.

The target quality profile (QTPP) matrices and the universal CQA section draft pro-
posed in this review should serve as preformulation guidance. Critical quality attributes,
such as swelling degree (30-60%) and burst release control (<40% within the first 24 h) for
drug delivery systems, should be routinely determined during development.

Next-generation delivery systems should certainly be oriented toward biodegradable
polymers with programmable multi-phase release (e.g., an initial anti-inflammatory ‘burst’
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followed by sustained immunosuppression) and built-in imaging labels for non-invasive
monitoring of position in the lacrimal drainage system.

Thus, lacrimal drainage pathway delivery systems currently represent a maturing
field with one approved product and several discontinued candidates.

The path to success lies not only in achieving sustained release but in ensuring reliable
retention, predictable biodegradation, and infection-resistant design—while following QbD
principles from the earliest stages of development.

Research Perspectives

Building on the QTPP/CQA framework proposed in this review, our group intends to
investigate this area experimentally, with particular emphasis on in situ-forming systems
for intracanalicular administration, which combine minimally invasive, size-independent
placement with the potential for sustained, localized drug release. The planned work ad-
dresses three interdependent aspects. First, dosage-form design: selection and optimization
of the gelation mechanism (thermo-, pH-, or ion-responsive), gelation time and temperature,
injectability, and post-gelation rheological strength compatible with the dimensions and
physiology of the lacrimal canaliculus. Second, drug-release behaviour: tailoring of release
kinetics and duration while limiting burst release, supported by biorelevant in vitro release
testing under simulated tear-flow conditions. Third, material selection: identification of
biocompatible, biodegradable polymers offering predictable resorption, sufficient mechani-
cal strength, and resistance to bacterial colonization. Across all three aspects, we regard the
development, validation, and standardization of in vitro lacrimal-duct models—capable of
predicting retention and release before in vivo and clinical evaluation. We hope that the
Quality-by-Design-oriented synthesis presented here will serve as a practical starting point
for this and similar development efforts.
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Abbreviations

API Active pharmaceutical ingredient
AUC Area under the curve

Cmax Maximum concentration

CQA Critical quality attribute

CQAs Critical quality attributes

CsA Cyclosporine A

DED Dry eye disease

DLP Digital light processing

FDA Food and Drug Administration
FT-IR Fourier-transform infrared spectroscopy
FIN Fluorescent tracing nanoparticles

GRADE  Grading of Recommendations Assessment, Development and Evaluation
HAMA  Methacrylate-modified hyaluronic acid

HBC Hydroxybutyl chitosan

HPLC High-performance liquid chromatography

ICH International Council for Harmonisation

10P Intraocular pressure

IVIS In vivo imaging system

LAP Lithium phenyl-2,4,6-trimethylbenzoylphosphinate

L-PPDS  Latanoprost punctal plug delivery system
N-PPDS  Nepafenac punctal plug delivery system
NMP N-methyl-2-pyrrolidone

PEG Polyethylene glycol

PEG 400 Polyethylene glycol 400

PEGDA  Polyethylene glycol diacrylate

PPDS Punctal plug delivery system

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PVP Polyvinylpyrrolidone

QbD Quality by design

QTPP Target product quality profile

SEM Scanning electron microscopy

SFMA Silk fibroin methacrylate

TEM Transmission electron microscopy

uv Ultraviolet
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