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Abstract

Hypertension is a major global health challenge, and
conventional antihypertensive therapies are often
limited by poor patient compliance, swallowing
difficulties, and first-pass metabolism. Fast
Dissolving Oral Films (FDOFs) offer a promising
alternative by providing rapid disintegration,
improved Dbioavailability, and enhanced patient
convenience. This review discusses recent advances
in FDOFs for antihypertensive therapy, focusing on
nanotechnology-based drug delivery systems,
patient-centric ~ formulation  strategies,  and
personalized medicine approaches. The integration of
nanocarriers, advanced manufacturing technologies,
and dose customization has the potential to improve
therapeutic efficacy, patient adherence, and treatment
outcomes. Furthermore, regulatory considerations
and future prospects of next-generation FDOFs are
highlighted, emphasizing their role in precision
antihypertensive therapy.

Keywords: Fast Dissolving Oral Films (FDOFs),
Hypertension, Antihypertensive Therapy,
Nanotechnology, Personalized Medicine, Oral Drug
Delivery.

I. Introduction

Global burden

Hypertension is a leading global health burden
affecting approximately 1.4 billion adults worldwide,
with the majority residing in low- and middle-income
countries.[1,2] Despite available treatments, a large
proportion of patients remain undiagnosed or poorly
controlled, significantly increasing the risk of
cardiovascular diseases such as stroke and
myocardial infraction.[1,3]

The growing prevalence is driven by aging
populations, urbanization, and lifestyle changes,
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making hypertension a major contributor to global
morbidity and mortality.[2,3]

Limitation of conventional oral dosage forms
Swallowing difficulties are common in geriatric and
pediatric patients, leading to non-adherence and
improper  dosage  administration.[4]  Orally
administered drugs undergo hepatic first-pass
metabolism, significantly reducing bioavailability
and therapeutic efficacy.[5]

Emergence of Fast Dissolving oral films

Improved compliance:

Fast dissolving films disintegrate in the oral cavity
without water, making them suitable for dysphagic
patients.[6]

Bypass of first-pass metabolism:

Drugs can be absorbed through oral mucosa,
enhancing bioavailability.[7]

Rapid onset of action:

Direct absorption into systemic circulation leads to
faster therapeutic response.[5]

Need for next generation systems

Conventional drug delivery systems often fail to
provide optimal therapeutic outcomes due to poor
bioavailability, non-specific distribution, and inter-
individual variability.[8]

Therefore, next-generation approaches such as
nanotechnology-based  delivery  systems and
personalized medicine are gaining importance, as
they enable targeted drug delivery, improved
pharmacokinetics, reduced side effects, and patient-
specific therapy.[9]

Scope and novelty of the review

This review focuses on recent advancements in nano-
enabled and personalized drug delivery systems,
highlighting their potential to overcome the
limitations of traditional therapies.[10]
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It provides a comprehensive analysis of formulation
strategies, mechanisms, and clinical relevance, while
emphasizing emerging trends and future perspectives
that contribute to improved therapeutic efficacy and
precision medicine.[8]

II.  Pathophysiology of Hypertension &
Therapeutic Challenges:
Mechanisms (RAAS, vascular resistance,
sympathetic activity)
Hypertension primarily results from increased
peripheral vascular resistance and/or cardiac output,
driven by complex interactions of neural, hormonal,
and vascular factors.[11]
The renin—angiotensin—aldosterone system (RAAS)
plays a central role by regulating blood pressure
through angiotensin II-mediated vasoconstriction
and aldosterone-induced sodium and water
retention.[12] Increased sympathetic nervous system
activity contributes to hypertension by promoting
vasoconstriction, increased heart rate, and enhanced
renin  release.[]13]  Additionally, sustained
sympathetic activation leads to structural vascular
changes and increased arterial stiffness, further
elevating blood pressure.[13,14]

Classes of Antihypertensive Drugs
Antihypertensive therapy includes several drug
classes such as ACE inhibitors, angiotensin receptor
blockers (ARBs), calcium channel blockers (CCBs),
B-blockers, and diuretics, each targeting different
mechanisms  involved in  blood  pressure
regulation.[15]

Biopharmaceutical Challenges:

Many antihypertensive drugs exhibit low oral
bioavailability due to first-pass metabolism and poor
solubility.[16]

They also show variable pharmacokinetics, leading to
fluctuations in drug plasma levels and inconsistent
therapeutic response.[16]

In certain clinical conditions, there is a need for rapid
onset of action, which conventional oral dosage
forms may fail to provide effectively.[17]

III.  Fast Dissolving Oral Films (FDOFs):
Fundamentals

¢ 3.1 Definition and Mechanism

Fast dissolving oral films (FDOFs) are innovative
oral drug delivery systems composed of thin, flexible
polymeric strips that rapidly disintegrate when placed
in the oral cavity.[18]

Upon administration, the hydrophilic polymer matrix
quickly absorbs saliva, leading to rapid hydration

followed by swelling and disintegration of the
film.[19]

This process facilitates immediate drug release, after
which the drug may be absorbed through the oral
mucosa (buccal or sublingual route) or swallowed for
gastrointestinal absorption depending on its
physicochemical properties.[18,19]

3.2 Advantages of FDOFs / OFDs:

* Rapid disintegration and fast onset of action.[20]

* Improved bioavailability (bypassing first-pass
metabolism).[20,21]

* No water required; suitable for pediatric and
geriatric patients.[21]

* Enhanced patient compliance and ease of
administration.[20]

e Accurate dosing and portability.[21]

3.3 Disadvantages of FDOFs / OFDs:

e Limited drug loading capacity.[20]

» Moisture sensitivity; needs special packaging.[21]
* Mechanical fragility (brittle films).[21]

* Taste masking challenges for bitter drugs.[20]

* Higher manufacturing cost compared to tablets.[21]

IV.  Formulation Components of FDOFs :
Film - forming polymers

Plasticizers

Superdisintegrants

Sweetners & Flavoring agents

Saliva stimulants

Permeation enhancers

Film-forming polymers

Film-forming polymers are the fundamental
component of FDOFs, responsible for forming a thin,
flexible film that rapidly dissolves in the oral cavity.
Hydrophilic polymers are preferred as they promote
rapid hydration and drug release. Commonly used
polymers include hydroxypropyl methylcellulose
(HPMC), polyvinyl alcohol (PVA), pullulan, gelatin,
and pectin [22,23].

These polymers may be used alone or in combination
to achieve desired mechanical strength, elasticity, and
disintegration time [1]. Natural polymers such as
pullulan are gaining importance due to their
biocompatibility, non-toxicity, and excellent film-
forming ability [24].

Plasticizers

Plasticizers are added to improve the flexibility and
mechanical properties of the films. They act by
reducing the glass transition temperature (Tg) of
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polymers, thereby enhancing elasticity and
preventing brittleness [22,25].

Common plasticizers include polyethylene glycol
(PEG), glycerol, and propylene glycol [4]. The
concentration of plasticizers typically ranges from 0—
20% w/w of the polymer, and improper levels can
negatively affect film strength and drug release [22].

Superdisintegrants

Superdisintegrants play a role in enhancing the
disintegration rate of oral films, especially when
rapid drug release is required. They function through
swelling and wicking mechanisms, leading to faster
breakdown of the film matrix [26].

Examples include sodium starch glycolate,
croscarmellose sodium, and crospovidone. Their
incorporation significantly reduces disintegration
time, improving the performance of FDOFs [26].

Sweeteners and Flavoring agents

Sweeteners and flavoring agents are essential for
improving palatability and patient compliance,
particularly in pediatric and geriatric
populations.Both natural (e.g., sucrose, fructose) and
artificial sweeteners (e.g., aspartame, saccharin,
acesulfame potassium) are commonly used [22].
These are generally incorporated in concentrations of
3—6% w/w to effectively mask the unpleasant taste of
drugs [22,25].

Flavoring agents such as mint and fruit flavors further
enhance the organoleptic properties of the films [25].

Saliva stimulants

Saliva stimulants are incorporated to enhance saliva
production, which 1is essential for rapid film
disintegration and drug dissolution.

Commonly used agents include citric acid, malic
acid, tartaric acid, and ascorbic acid [22]. These are
typically used in concentrations of 2—6% w/w and
help accelerate film hydration and dissolution [22].

Permeation enhancers

Permeation enhancers improve the absorption of
drugs through the oral mucosa, thereby increasing
bioavailability and bypassing first-pass metabolism
[27].They act by temporarily altering the
permeability of the mucosal membrane, allowing
better drug penetration. Examples include
surfactants, bile salts, and fatty acids [27].These
agents are particularly useful in buccal and sublingual
drug delivery systems.

V.  Manufacturing Technologies of Fast
Dissolving Oral Films (FDOFs)
Solvent casting (Most common)
Solvent casting is the most widely used and
conventional method for the preparation of FDOFs
due to its simplicity, cost-effectiveness, and ease of
operation [28,29].
In this method, water-soluble polymers are dissolved
in a suitable solvent to form a viscous solution,
followed by addition of the drug and other excipients.
The solution is then cast into molds and dried to form
thin films [28].
This technique produces uniform, smooth, and
transparent films with good drug distribution.
However, drawbacks include residual solvent
toxicity, environmental concerns, and longer drying
time [29].

Hot-melt extrusion (HME)
Hot-melt extrusion is a solvent-free and continuous
manufacturing process increasingly used in FDOF
formulation [30].In this technique, the drug and
polymer are mixed and passed through an extruder at
elevated temperatures to form a homogeneous molten
mass, which is then shaped into films. HME is
particularly useful for forming amorphous solid
dispersions, improving the solubility and
bioavailability of poorly soluble drugs [30].
Advantages include:

e No solvent use (environmentally friendly)

e  Continuous processing

e Improved drug dispersion
However, it may not be suitable for thermolabile
drugs due to high processing temperatures [29,30].

Electrospinning (Advanced technology)
Electrospinning is an advanced nanotechnology-
based method used to produce FDOFs with
nanofibrous structures.In this process, a polymer
solution is subjected to a high-voltage electric field,
producing ultrafine fibers that form a porous film.
These nanofibers provide a high surface area, leading
to extremely rapid dissolution and drug release [31].
Recent studies show that nanofiber-based films
exhibit:

o  Enhanced drug loading efficiency

e Faster disintegration and dissolution

e Improved stability
However, limitations include high cost, complex
setup, and scalability challenges.

3D Printing (Emerging personalized approach)
3D printing (additive manufacturing) is an emerging
and highly promising technology for FDOFs,
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enabling personalized medicine and on-demand drug
fabrication [29,30].
This technique builds films layer-by-layer from
digital designs, allowing precise control over:

e Drug dose

e  Film thickness

e Release characteristics
Studies have demonstrated that 3D-printed films
exhibit uniform drug distribution and improved
dissolution profiles compared to conventional
methods [30]. Additionally, multilayer films can be
fabricated for taste masking and controlled release
[32].
Despite its advantages, challenges include high
equipment cost, regulatory limitations, and limited
large-scale production feasibility.

Integration of Nanotechnology in FDOFs
6.1 Types of Nanocarriers
Nanotechnology has significantly advanced oral film
drug delivery by incorporating nanocarriers (1—
1000 nm) that improve drug solubility, permeability,
and controlled release [33].

¢ Polymeric nanoparticles
Polymeric nanoparticles are matrix-based or
reservoir systems in which drugs are -either
dispersed or encapsulated within biodegradable
polymers. These systems offer controlled drug
release, improved stability, and ease of surface
modification for targeted delivery [33].
They are generally classified into nanospheres and
nanocapsules, providing flexibility in drug loading
and release mechanisms [33].

e Liposomes

Liposomes are phospholipid bilayer vesicles
capable of encapsulating both hydrophilic (core)
and lipophilic (bilayer) drugs [33,34].

They exhibit excellent biocompatibility and
targeting potential, and can enhance drug diffusion
across biological membranes, making them highly
suitable for buccal and oral film delivery [34].

¢ Solid Lipid Nanoparticles (SLNs)

SLNs are composed of solid lipids stabilized by
surfactants and remain solid at room temperature.
They combine advantages of lipid emulsions and
polymeric nanoparticles, offering improved
stability, controlled drug release, and enhanced
bioavailability [33,34].

Additionally, SLNs can protect drugs from
chemical degradation and enhance oral delivery
performance, including antihypertensive drugs [36].

e Nanostructured Lipid Carriers (NLCs)
NLCs are second-generation lipid nanoparticles
developed by blending solid and liquid lipids. This
structure provides higher drug loading capacity,
improved stability, and reduced drug expulsion
compared to SLNs [33,34].

They also exhibit controlled release behaviour and
enhanced bioactive retention, making them
superior for advanced drug delivery systems [34].

e Nanoemulsions

Nanoemulsions are colloidal dispersions with
droplet sizes typically below 100 nm, offering high
surface area and improved drug solubilization
[33].

They enhance drug absorption and bioavailability,
especially for poorly water-soluble drugs, and are
widely used in oral and buccal delivery systems [33].

6.2 Benefits in Antihypertensive Drug Delivery
Nanocarrier-based ~ FDOFs  provide  several
advantages in the delivery of antihypertensive drugs:
* Enhanced solubility

Nanocarriers significantly improve the solubility of
poorly water-soluble drugs (e.g., amlodipine,
candesartan) by reducing particle size and increasing
surface area [33,36].

* Improved permeability

Due to their nanoscale size and surface properties,
nanocarriers enhance drug permeation across
biological ~membranes, improving  systemic
absorption [33,36].

* Protection from degradation

Nanocarriers encapsulate drugs within protective
matrices, preventing chemical and enzymatic
degradation, thereby improving drug stability [35].

¢ Controlled and targeted release

Nanocarrier systems enable controlled, sustained,
and site-specific drug release, reducing dosing
frequency and side effects [34,35].

Lipid-based systems like SLNs and NLCs are
particularly effective in achieving prolonged drug
release and improved therapeutic outcomes [35].

6.3 Drug—Nanocarrier—Film
Strategies

Integration of nanocarriers into FDOFs requires
careful design to maintain film integrity, drug
stability, and release performance. Several strategies
have been developed:

* Direct embedding in film matrix

In this approach, nanocarriers (e.g., SLNs, polymeric
nanoparticles, nanoemulsions) are uniformly

Integration
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dispersed within the polymeric film-forming solution
and then cast into films.

This is the most widely used method due to its
simplicity and scalability. It ensures uniform drug
distribution and rapid disintegration, while
preserving nanoparticle functionality [37]. However,
challenges include nanoparticle aggregation and
potential changes in film mechanical properties [38].

* Layered films
Layered (multilayer) films consist of distinct layers
containing different components, such as a drug-
loaded nanocarrier layer and a protective or
mucoadhesive layer.
This approach enables:

1. Controlled or sequential drug release

2. Improved stability of nanocarriers

3. Effective taste masking
Layer-by-layer fabrication has shown improved drug
release modulation and patient acceptability
compared to single-layer systems [39].
* Hybrid nano-film systems
Hybrid systems combine nanocarriers with advanced
film technologies, such as nanofibers
(electrospinning) or 3D-printed films.
These systems offer:

1. Enhanced surface area leads to faster

dissolution

2. Improved drug loading and stability

3. Possibility of personalized dosing
Hybrid nano-films represent a next-generation
approach, integrating nanotechnology with advanced
manufacturing for optimized drug delivery [40].

6.4 Case Studies / Recent Research
* Nano-amlodipine films
Amlodipine, a poorly water-soluble antihypertensive
drug, has been successfully incorporated into
nanoformulations within oral films to improve its
bioavailability.
Studies report that amlodipine-loaded nanoparticles
embedded in oral films show:

e Enhanced solubility and dissolution rate

e Improved oral absorption

e  Faster onset of action
These improvements are primarily due to particle size
reduction and increased surface area [41].
* Telmisartan nanoformulations in films
Telmisartan is another poorly soluble
antihypertensive drug that benefits from nanocarrier
incorporation.
Nano-based telmisartan films (e.g., SLNs or
nanoemulsions in films) demonstrate:

e Increased drug solubility and stability

e  Enhanced bioavailability

e Improved therapeutic efficacy
Such formulations also show better patient
compliance due to rapid disintegration and ease of
administration [42].
* Combination therapies
Nanotechnology-enabled FDOFs also allow
combination drug delivery, particularly useful in
hypertension where multi-drug therapy is common.
By incorporating different drugs into separate
nanocarriers or layers, films can achieve:

e Controlled and sequential release

e Reduced drug—drug interaction

e Improved therapeutic outcomes
Recent studies highlight the potential of multi-drug
loaded nanocarrier films for enhanced treatment
efficiency and patient adherence [40,42].

VII. Patient-Centric Design in FDOFs
Patient-centric design is a critical aspect of Fast
Dissolving Oral Films (FDOFs), focusing on
improving usability, acceptability, and adherence,
especially among special populations such as
pediatric and geriatric patients [37].
7.1 Special Populations
* Geriatric population (dysphagia, polypharmacy)
Geriatric patients frequently experience dysphagia
(difficulty in swallowing), making conventional
tablets and capsules unsuitable. FDOFs provide a
non-invasive, easy-to-administer alternative that
dissolves rapidly in the oral cavity without the need
for water [37,43].
Additionally, elderly patients are often subject to
polypharmacy, increasing the risk of non-
adherence. FDOFs can improve compliance by
offering simplified administration and potential
combination therapy options [43].

* Pediatric population (taste, dose flexibility)
In pediatric patients, taste and ease of
administration are the most important
determinants of dosage form acceptability. Bitter
drugs often lead to treatment refusal, making
taste masking essential [44].
FDOFs provide advantages such as:
e  Pleasant taste and mouthfeel
e FEase of administration without choking
risk
e Flexible dosing by adjusting film size
or drug loading
These features significantly improve treatment
adherence in children [44].
7.2 Design Considerations
* Taste masking
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Taste masking is one of the most critical
formulation challenges in FDOFs because the
drug is released directly in the oral cavity.
Techniques such as use of sweeteners, flavors,
ion exchange resins, and nanocarriers are
employed to improve palatability [44,45].
Effective taste masking directly influences
patient compliance and product success.

* Film size, thickness, and disintegration time
The physical characteristics of the film
significantly affect patient acceptability and
performance.

Typical film size ranges from 2—8 cm?
Thickness must be optimized for mechanical
strength and rapid disintegration

Ideal disintegration time is usually within 30-60
seconds

Optimizing these parameters ensures ease of
handling, rapid action, and patient comfort [37].

¢ Flexible dosing
FDOFs allow dose flexibility, which is
particularly beneficial for pediatric and geriatric
patients.
Dose can be adjusted by:
e  Modifying film size or thickness
e  Altering drug concentration
This flexibility supports personalized medicine
and individualized therapy [43].
7.3 Acceptability & Adherence Studies
* Human factor engineering
Human factor engineering focuses on designing
dosage forms that are user-friendly, safe, and
easy to administer.
In FDOFs, this includes:
e Ease of handling and placement on the
tongue
e Rapid
discomfort
e  Minimal risk of choking
Such considerations are essential to ensure safe
and effective use across diverse patient
populations [46].
* Patient preference data
Studies evaluating patient preferences show that
oral films are often preferred over conventional
dosage forms due to their convenience,
portability, and ease of administration [43,46].
Key findings include:
e Higher acceptability in children and
elderly patients
e Improved medication adherence
e  Better treatment outcomes

disintegration without

Patient-centric formulations are therefore crucial
for enhancing real-world effectiveness of
therapies.

VIII. Personalized Medicine Approaches in

FDOFs

Personalized medicine is emerging as a major
advancement in oral drug delivery, where therapy is
tailored according to patient-specific genetic,
physiological, and clinical factors. Fast dissolving
oral films (FDOFs), due to their flexibility in dose
adjustment and design, are highly suitable for
personalized therapeutic systems [37].

8.1 Pharmacogenomics in Hypertension
Hypertension treatment shows significant inter-
individual variability in drug response, largely
influenced by pharmacogenomic factors. Drugs such
as ACE inhibitors and beta-blockers exhibit variable
efficacy depending on genetic polymorphisms in
pathways such as the renin—angiotensin—aldosterone
system and adrenergic receptors [47].

For example, polymorphisms in the ACE gene and
B1-adrenergic receptor gene can alter therapeutic
response, leading to differences in blood pressure
control and adverse effects [47]. This variability
highlights the need for individualized dosing
strategies, where FDOFs can play a role by enabling
rapid dose adjustment.

8.2 Dose Customization via FDOF's

FDOFs offer a unique advantage in dose flexibility
and personalization, especially for chronic diseases
like hypertension.

* Vibhajya films

“Vibhajya films” refer to divisible oral films, where
a single film can be cut into precise doses without
compromising drug uniformity. This allows accurate
dose titration, particularly useful in pediatric and
geriatric patients [43].

* Multi-layer films

Multi-layer FDOFs are designed to deliver:
1. Different drugs in separate layers
2. Controlled or sequential release profiles
3. Combination therapy in a single dosage
form
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Such systems enable personalized multi-drug
regimens, improving therapeutic outcomes and
adherence [43,39].

8.3 Digital & AI Integration

* Al-based dose prediction
Artificial intelligence (Al) and machine learning are
increasingly being explored for predicting optimal
drug doses based on patient-specific data, including
age, weight, genotype, and disease severity [48].
Al models can analyze large datasets to:

1. Predict optimal antihypertensive dose

2. Reduce adverse drug reactions

3. Improve therapeutic efficiency
This approach supports the concept of precision
dosing integrated with FDOF-based delivery systems
[48].

* Smart films (future concept)
“Smart oral films” are an emerging concept where
films are integrated with sensors or responsive
polymers capable of:

1. Triggered drug release

2. Monitoring physiological parameters

3. Feedback-controlled dosing
Although still in early development, smart films
represent a future direction in closed-loop
personalized drug delivery systems [48].

8.4 3D Printing of Personalized Oral Films
3D printing is one of the most promising technologies
for on-demand and patient-specific  drug
manufacturing.
This technique enables:
1. Precise control of dose, geometry, and
release profile
2. Fabrication of individualized oral films
based on prescription data
3. Rapid prototyping of personalized dosage
forms
Studies have demonstrated that 3D printing can
produce accurate and reproducible oral films with
tailored drug release characteristics, making it ideal
for personalized medicine applications [39,49]
In addition, point-of-care manufacturing using 3D
printing allows real-time drug customization in
hospitals and pharmacies, reducing reliance on mass
production [49].

IX. Evaluation & Characterization of
Advanced Fast Dissolving Oral Films
(FDOFjs)

The evaluation of FDOFs is essential to ensure
mechanical integrity, uniform drug distribution, rapid
disintegration, and consistent  therapeutic
performance. Since these systems are thin polymeric
matrices, both physical and biopharmaceutical
properties must be carefully assessed [37].

* Mechanical properties (tensile strength, folding
endurance)

Mechanical properties determine the handling ability
and durability of oral films during packaging and
administration.

Tensile strength reflects the maximum stress a film
can withstand before breaking and is influenced by
polymer type and plasticizer concentration.

Folding endurance measures the number of times a
film can be folded at the same point before it breaks,
indicating flexibility [37,45].

Studies show that an optimal balance between
polymer rigidity and plasticizer content is required to
achieve mechanically stable yet flexible films [45].

* Disintegration time

Disintegration time is a critical performance
parameter for FDOFs, as it directly influences onset
of action.Ideal films should disintegrate within
seconds to less than one minute in saliva. This
property is affected by polymer hydrophilicity, film
thickness, and presence of superdisintegrants
[37].Rapid disintegration ensures fast drug release
and improved patient compliance, especially in
pediatric and geriatric populations [43].

* Drug content uniformity

Drug content uniformity ensures dose accuracy in
each film unit, which is essential for therapeutic
safety and efficacy.Non-uniform drug distribution
can occur due to improper mixing during
formulation. Therefore, homogeneous dispersion of
drug within polymer matrix is critical
[45].Pharmacopoeial standards typically require each
film to contain 90-110% of labeled drug content
[43]

¢ In vitro dissolution studies
In vitro dissolution testing evaluates the rate and
extent of drug release from FDOFs under simulated
physiological conditions.
These studies help predict in vivo performance and
bioavailability. Factors influencing dissolution
include:

e Polymer type

e  Film thickness

e Drug solubility
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e Presence of nanocarriers or surfactants
[37,50]
FDOFs generally exhibit rapid and complete drug
release compared to conventional solid dosage
forms [50].
* Permeation studies (Franz diffusion cell)
Permeation studies using Franz diffusion cells are
used to evaluate drug transport across biological
membranes, such as buccal or sublingual mucosa.
This method helps determine:
e  Flux of drug across membrane
e Permeability coefficient
e Effect of permeation enhancers or
nanocarriers [50,51]
These studies are crucial for predicting systemic
absorption from oral films, especially for drugs
with low bioavailability [51].

* Stability studies
Stability testing ensures that FDOFs maintain their
physical, chemical, and microbiological integrity
over time.
According to ICH guidelines, films are evaluated
under different conditions of temperature and
humidity to assess:

e  Drug degradation

e Changes in mechanical strength

e  Moisture uptake

e Disintegration performance [43,51]
Stability studies are essential for determining shelf
life and packaging requirements.

X.  Regulatory and Quality Considerations

for Advanced FDOFs
Fast dissolving oral films (FDOFs), particularly
nano-enabled systems, fall under complex drug
delivery platforms, combining polymer science,
nanotechnology, and pharmaceutical manufacturing.
As aresult, regulatory expectations focus strongly on
quality, safety, performance reproducibility, and
scalability [37].

* FDA/EMA guidelines
Regulatory agencies such as the US Food and Drug
Administration (FDA) and the European Medicines
Agency (EMA) classify oral films as orally
disintegrating / transmucosal dosage forms, and they
are generally regulated under solid oral dosage form
frameworks with additional performance
requirements [37,45].
Key regulatory expectations include:

e  Content uniformity and dose accuracy

e Disintegration time consistency

e Dissolution profile similarity (in vitro
performance)
e  Stability under ICH conditions
o Safety of excipients (especially novel
polymers and nanomaterials) [45]
For nano-enabled formulations, agencies
increasingly emphasize nanomaterial
characterization, including particle size distribution,
surface charge, and aggregation behavior [52].

* Challenges for nano-enabled films

FDOFs enabled by nanotechnology introduce
additional regulatory complexity due to the presence
of nanomaterials (ENMs). Major challenges include:
Lack of harmonized global regulatory definitions for
nanomaterials; Difficulties in assessing nanoparticle
toxicity; and Complex interactions between
nanomaterials and polymer film matrices; vs. in vivo
behavior; and the agglomeration and
physicochemical changes of nanomaterials during
processing and storage; and the agglomeration and
physicochemical changes can affect safety and
efficacy [53]. Regulatory authorities require
extensive nanospecific characteristics and risk
assessments, including studies on biocompatibility
and biodistribution [52].

* Scale-up and reproducibility issues
Scaling up FDOFs from laboratory to industrial
production remains a major challenge, especially for
nano-integrated systems.
Key issues include:
1. Process variability
Laboratory methods like solvent casting or
electrospinning often show batch-to-batch variability
during industrial scale-up [45].
2. Nanocarrier stability
Nanoparticles may lose their size uniformity and
dispersion stability during large-scale mixing and
drying processes [53].
3. Film uniformity
Ensuring uniformity in: Thickness Drug dispersion
Mechanical durability throughout extensive batches
poses significant technical difficulties [45,53].
4. Regulatory reproducibility requirement
Regulatory agencies require Good Manufacturing
Practice (GMP) compliance, ensuring that every
batch demonstrates:

e Identical dissolution profile

e Consistent drug content

e  Stable physicochemical properties [37]

e Advanced manufacturing approaches such

as hot-melt extrusion and 3D printing are
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being explored to improve scalability and
reproducibility [49].

XI.  Conclusion
Fast Dissolving Oral Films (FDOFs) offer

an innovative approach for antihypertensive drug
delivery by improving patient compliance, enhancing
bioavailability, and enabling rapid drug release. The
integration of nanotechnology and personalized
medicine strategies further enhances therapeutic
effectiveness through improved drug delivery and
individualized dosing. Despite challenges related to
scale-up and regulatory approval, advanced FDOFs
hold significant potential as next-generation systems

for

effective

and patient-centric hypertension

management.
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