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The field of mucoadhesion has grown from a niche interest to a central consideration for the optimisation
of mucosal medicines. As new therapies progress through development pipelines there are constantly
emerging conditions which would benefit from the ability to target prolonged residence at mucosal sites.
As such, there continues to be expansive investigation into mucoadhesion and the design of novel
mucoadhesive materials for dosage form design. In this perspective piece, we give consideration to the
recent progress in the field of mucoadhesive materials and make suggestion for reconsideration of
current focus. Opinion on risks around current approaches to the development of mucoadhesive

Received 16th May 2024,
Accepted 5th September 2024

DOI: 10.1039/d4pm00149d

materials are described. Furthermore, challenges with translation are discussed, focussing on sensitisation
and incompatibilities. Finally, the state of data in this field is critically assessed with a focus to in vitro—
in vivo correlation and the formulation state space. It is intended that this manuscript challenges some
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Introduction

Mucoadhesion is defined as the adhesive interaction of a
material, usually a polymeric solid, gel, colloid, or liquid, with
a mucosal membrane. The primary focus of mucoadhesion
centres on the concept that increased adhesion to a mucosal
membrane enables improved therapeutic effects.””> When a
mucoadhesive material is imbibed with an active pharma-
ceutical ingredient (API) the retention of this dosage form on a
mucosal membrane, in principle, allows prolonged local
effects and a greater duration over which absorption across the
mucosal membrane can occur, thus positively impacting
absolute bioavailability.> A related concept is “mucopenetra-
tion”, whereby dosage forms, typically nanoparticles, are
designed so that they do not exhibit strong attractive inter-
action with mucosal layers, but rather diffuse through
secretory mucous with little impediment. This allows dosage
forms to transport to epithelial layers rapidly, and often avoid
some clearance mechanisms, thereby enhancing retention.*
These mucous interactions are an important area to achieve
clinical impacts. For example, nasal bioavailability of current
macromolecular therapeutics is typically between 0.5-5% due
in part to low retention on the nasal mucosa.’ In principle,
increased duration of API localisation to this mucosal site
increases the time over which systemic absorption can occur,
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important areas currently under investigation in the field.

giving benefits such as: enabling nasal administration of pep-
tides that otherwise are not usefully bioavailable, reducing
dose requirements, and enhancing therapeutic effects. In
another example, the efficacy of mucoadhesive dosage forms
has been demonstrated for local administration to the oral
mucosa for the treatment of Lichen Planus.® In this study an
electrospun poly(vinylpyrrolidone)/Eudragit RS100 film was
found to adhere to the oral mucosa for ca. 2 h, which allowed
sustained local administration of clobetasol-17-propionate.”
Clinical trial of the system demonstrated an improved treat-
ment of the condition relative to placebo.® Clearly there are
valuable applications and opportunities for mucoadhesive
materials that could enable new therapies or improve current
ones through reformulation into adhesive dosage forms.
Mucopenetration may be preferable to mucoadhesion, in the
case of nanomedicines, to allow direct contact of dosage form
with epithelial cells, however this article will focus on perspec-
tives on mucoadhesives.®®

Over the last 15 years the field of mucoadhesion has
exploded, with >600 papers related to the subject published in
2023 alone on the Scopus database. Whilst the importance of
generating materials with effective retention on mucosal mem-
branes has been known for many years, this recent surge in
interest appears to be driven by factors including improved
understanding of mechanisms of mucoadhesion,’ new routes
to effective modification of hydrophilic polymers,' the recent
innovations in stimuli-responsive materials,"* and 21* Century
medicines which are poorly orally bioavailable. The mecha-
nisms underpinning mucoadhesion have been described
elsewhere,>'>"® but can be simplified herein to relate to
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physical and chemical processes occurring between a poly-
meric excipient in the dosage form and the mucous gel layer
coating the epithelium of the mucosa. There is, of course,
nuance in this paradigm, particularly in the heterogeneity of
mucosal surfaces which range from secretory mucous-rich sur-
faces such as the lining of the stomach, to those which do not
have this gel layer, such as the outside of the eye. Physical
mechanisms proposed for mucoadhesion include processes
such as entanglement of polymer chains with the mucous gel
layer and wetting (spreading due to interfacial forces) to the
membrane. Chemical adhesion processes were, in the early
generations of mucoadhesive materials, related to non-
covalent associations such as hydrogen-bonding,'* electro-
static interactions® or hydrophobic effects with the mucin gly-
coprotein constituent of mucous."® However, subsequent gen-
erations of mucoadhesive materials have focussed on chemical
modification of polymers to promote covalent bond formation
between macromolecule and mucin, typically at cysteine resi-
dues near the termini of the targeted glycoprotein.
Considering recent focus on this class of mucoadhesive which
forms covalent bonds with mucous, there is a need to critically
consider the potential for translation of these novel excipients.

In this perspective article we aim to review the current state
of the field in mucoadhesion research with a critical eye on
current limitations we suggest be considered by the next gene-
ration of studies in the area. This piece provides the author’s
views on important paradigm shifts and reprioritisation that
should occur in selected aspects of the field. For a more com-
prehensive overview of the area, readers are directed to recent
reviews in the area.'®'” There is enormous potential in the
site-specific retention of medicines to challenging mucosal
membranes. This piece aims to provide insight into the
pharmaceutical considerations as novel mucoadhesive medi-
cines are developed, considering the materials used in design,
preclinical testing regimens, and data within the current litera-
ture base upon which future knowledge will be built. Focus is
given to novel mucoadhesive materials, which the author’s rec-
ommend require careful consideration.

Mucoadhesion through “reactive
mucoadhesives”: a high risk approach?

In recent years the scientific community has focussed heavily
on the generation of new mucoadhesive materials, aiming to
increase their covalent adhesion to biological membranes to
generate increasingly retentive formulations. For the purposes
of classifying these materials as distinct from those which
interact via non-covalent interactions, we refer to these
materials as “reactive mucoadhesives”. An enormous amount
of research has been conducted on “Thiomers”, thiol-group-
bearing polymers which are capable of disulfide bridging with
cysteine residues on mucin.'®'®> Common approaches for gene-
ration of thiomers include carbodiimide coupling of cysteine or
other thiol-containing molecules onto the backbone of a pre-
formed polymer, typically an existing pharmaceutical excipi-
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ent.”® This approach was expanded to “preactivated thiomers”,
in which the thiol group is protected to stabilise it prior to reac-
tion with mucous to cause adhesion.” Furthermore, publi-
cations report generation of thiomers from protected-thiol-
bearing monomers, which are deprotected to yield the thiol
after polymerisation,*” to avoid chain transfer during propa-
gation of the monomer.”® Other approaches to thiol-thiol reac-
tivity for enhancing mucoadhesion have also been reported.'®
The literature base is broad, but alternative strategies include
acrylate,> methacrylate,” maleimide,'®**>® aldehyde,>**°
boronic acid,?* crotonic acid,?® catechol,*® and N-hydroxy(sulfo)
succinimide®' modification to promote covalent bonding to
mucin (Fig. 1). Overall, these approaches either form reversible
covalent associations (such as thiol-disulfide or boronic acid
reactivity) or covalent linkages which are not likely to be reverse
in vivo (e.g. Michael acceptors such as maleimide or acrylates
and N-hydroxysuccinimide linking). This approach has shown
sizable improvements in retention on a wide range of mucosal
membranes including the eye, buccal pouch, gastrointestinal
tract, urinary bladder, and nasal mucosa. However, we believe
there is sizable risk in using reactive mucoadhesives for the
development of new pharmaceuticals.

We argue that the current paradigm on the design of these
materials is such that success in generating a reactive mucoad-
hesive is mechanistically directly linked to step one of the
adverse outcome pathway for sensitisation, requiring a signifi-
cant paradigm shift in this field. The covalent attachment of
reactive molecules, termed “haptens” to endogenous proteins
is well-established to potentially cause immunological
responses.”® Binding of the hapten to endogenous proteins
may be followed by a sequence of keratinocyte activation, den-
dritic cell activation, and proliferation of antigen-specific T
cells. The Organisation for Economic Cooperation and
Development (OECD) state that in the adverse outcome
pathway for skin sensitisation, “the molecular initiating event
(i.e. the first key event), is the covalent binding of electrophilic
substances to nucleophilic centres in skin proteins”.*” We
believe the covalent-associations reported for current-gene-
ration mucoadhesive materials present a high risk of leading
to sensitisation with prolonged use. Indeed, the FDA perspec-
tive on current screening for sensitisation potential includes
assays that specifically use cysteine reactivity as an endpoint
for sensitisation in the Direct Peptide Reactivity Assay
(DPRA).*® These DPRA assays have a reported accuracy of 80%
in discriminating sensitisers from non-sensitisers with a sensi-
tivity and specificity of 80% and 77%, respectively.>”*>*° In
chemico assay for sensitisation is described by the OECD.?” In
brief, the assay involves mixing the test substance with
cysteine- and lysine-containing synthetic peptides and incubat-
ing the solution for 24 h. The mixture is then assayed by HPLC
and the depletion of cysteine- and lysine-containing peptides
determined. Reducing the concentration of unreacted peptide
by ca. 6% is an indicator of potential sensitisation.?” In this
context, this reactivity with cysteine could even be an indicator
of the success of the reactive mucoadhesive with the binding
to this amino acid in mucin a target for adhesion.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schematic diagram of MUC2 as an exemplar secretory mucin showing the heavily glycosylated PTS region and cysterin-rich domains at
the termini with which reactive mucoadhesives are often designed to interact. (B) Exemplar structure of selected reactive mucoadhesives, with a
polymer backbone (black) adorned by pendant groups (red) capable of reacting with mucosal membranes. (C) Mechanisms for covalent binding of
reactive adhesives to mucin components, believed to drive mucoadhesion. Thiol-disulfide reaction occurs between thiols/protected thiols (termed
“preactivated thiomers”)*? and cysteine, thiol-Michael addition for (meth)acrylated materials and (e.g.) cysteine,® thiol—ene click between male-
imide-derived polymers and cysteine,?® amide-coupling for NHS-ester polymers with lysine residues,! Schiff-base formation of aldehyde reaction
with amine moieties in mucin and boronation of 1,2-diols, such as found in sialic acid residues.!-222%3435 please note that these reactions are
hypothesized, and may not proceed with the specificity shown herein. The image of amino acid distribution in MUC2 is adapted from Gallego, et al.,
Nat. Commun., 2023, 14(1) under a Creative Commons (CC) Attribution 4.0 International License.

Considering the potential for sensitisation of reactive made considerable effort to assess safety of reactive muco-
mucoadhesives, the question that must be asked is “how can adhesives in vitro and in vivo,”*>*> and there is a regulatory
this risk be mitigated?” Indeed, many working in the area have need to determine many toxicological endpoints, as described

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Pharm., 2024, 1, 949-957 | 951


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4pm00149d

Open Access Article. Published on 10 September 2024. Downloaded on 6/02/2026 11:01:10 PTG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

in the International Pharmaceutical Excipient Council’s (IPEC)
tiered toxicity testing programme it recommends for excipi-
ents.*® Furthermore, there is a consideration for what is practi-
cal for most research groups in this area and 3Rs consider-
ations for toxicity assessment where many sensitisation tests
are performed in vivo.** It is our position that the reactive
mucoadhesives, however, have significant sensitisation poten-
tial and that this risk should be mitigated early in the develop-
ment pipeline. As such, it is suggested that the further key
events along the adverse outcome pathway for sensitisation be
assessed to mitigate risk. OECD TG 442D evaluates keratino-
cyte activation, the second key event in skin sensitisation.*®
OECD TG 442E focuses on dendritic cell activation, the third
key event.”® Lastly, T-cell proliferation, the fourth key event, is
indirectly measured through the murine Local Lymph Node
Assay.?” These assays provide standardised testing options for
evaluating sensitisation potential along the adverse outcome
pathway, however there are challenges to their adoption. The
group require access to cell culture facilities and know-how in
the area. Furthermore, access to cell lines is a barrier as they
are, in the case of KeratinoSens and LuSens (OECD TG
442D),* not widely commercially available. Collaboration
between pharmaceutical scientists with expert toxicologists is
a potential route to evaluating this risk.

There is hope for reactive mucoadhesives due to the suc-
cessful delivery of commercialised products, although there
are limited examples. PureRegen gel is a disulfide cross-linked
hyaluronic acid, licensed by the Food and Drug Administration
of the Phillipines*® as a medical device to reduce epithelial
adhesions post nasal surgery. In this case the cross-linking
prior to application does not directly classify it as a reactive
mucoadhesive, in our view. Ocular Bandage Gel by Eye pro-
duced by EyeGate (now Kiora) is another example of disulfide
cross-linked hyaluronic acid and has been used as an ocular
bandage."® It does not have full regulatory approval. Lacrimera
is a thiolated chitosan for treatment of dry eye syndrome pro-
duced by Croma,'®*° again regulated as a class 3 medical
device. It is currently unavailable for purchase. To the authors’
knowledge there are no reactive mucoadhesives with regulatory
approval in medicines, only as a device. There are several
examples of successful clinical studies involving thiomers,"
but not other reactive mucoadhesives to our knowledge. It may
be that the reversibility of some reactive mucoadhesives (e.g.
boronic acids, thiomers) have reduced sensitisation potential
relative to irreversible bond formation (e.g. Michael acceptors),
however this has not been directly studied.

Reactive mucoadhesives also have a high risk in incompat-
ibility with other pharmaceutical excipients or APIs. Thiomers
have potential for oxidation/reduction via intra-/inter-mole-
cular reaction as single components.’® They also have the
potential to act as Michael donors in their own right, as well
as a plethora of other reactivities.”> Maleimide/acrylate func-
tionality are reactive via nucleophilic Michael-type addition,
which can proceed under ambient conditions.”® A further
limitation is the inherent protein reactivity that drives their
function. Therapeutic cells, proteins, and peptides are all

952 | RSC Pharm., 2024, 1, 949-957

View Article Online

RSC Pharmaceutics

likely to undergo modification in the presence of reactive
mucoadhesives, which are designed specifically to react with
mucin proteins. This severely limits potential use-cases, as
many 21% century medicines, including all biologics, fall into
these categories, and so are highly likely to react to this cat-
egory of mucoadhesive. Should there be a reaction leading to
ligation of the mucoadhesive polymer to the therapeutic
entity, this will subsequently impact on factors including func-
tionality, liberation, pharmacokinetics, and, as a result, regu-
latory status of the drug.

The aim of mucoadhesion research is principally in the
development of more efficacious treatments for disease. The
ideal test of the efficacy of any new mucoadhesive medicines
or devices is in human trials, however justifying these trials for
novel mucoadhesive excipients requires significant toxicologi-
cal assessment, and raising capital for such studies is challen-
ging. These toxicological risks may be substantially reduced
for mucosal dosage forms consisting of excipients with a
history of use in pharmaceuticals, however this makes it
difficult to innovate in such a crowded space, raising chal-
lenges around protection of intellectual property. However,
until such a time that there are significantly expedited routes
for novel excipients into the medicines this latter approach
will remain the most likely to yield positive impacts on
patients.

Refocussing on the patient; how can
clinical behaviours be predicted?

A big challenge with translation to clinical study is the predic-
tion of in vivo behaviours for novel medicines. The literature
base describing in vivo mucoadhesion in both humans and
laboratory animals is small,>»* and given the diversity of
dosage forms and routes of administration there is a large
challenge in predicting in vivo performance. Additionally,
there is a further philosophical question in which in vivo end-
points are most important; retention, drug liberation, pharma-
codynamics and pharmacokinetics will all affect therapeutic
outcomes and establishing meaningful prediction of in vivo
data is extremely challenging. In vitro-in vivo correlation
(IVIVC), or the mathematical relationship between in vitro (or
ex vivo) and in vivo behaviour, is highly desirable to reduce
costs and accelerate medicines development.®® However, well-
established IVIVC models for human mucosal retention do
not exist. The community has attempted to standardise testing
methods for mucoadhesives,”” but the approaches are still dis-
parate - recently Bayer grouped these approaches into 10
different experimental approaches.'® In our view, this diversity
in testing approaches is driven largely by necessity given the
diversity of dosage forms, from tablets to liquids and disperse
systems.

There are some reported efforts to establish IVIVC for
mucoadhesives. Correlation between buccal retention of solid
dosage forms in a dissolution apparatus-based retention test
on porcine musosa and human volunteers has been studied.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Top: IVIVC between ex vivo residence time of solid oral dosage forms (A) and hydrogels (B) on buccal porcine mucosa and human volun-
teers. Bottom: comparison between the work of adhesion (WoA) (C) and force of adhesion (Fn.x) (D) in fresh and thawed human and pig intestine.
(A) Adapted with permission from Baus, et al., Mol. Pharm., 2019, 16(6), 2719-2727. Copyright 2019 American Chemical Society. (B) Adapted with
permission from Baus, et al., Eur. J. Pharm. Biopharm., 2019, 142, 498-505. Copyright 2019 Elsevier. (C) and adapted from Muller, et al.,

Pharmaceutics 2023, 15(6), 1740, under a CC BY 4.0 License.

In this small study, it appears that there is an over-prediction
of retention time by the ex vivo retention test but a linear
relationship between the two (Fig. 2A).>® The same approach
was used by the group for physical hydrogels, yielding a
weaker linear relationship (Fig. 2B).”° Comparison between
human and porcine intestinal mucosa has been studied
ex vivo, which found no significant difference between the
tissues under a specific tensile testing approach, but with
large intra-subject variability (Fig. 2C and D).*° The large error
present in all of these experiments (either induced by biologi-
cal or experimental variability) demonstrates how unreliable
these assessment methods may be for determining the clinical
use of these materials. The most widely used techniques for
adhesion assessment are the use of tensile detachment
methods, which measure forces needed to detach a solid
dosage form from mucosa, and bespoke flow-through
methods, which run physiologically relevant fluid over a
dosage form applied typically to ex vivo mucosa.’’ There
are well-established issues with current in vitro testing
methods in terms of standardisation of both instruments and

© 2024 The Author(s). Published by the Royal Society of Chemistry

conditions.””%?

Furthermore, the subsequent IVIVC relating
in vitro/ex vivo measurements to in vivo performance in labora-
tory animals is questionable. For example, it has been found
that tensile detachment ex vivo does not predict tensile detach-
ment forces directly measured in vivo in rats via a gastric
cannula.®® We call on the field to establish improved databases
of human data which will allow improvements in IVIVC, as
well as allow the benchmarking of the disparate in vitro tech-

niques used by the community.

Material exploration: making the most
of what we have

Aside from issues with translatability and relevance of
measured data on mucoadhesive properties, much of the
advancements in the field have been through the development
and manipulation of a very small number of related materials.
Whilst it is tempting to state that we should explore completely
novel materials and chemistries with the aim of producing

RSC Pharm., 2024,1, 949-957 | 953
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unexplored (grey) and explored (blue) mucoadhesive materials using all possible combinations of published base polymer units and parameters.

FAMD - Factor Analysis of Mixed Data.

more clinically viable mucoadhesion properties, it is more sen-
sible to focus on materials that have known low toxicities and
good biocompatibility.

To explore the current landscape of materials used for
mucoadhesion, we collected information from the literature by
searching the ISI Web of Science with the terms “mucoadhes*
AND tensile AND (tablet or solid)” in January 2024. This
search returned 88 results, which we used to collect a database
of 101 published materials (ESIt) that have been assessed for
mucoadhesion. These materials cover a wide range of base
polymers (Fig. 3A), chemistry types, and tissues on which they
are assessed. We find that, where available, comparison of
Work of Adhesion (WoA), and Force of Adhesion (FoA) gives a
good, though not perfect, correlation (Pearson r = 0.730)
(Fig. 3B) - indicating that these measurements are not necess-
arily directly comparable.

Building on this we determined a landscape of potential
mucoadhesive materials based purely on the state space avail-
able from currently published materials (Fig. 3C). In brief, this
analysis considers all possible combinations of existing poly-
mers and derivatisations. We note this analysis doesn’t take
into account feasibility of creating materials, but assumes the
ranges of already published properties are combinable.
Highlighting the currently explored materials on this land-
scape shows that published materials are limited to an

954 | RSC Pharm., 2024, 1, 949-957

extremely small subset of this state space, and that there is
huge potential in exploring currently unexplored regions of
this map, particularly through complex mixtures of excipient.
This may enable a balance to be struck between novelty (and
therefore patentability), and biocompatibility without introdu-
cing materials with an unknown biocompatibility profile and
new chemistries.

Conclusions: refocussing the field

Having brought our view that there are limitations in current
studies of mucoadhesive polymers — namely that focus on reac-
tive mucoadhesives is high risk, testing for adhesion is not
necessarily the best measure for assessing usefulness, clinical
efficacy is hard to predict from in vitro experiments, and that
current work has focussed on exploring a small number of
available material materials, we suggest a refocussing of the
field is necessary.

We recommend that reactive mucoadhesives are inherently
high-risk for incompatibility issues and sensitisation.
Sensitisation risks should be evaluated as a priority through
collaboration with expert toxicologists who are most likely to
have access to the required facilities and materials. We also
recommend that the risk of these materials would be best

© 2024 The Author(s). Published by the Royal Society of Chemistry
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justified by enabling new therapies on severe health conditions
which are not possible to successfully treat with the current
excipients available, to give clinical and economic justification
for their trial in human subjects.

Assessments of these materials should be adapted for maxi-
mising clinical/biological relevance. Considering the lack of
IVIVC data using laboratory animals and large anatomical
differences in mucosal sites compared to humans which will
impact retention,® it is suggested that researchers focus on
well-recognised in vitro/ex vivo testing regimen, for example
tensile testing and flow-through assessments,®>®® for rank
order determinations and then accelerate towards pilot study
in humans, contributing both to effective medicines develop-
ment and yielding important data for establishment of future
IVIVC. This data may then be used to validate in vitro models.
When dosage forms are composed of existing pharmaceutical
excipients, these studies require lower costs (through avoid-
ance of toxicological regimes) and have fewer ethical consider-
ations. As such, we recommend the generation of high quality
IVIVC using these established excipients. Pilot studies demon-
strating enhanced retention in vivo may then support larger
clinical studies determining pharmacokinetics/pharmacody-
namics of the medicines. There are synthetic alternatives to
tissue which can be used in these testing regimes where it is
difficult to source, which has been shown to be equivalent to
ex vivo tissue.’®’"% There is potential, therefore, to entirely
remove the need for ex vivo tissue from preclinical evaluation
of mucoadhesives if there is sufficient human data to validate.

We also suggest that more can be made from the existing
materials - whilst most published materials are based on one
of a small number of well characterised and biocompatible
components, the landscape of materials that have been
assessed is extremely limited. Exploring further combinations
of materials and processes in this landscape will significantly
enhance our understanding of this complex environment.
Recent developments in data science make exploration of
complex mixtures increasingly feasible.
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