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Abstract: Film-forming gels (FFGs) are increasingly recognized as a medium for topical drug delivery. However, existing evidence
correlating specific formulation characteristics with drug delivery efficacy remains fragmented across many studies and is only
partially organized. This systematic review aimed to consolidate these findings into a single framework and examine how important
formulation variables affect three main outcome domains: film characteristics, drug release behavior, and skin permeation.
A systematic search of PubMed and Scopus was conducted until October 2025, adhering to the PRISMA criteria. Studies were
included if they examined topical FFG formulations and reported at least one of the predetermined outcomes. A total of 27 studies
fulfilled the inclusion criteria, with solvent evaporation identified as the predominant method for FFG preparation. Across this body of
research, the selection and relative ratio of polymers and plasticizers have consistently emerged as critical determinants influencing
drying time (<15 min), mechanical strength, flexibility, and bioadhesive properties of the film on the skin. Most formulations released
the drug slowly over approximately 8—48 hours. In studies that measured permeation, FFGs usually exhibited a higher flux and/or
better drug retention in the skin than regular topical formulations. The film’s ability to block the skin and the use of penetration
enhancers in the matrix are thought to cause these effects. In summary, these results show that FFGs are a flexible and customizable
formulation platform, where the film’s characteristics, release rate, and skin penetration are all strongly linked to the composition’s
design. To obtain this technology with clearer therapeutic benefits, we need to employ Quality by Design principles more widely and
have more consistent evaluation methodologies across studies.
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Introduction

In recent decades, topical and transdermal medication delivery has evolved from conventional dose forms to more
sophisticated platforms designed for both local and systemic treatments, reflecting an enhanced understanding of
percutaneous absorption and modern dermal product design.' These routes leverage the vast surface area of the skin
to avoid first-pass metabolism and gastrointestinal side effects, offering a viable option for long-term therapy of chronic

disorders.> > Nevertheless, commonly utilized formulations such as patches, creams, and gels possess inherent
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limitations; their clinical efficacy may be hindered by skin irritation, residual drug accumulation on the surface, physical
instability, including recrystallization during storage and scale-up, and a relatively short duration of adherence to the
skin.® Furthermore, the stratum corneum serves as a significant barrier that inherently limits passive diffusion, particu-
larly for compounds whose lipophilicity, molecular size, and ionization state fall outside acceptable ranges. This
difficulty is particularly evident in lipophilic medicines and poorly water-soluble natural compounds, which often
provide a low concentration gradient that serves as the driving force for penetration.” '® An established example is a-
mangostin, which typically requires solubility-enhancing techniques, such as amorphous solid dispersions (ASDs),
nanocrystals, or hydrogel matrices, to augment solubility, maintain a supersaturated state, and consequently enhance
the diffusion driving force across the skin.'' !¢

Traditional semi-solid formulations have recognized limitations, leading to the development of film-forming gels
(FFGs) as hybrid delivery systems that maintain the ease of application characteristics of creams or gels while offering
prolonged on-skin retention typical of solid dosage forms.>'” Within the extensive category of film-forming systems,
FFGs are distinguished by their initial application as a liquid or gel, which subsequently transforms in situ into
a continuous film when the volatile solvent is evaporated. The drying phase results in a thin, often translucent film
that adheres tightly to the skin, functioning as a localized drug reservoir that facilitates controlled release of the active
ingredient over time.'®?° Experimental research involving various active compounds substantiates this notion: polymer-
based ketoprofen and acyclovir FFGs have demonstrated the ability to create films exhibiting adequate tensile strength
and elasticity, while enhancing cutaneous drug accumulation and optimizing pharmacodynamic responses in animal
models relative to conventional bases.?’** An identical platform has been modified for additional applications, including
chlorhexidine sprays that create uniform, aesthetically pleasing films and formulations based on natural polymers such as
nitrocellulose, sericin, and bee-derived substances that can safeguard wounds, enhance tissue regeneration, and inhibit
the proliferation of acne-associated bacteria.”> >® These observations collectively reflect recent reviews on film-forming
systems, highlighting their potential as topical delivery platforms that can provide sustained topical delivery while
maintaining favorable aesthetic acceptability by adjusting the composition of polymers, plasticizers, and solvents to
regulate the formation of an on-skin reservoir and influence the subsequent drug-release profile.'®*7-8
The mechanism by which FFGs work becomes easier to appreciate when set alongside conventional creams or gels

and classical transdermal patches, as conceptually depicted in Figure 1. In conventional semi-solid formulations, the
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Figure | Schematic Comparison of Conventional Topical Dosage Forms (Creams and Patches) versus The Film Forming Gel Mechanism (Created in BioRender. Sriwidodo, (S) (2026)
https://BioRender.com/9jws8sg).
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applied cream or gel creates a dense heterogencous layer on the skin. The properties of the vehicle, the solubility of the
active ingredient in the continuous phase, and the ability of the active ingredient to partition into the stratum corneum are
the main factors that affect drug release. This layer can be removed by sweating and bathing, which means it will not last
long on the skin and needs to be reapplied often.”’*° Transdermal patches have numerous layers. The backing is
occlusive, the drug-containing reservoirs or adhesive matrices are in the middle, and the adhesive layers touch the skin
directly. These designs make it easier to manage the release and hydration of the stratum corneum, but they are rather
inflexible, have a specific application area, give a set dose per patch, and may be uncomfortable or unpleasant because of
the backing.>' > FFGs depend on an alternative form of dermal metamorphosis. The formulation is initially applied as
a gel or viscous solution in a thin layer. The polymer concentration rises as the volatile solvent evaporates, which makes
the chains rearrange into a thin, continuous coating that sticks closely to the skin’s microrelief.'®?” At this stage, the
medicine that was first dissolved in the liquid phase is now concentrated in the residual polymer layer. The concentrations
at the skin contact could be close to or even higher than the medicine’s thermodynamic solubility. This temporary
supersaturation increases the thermodynamic driving force for diffusion and makes the concentration gradient stronger.
At the same time, the semi-occlusive nature of the film reduces transepidermal water loss, improves stratum corneum
hydration, and together they make penetration easier.'®?’ Comparative studies indicate that film-forming techniques
exhibit superior resistance to water and mechanical abrasion compared to creams or gels. This means that the applied
dose stays on the skin for longer, which allows for longer dosing intervals because the dose is released from the
established on-skin reservoir.>**> The film is formed directly on the skin and conforms to its contours, allowing FFGs to
be applied over extensive or irregular surfaces, resulting in an exceedingly thin layer that is frequently imperceptible to
the naked eye. In reality, they function as “patch-no-patch” systems, integrating the retention and release mechanisms
characteristic of patches with the adaptable coverage and aesthetic appeal of semi-solids, including sprayable formats that
ensure uniform dose distribution.®*° From a formulation perspective, film-forming devices serve as a connection between
conventional semi-solid formulations and standard patches. Depending on the parameters of the reservoir, polymer
backbone, and therapeutic target, their formulation can be changed to focus on surface or upper-epidermal effects or to
make transdermal absorption into the systemic circulation more effective.>>” This conceptual framework is illustrated in
Figure 1, which shows the formation of a supersaturated film and a drug reservoir within the stratum corneum while
contrasting drug delivery characteristics for creams/gels, patches, and FEGs.*?7-37

Current knowledge regarding film-forming gels is fragmented, comprising individual experimental reports and
narrative summaries that primarily address polymer types and therapeutic applications, yet fail to systematically correlate
specific formulation choices with quantifiable performance outcomes.>®® A critical appraisal of the available literature
also reveals substantial methodological heterogeneity across primary studies, including differences in in vitro and ex vivo
models, evaluation methods, and reported endpoints for drying behavior, mechanical performance, release, and skin
permeation.®*>>7 As a result, it remains difficult to compare studies directly or to define consistent structure—perfor-
mance relationships for FFGs. In particular, there is still limited synthesis of how specific formulation variables, such as
polymer composition, plasticizer level, solvent system, and enhancer use, influence key outcome domains, including film
properties, drug-release behavior, and skin permeation. This lack of consolidated evidence hinders rational formulation
design and encourages continued trial-and-error excipient selection, particularly for products intended for prolonged skin
contact."®> Accordingly, the present systematic review was undertaken to collect, organize, and critically analyze the
available evidence on how the compositional elements of FFG formulations influence these three core outcome domains.
Unlike earlier descriptive summaries, this work provides a structured, evidence-based synthesis that clarifies the interplay
between formulation design and targeted performance, while also highlighting the relevance of Quality by Design (QbD)
principles for future FFG development.

Materials and Methods

Eligibility Criteria

We defined the inclusion criteria using the Population, Intervention, Comparator, Outcome (PICO) framework but
applied it in a way that could accommodate both experimental and clinical studies (Table 1). Eligible populations (P)
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Table | Eligibility Criteria for Study Selection

Parameter Inclusion Criteria Exclusion Criteria

Population/Model (P) In vitro and ex vivo models (eg, Franz diffusion cells, | Non-dermal applications, mucosal delivery routes (eg, buccal,
excised skin/synthetic membranes) and preclinical nasal, vaginal), studies focusing solely on systemic outcomes
in vivo animal models without local dermal metrics

Intervention (1) Topical or transdermal Film-Forming Gels (FFGs) Formulations lacking an in situ film-forming phase transition

(eg, conventional gels, creams, or patches)

Comparator (C) Conventional topical dosage forms or internal N/A (Single-arm formulation studies were eligible)

comparisons among varying FFG compositions

Outcomes (O) Primary: (i) Film properties, (ii) drug release kinetics, | Studies not reporting at least one of the primary functional
(iii) skin permeation outcomes of interest

Secondary: Safety profiles (toxicity or skin irritation)

were used to evaluate topical or transdermal drug delivery, encompassing in vitro and ex vivo systems (such as Franz
diffusion cells with synthetic membranes, excised animal skin, or human cadaver skin), preclinical in vivo animal studies,
and clinical trials involving healthy volunteers or patients. The intervention of interest was film-forming gels (FFGs)
designed for the dermal or transdermal delivery of an active pharmaceutical agent. Formulations specifically designed for
mucosal administration (eg, buccal, nasal, ocular, vaginal, or rectal) were excluded from the definitions of topical or
transdermal administration. For the comparator (C), we accepted both external and internal comparisons, which
encompassed conventional topical products (creams, ointments, transdermal patches, or non-film-forming gels) as well
as direct comparisons between various FFG formulations differing in polymer type, plasticizer content, or permeation
enhancer. Single-arm studies lacking a definitive external comparator were also admissible, contingent on the provision
of detailed formulation characteristics and performance metrics. Outcomes (O) were determined as three fundamental
domains indicative of drug delivery efficacy: (i) characteristics of the resultant film, (ii) drug release kinetics, and (iii)
assessment of skin penetration/permeation including steady-state transdermal flux. Additionally, safety parameters, such
as toxicity and skin irritation, were considered as secondary outcomes.

A study was deemed eligible if it examined an FFG as a medium for topical or transdermal drug delivery to the skin,
employed a suitable experimental framework (in vitro, preclinical in vivo in animals, ex vivo, or a clinical trial in
humans), and reported at least one of the following predetermined outcome domains: physical attributes of the formed
film, drug release dynamics, or metrics related to skin penetration or permeation. Records were excluded if they lacked
an assessed FFG formulation, did not report outcomes pertinent to film properties, drug release, skin permeation, or
publication type that did not present complete original data, including narrative reviews, editorials, letters to the editor, or
conference abstracts. No limitations were imposed on the indications, therapeutic domains, or active ingredients.

Information Sources and Search Strategy

We systematically searched PubMed and Scopus, covering all records indexed in each database from inception to
October 2025. To complement the electronic search, we examined the reference lists of all the included papers and
relevant review articles to identify additional studies that met our eligibility criteria. The search strategy combined
Medical Subject Headings (MeSH) with free-text terms related to film-forming gels and topical drug delivery, including
“film-forming gel”, “topical drug delivery”, “transdermal drug delivery”, “skin permeation”, and “drug release”, linked
with the appropriate Boolean operators. We did not restrict the search by publication year; only studies available as full-

text articles in English were considered.

Study Selection
At the initial stage of study selection, one reviewer (FF) screened the titles and abstracts of all retrieved records using the
Rayyan Web platform to support a structured and consistent screening workflow.*® Records judged to be irrelevant were
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excluded at this stage, whereas those considered potentially eligible were retained for full-text assessment. In the
subsequent stage, full-text versions of all potentially eligible articles were obtained and examined in detail against the
predefined inclusion and exclusion criteria by the same reviewer. Whenever uncertainties or borderline cases arose during
the full-text assessment, they were discussed among the review team until a shared judgement was reached. If consensus
could not be achieved, a third reviewer (AB or LC) made the final decision. Data extraction was performed by FF and
FSN, and any issues or inconsistencies identified at this point were jointly reviewed and resolved with M and NW. All of
the graphics and figures in this publication were developed by FA and conceptualized by FF to support the visual
presentation of the technique and data synthesis. The complete process of study discovery, screening, inclusion, and
exclusion is outlined in the PRISMA 2020 flow diagram (Figure 2) presented in the Results section.*’

Data Extraction Process
Data extraction was performed by FF and FSN, who worked independently and then cross-checked each other’s entries
using a piloted data extraction form to ensure consistency and reproducibility in data collection. Each eligible study
documented key bibliographic details (first author, year of publication, and country) along with formulation variables,
including the type and concentration of the film-forming polymer, plasticizer, permeation enhancer, solvent system, and
active ingredients.

Three main domains comprised the performance metrics: (i) Film Characteristics (such as drying time, tensile
strength, and flexibility); (ii) Release Dynamics (such as cumulative release and kinetic modeling); and (iii)

[ Identification of studies via databases and registers ]
c
2 Records identified from: Records removed before screening:
_§ Scopus (n = 48) »( e Duplicate records removed (n = 23)
= PubMed (n = 23)
&
K=/
—
Records excluded (n = 13)
Records screened Title/ Abstract > : gz\t/?::;zrzggt(er:e:g;m reported (n = 6)
(n = 48) o Dosage form is not FFG (n = 2)
e Study RCT (n=1)
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c .
3 Reports sought for retrieval -~ Reports not retrieved
] (n = 35) > No full text (n=2)
@ e Non-English language (n=1)
\4
- Reports excluded:
5165%28) assessed for eligibility ——| e Outcome of interest not reported (n=3)
e Outcome systemic (n=2)
\ 4
b
E Studies included in review
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Figure 2 PRISMA Flow Diagram of Study Selection.
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Permeation Parameters (such as steady-state flux, lag time, and skin deposition). Additionally, to supplement the
formulation features, secondary safety data about toxicity and skin irritation were extracted where reported. In cases
where numerical data were only presented graphically, values were estimated using digital image analysis tools.
Discrepancies between the two extractors were addressed through discussion and, when necessary, consultation with
senior team members (M and NW).

Results

Study Selection

The study selection process is summarized in the PRISMA flowchart (Figure 2). The database search yielded 71 records:
48 from Scopus and 23 from PubMed. After removing 23 duplicates, 48 unique records were screened for titles and
abstracts. At this stage, 13 records were excluded, most often because they did not report the outcomes of interest, were
review articles, did not involve a film-forming gel dosage form, or were randomized controlled trials that did not meet the
predefined eligibility criteria. Full-text articles were obtained from 35 records. Three articles could not be retrieved: two
lacked full-text access and one was not in English. The remaining 32 full-text articles were examined in detail. Five were
eliminated at this point, either because their main focus was on systemic rather than local delivery (n = 2) or because they
did not publish results pertinent to topical performance or skin penetration (n = 3). Ultimately, the final systematic review
included 27 studies that met the inclusion criteria.

Characteristics of Included Studies

A review of the 27 eligible studies, summarized in Table 2, showed that research on Film-Forming Gels (FFGs) is still
concentrated in the preclinical domain, with many investigations combining in vitro characterization with animal or ex
vivo models (n = 12). Rodent skin and synthetic membranes were the predominant tools used for permeation testing (21
studies), whereas human models, ex vivo or in vivo, were used in only six formulations. Evidence from true clinical
settings is therefore sparse; only one report provided patient-level data describing FFG applied as an adjunct to laser
therapy in vitiligo.*! Other human studies have generally been confined to early irritation or tolerability assessments.**
From a manufacturing perspective, solvent evaporation was the main fabrication route and was adopted in 23 of the 27
studies, with in situ sol-gel systems described only for tramadol, a combined 5-FU/ibuprofen product, and cubebin
formulation.**** Single wound-dressing FFG containing CHE was produced by solvent casting.*

The therapeutic spectrum represented in these studies is dominated by pain management, particularly formulations
containing analgesics or NSAIDs, followed by products for superficial infections (antifungal or antiviral agents), with
a smaller number addressing other dermatological conditions. Interest in phytopharmaceutical FFGs appears to be
growing, with examples based on alpha-mangostin, sericin, and various essential oils, although in vivo confirmation of
these natural activities remains less developed than that of synthetic drugs. Where in vivo endpoints were reported, FFGs
generally outperformed their reference formulations, including longer anesthetic duration with ropivacaine FFGs*’ and
greater reductions in fungal infection scores for terbinafine and tavaborole-based systems.’”>® Regarding secondary
safety outcomes, a specific subset of the included literature incorporated local biocompatibility evaluations. Three of
these studies used in vitro toxicity tests using pertinent cell lines, whereas nine used in vivo primary cutaneous irritation
models (such as the Draize test on animal models). Overall, the safety results across these studies were very positive.
Excellent biocompatibility was repeatedly shown by formulations that were applied continuously over lengthy periods of
time, with minimal to no erythema and edema. These combined results verify that FFGs’ improved penetration and
extended skin retention do not impair epidermal biocompatibility or cause toxicity that is clinically meaningful.

Formulations Composition

As crudely illustrated in Figure 3, the research reveals that the majority of FFGs have a structural logic based on three
fundamental components: a film-forming polymer network, one or more plasticizers, and at least one permeation
enhancer. Table 2 provides unique formulation variables for each of the included studies. The film matrix is drawn
from a broad palette of materials that can be divided into three groups. The first group includes natural polymers such
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Table 2 Characteristics of Included Studies on Topical Film-Forming Gels

Study Design Model Design Drug Used | Activity FFG Method Results Ref
In vitro; ex vivo; Synthetic; Animal Ropivacaine | Local anaesthetic Solvent ® FFG Ropivacaine > marketed > placebo (6.5 s/ 4 h; p<0.05); [47]
in vivo evaporation ® Effect lasts < 7 hours
Animal; Human Tramadol HCI | Analgesic In situ sol-gel ® FFG vs Control showed a significant analgesic effect (p<0.05) up to 90 min [43]
® Non-irritant (Score 0.000)
Synthetic; Animal; Clotrimazole | Antifungal Solvent ® Drying time 4.19-13.73 min; [42]
Human evaporation ® Skin simulation maintained 210 pg/mL
Synthetic; Animal Domperidon | Antiemetic Solvent No irritation/ erythema at 24 & 48 h [48]
evaporation
Synthetic; Animal MTX | Rheumatoid arthritis Solvent No erythema at 24 h [49]
evaporation
In vitro; in vivo Synthetic; Human 5-FU; IBU | Antimetabolite; NSAID In situ sol-gel No irritation after 120 h (TMIS < 0.5) [44]
Animal Ketoprofen | NSAID Solvent ® S| CbFG-OA 0.5% (76%) vs Marketed (26%) p<0.05; [21]
evaporation ® WB CbFG-OA 0.5% (44%) vs Marketed (38%)
Animal Terbinafine | Antifungal Solvent DAS5505 |culture-positive feet & infection score vs Marketed (p<0.001) [50]
evaporation
Synthetic; Animal; Tranexamic acid | Antifibrinolitic Solvent ® Drying 8-12 min; [51]
Human evaporation ® No erythema until 72 h (Draize=0).
Animal MCCA | Analgesic and antiinflammation Solvent Pain inhibition FFG (54.37%) vs marketed (48.2%) [52]
evaporation
Synthetic; Animal Tavaborole | Antifungal Solvent ® Antifungal Efficacy FFG (95.83%) > Drug suspension (87.62%) > Marketed gel (76.79%) > | [53]
evaporation Control (8.37%)
® Non-irritant (Score 0.000)
Animal; Human Acyclovir | Antiviral Solvent Macroscopic - No erythema, not irritating [54]
evaporation
(Continued)
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Table 2 (Continued).

evaporation

Safe and well-tolerated

Study Design Model Design Drug Used | Activity FFG Method Results Ref
In vitro; ex vivo Animal Aceclofenac | NSAID Solvent NR [47]
evaporation
Synthetic; Animal 5-Fluorouracil | Antimetabolit Solvent NR [55]
evaporation
Synthetic; Animal Curcumin | Antiiflammation Solvent NR [56]
evaporation
Synthetic; Animal Curcumin; Terbinafine | Antiiflammation; Solvent NR [57]
Antifungal evaporation
Synthetic; Animal Curcumin | Antiiflammation Solvent NR [58]
evaporation
In vitro Animal a-Mangostin | Antibacterial, Antiinflammatory, Solvent NR [59]
Antioxidant evaporation
Synthetic Aceclofenac | NSAID Solvent NR [60]
evaporation
Animal Acyclovir | Antiviral Solvent NR [22]
evaporation
Synthetic Cinnamon leaf essential oil | Antibacterial Solvent NR [25]
evaporation
Animal Royal jelly; Honey water | Antioxidant Solvent NR [é1]
evaporation
Animal Sericin | Wound healing Solvent Non-cytotoxic; cell viability >80% [24]
evaporation
Synthetic CHE | Wound healing Solvent casting Non-cytotoxic [46]
Synthetic Cubebin | Antioxidant In situ sol-gel Low Cytotoxicity [45]
Ex vivo; in vivo Animal Etoricoxib | NSAID Solvent ® Edema inhibition at 0.5 at 8 hours oral (10.89/ 96,72%) vs FFG (4.00/ 82.88%) [62]
evaporation ® Highly tolerable (Score = 0.555)
In vitro; Clinical Synthetic; Human 5-Fluorouracil | Antimetabolit Solvent ® 5-FU FFG + CO, laser — TRepigmentation (Excellent 40% vs 0% Control) [41]

Notes: 1: increase; |: decrease; —: leads to.
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Figure 3 Schematic Overview of Film Forming Gel Formulation Components and Outcomes Performance. (Created in BioRender. Sriwidodo, (S) (2026) https://BioRender.
com/j8pzf02).

xanthan gum, zein, chitosan, and sericin. The second category comprises semisynthetic cellulose derivatives, most
frequently HPMC, HPC, sodium CMC, and HEC. The third group includes fully synthetic polymers, such as PVA, PVP
K30, various grades of Eudragit®, Carbopol, and several organic—inorganic hybrids based on GPTMS or TEOS. Rather
than relying on a single polymer, many formulations use composite matrices that intentionally combine two polymer
types (eg, natural with synthetic or semisynthetic with synthetic) to balance the film strength, flexibility, swelling
behavior, and surface characteristics.

The plasticizer part is the main way to change how the material works. This research utilized low-molecular-weight
PEGs (400/600) and polyols such as glycerol and propylene glycol. Some examples of these systems are triethyl citrate,
xylitol, and sorbitol. Chemical enhancers are often used to change how much of a chemical the skin takes in. N-methyl-
2-pyrrolidone, a polar aprotic co-solvent, non-ionic surfactants such as Tween 80 or Cremophor RH40, and fatty acids
such as oleic acid are among the examples. In order to facilitate the solvent’s rapid evaporation following application, the
vehicle phase is typically a hydroalcoholic mixture, such as ethanol and water. However, only aqueous or single organic
vehicles are used when solubility limits are required. In combination, these formulation choices and their interactions
underpin the behavior of FFGs in three critical performance domains: the physical properties of the resulting film, the
pattern of drug release, and the extent and profile of skin permeation, as shown in the conceptual framework in Figure 3.

Film Properties Outcomes

For all of the formulations that were looked at, the resulting films were most often described as transparent and visually
consistent, with their pH adjusted to a level that is appropriate for long-term skin contact (around 4.0-8.0). Antifungal
medications are a distinct category, as they are often formulated for a more acidic environment, around pH 4—6, which
aligns with cutaneous physiology and antifungal efficacy.’®* The drying time is one useful characteristic that exhibits
significant variance. While water-rich systems or those with high concentrations of polymers like chitosan typically take

30 to 60 minutes to generate a dry film, formulations based on volatile solvents can do so in around 1 to 2 minutes.>’~’
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Viscosity measurements show good agreement with reported spreadability, indicating that most systems continue to be
simple to use and adhere to the skin’s surface satisfactorily.®*

The excipients employed to change the matrix have a big effect on how these films react to mechanical stress. When
polyol plasticizers are added, the hardness and tensile strength, which are usually between 0.2 and 0.7 MPa, tend to go
down, but the elongation at break often goes up to 200%"***® When you mix these two things together, the films
become less brittle and can move with the skin without breaking. Complementary solid-state work using XRD and DSC
frequently shows a reduction or disappearance of sharp crystalline peaks and the appearance of amorphous patterns for

the drug, which is consistent with the active presence of stable molecular dispersion within the polymer network.*'*

Drug Release Outcomes
The in vitro release data indicate widespread behavior across the different FFG formulations. Only a portion of the 27
studies provided numerical release profiles, most of them over test periods of 8-24 hours, with a few extending the
measurements to 48 hours. 5" Drug release is usually described as a cumulative percentage, though a small number of
authors went further to fit the data to kinetic models such as zero- or first-order equations.**~>

The proportion of drug release ranged from modest to nearly complete, depending on the system design. At the lower end
of the spectrum, a clotrimazole FFG built on a CP-PU-TC matrix released approximately 22.94% of its load over 24 hours,
with a profile comparable to that of a marketed cream.** Conversely, several other formulations delivered a much higher
cumulative release (>90%), including specific FFGs designed for tranexamic acid, tavaborole, and cubebin.’'® These
variations highlight that drug release is highly tunable. For instance, increasing the sericin content or tuning the chitosan—
lactic acid ratio was directly associated with higher amounts of drug liberated during testing.”**’ Burst-then-sustained
patterns were also frequently observed, allowing an initial loading dose followed by prolonged delivery.*®

Skin Permeation Outcomes
Out of the 27 papers included, 14 provided quantitative data on ex vivo skin permeability. Table 3 shows all of the
quantitative permeation outcomes, such as steady-state transdermal flux (Jss), cumulative amount penetrated (eg, Q24),
and skin retention. This makes it easy to compare them. When you look at these datasets next to each other, FFGs always
work better than regular topical products (such creams or gels that are sold on the market) in terms of flux and overall
delivery through the skin. For example, specific formulations of ketoprofen,?' terbinafine,’® and acyclovir*® demonstrated
substantial multi-fold increases in permeability and steady-state flux relative to their commercial counterparts (Table 3).
The design of the formulation has a big effect on how well the medicine is absorbed and kept in the skin. For
example, a clotrimazole FFG showed better flux and better drug retention in the skin than the reference cream.** Altering

the polymer network, such as utilizing thiolated polymers,*’ or employing distinct enhancer combinations*®®?

provides
an additional level of control over the transport behavior. Table 4 gives a full summary of how these different formulation

variables affect the characteristics of films, drug release, and skin permeation.

Discussion

Overview of Research Landscape
According to the body of evidence, film-forming gel (FFG) technology is presently in the process of transitioning from
preclinical validation to clinical application. Most research still only use in vitro, ex vivo, and animal models, and human
trials are mostly limited to small case series or initial irritation assessments.*!*>4° Stringent bioequivalence require-
ments, high trial costs, and a lack of reliable pharmacokinetic surrogates are the driving forces behind the delayed clinical
translation that is typical of complex topical formulations.®*®” In addition, the stratum corneum’s natural biological
characteristics, like variances in hydration, age, and disease condition, make it hard to apply in vitro results to a wide
range of patient groups.®®"!

Table 2 shows a clear maturity gap between FFGs made using synthetic medications and those made with natural
products when looked at from a therapeutic point of view. Synthetics, such as analgesics and anti-infectives, typically
have significant in vivo efficacy, often surpassing traditional gels or creams.*’*° On the other hand, phytopharmaceutical
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Table 3 Formulation Components and Performance Outcomes of Film-Forming Gels (FFG)

Drug Comparator FFG Composition (Polymer; Outcomes Reff
Plasticizer; Enhancer; Sol )
Film Properties Drug Release Skin Penetration/Permeation
5-FU Control ® HPMC; Zein; e pH 5.02-5.34; o tHPMC — 1Release; NR [41]
® pG; ® Drying 4.1-8.5 min; o 1Zein — |Release;
® NR; ® Drug content 97.4-99.3%; ® Optimal 85.1% at 12 h (HPMC 4%,
®  Ethanol; Water @ DSC: endotermic peak 283°C Zein 1%)
Control; Marketed: FU Cream ® Chitosan; ®  Drying 10-15 min; ® Release FFG9 (2.5:1) 83%; FFG9 (81.45%) vs marketed (48.99%) — ~1.66% higher [55]
® pG; (] pH 6.20-6.70; ®  Kinetics: first-order (R2 =0.996);
®  Oleic acid; Tween-80; ® Viscosity 0.95-0.99 Pa.s ® Enhancer vs %release — p>0.05
®  Ethanol; Water
Control ® PVA-GPTMS-PVP; ® tGPTMS — 1Tensile stress, |Elongation TGPTMS (10-34%) — fRelease NR [44]
®  Glycerol; ® TtMechanical strength — 7Adhesion
® N\R;
® Water
a-Mangostin Control ® PVA; Eudragit NE 30D; Kollidon | ® Drying 30 min; NR ®  Bifasic; plateau <30 min—480 min; [59]
90F; Carbopol 934; ® Thickness 0.01 mm; ®  Epidermis: FFGI| 35-38% > FFG2 25-28%;
®  Sorbitol; ® FElongation 211%; ® tAmorph AM — 1Difusi
® NR; ®  Tensile 1.33 MPa
®  FEthanol; Water
Aceclofenac Control ® HPMC; Chitosan; ® 1HPMC — 1Drying, |Spreadability NR NR [63]
® PEG-400; ®  Spreadability 5.47-25.81 g-<m/s;
®  Tween 80; L J Drying 7.27—12.52 min;
®  Ethanol
Control ® HPMC; Eudragit RL100; ® 1tPolimer— 1Viscosity, 1Drying, tFilm | NR ® 1tPolimer — |Permeation (sustained); [60]
® PEG-400; thickness and weight, |Spreadability; ® F| release 97.54% at |2h; permeation 80% at 2h
® Tween 80; (] pH 5.4-6.3;
®  Ethanol ® 1Drug content 99.83%
Acyclovir Marketed: Acyclovir cream ®  Chitosan; PVP K30; ®  Film time 5 min; NR Flux FFG ACV (50.2) vs Marketed (8.70) uglcmz; 1PEG — [22]
® PEG 600; ® |PEG600 — |Break elongation, 1Young’s TPermeability
® NR; modulus, |Flexibility;
®  Ethanol; Water ® | Crystalinity
Placebo; Marketed: Zovirax® ®  Polycarbophil; PVP; ®  Transparant and flexibility; NR Acyclovir FFG (11.9%) vs Zovirax® (0.5%) — 123.8% (p<0.05) [54]
[ ] Glycerin; PG; (] Drying 60 min;
® NR; ® Viscosity 156.6—175.6 Pas;
® Water ® pH67-7.0
CHE Control ® PVA; XG; AG; CMC-Na; 1Glycerol — |Hardness, |Tensile, | Young's ® +Xantan— tSwelling, TRelease; NR [46]
®  Glycerol, 1.3.-P; Xylitol; modulus, 1Elongation ® Burst 60.33% at |h — Sustained to
® NR; 88.00% at 8h
®  Ethanol; Water
(Continued)
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Table 3 (Continued).

Drug Comparator FFG Composition (Polymer; Outcomes Reff
Plasticizer; Enhancer; Solvent)
Film Properties Drug Release Skin Penetration/Permeation
CLEO Control ® Nitrocellulose; ® F6 > F5 Tensile strength — 0.1948 > NR NR [25]
® Castor oil; 0.0728 MPa, pH — 4.45 > 4.28;
® NR; ® F5 > F6 Drying — 3.10 > 2.30 min
®  Ethanol; Ethyl acetate
Clotrimazole Clotrimazole | Control and e CP; PU; TG; ® Spreadability 35.71 gs; FFG CTZ (22.94%) vs Marketed ® Flux FFG vs Marketed (ug/cmzlh) 32.28 vs 6.44; e Tlag (h) 4.37 [42]
Marketed: Canesten® cream o NR; ® Bjoadhesion (8.9 g) — TC>CP>PU; (23.78%) at 24 h vs 2.09; @ Retention (ug/cm?) |11.22 vs 86.77
® Oleic Acid; 1CP— tWOS, |Spreadability
® Water
Cubebin Control ®  Tri-ureasil; ® tHCI/Si— |Film forming time; ® 1Cubebin— tRelease; NR [45]
® NR; ®  Wettability 81-88°— |Water uptake ® |>5>]10% — 90% at 24h
® NR;
®  Ethanol; Water
Curcumin Control ®  Zein, HPMC 4000; ® tHPMC — 1Viscosity; F5-N7 (FFH + CUR-GNPs) — >60% NR [56]
[ ] Glycerol; Oleic acid; ® Film forming time — OA > Glycerol at 12h; 85% at 24h
® NR; (p<0.05);
®  Ethanol; Water ®  Drying 4.5 min
Control ®  Zein; PVP; HPMC 4000; ® Drying < | min in skin; ®  Curcumin: DI (5.0 pg) > D2 (4.0 pg); NR [57]
®  Oleic acid; ® FTIR/PXRD (amorph) — DI >D2; | ® TBH: D4 (1767 pg) > D3
® \R; D4>D3 (134.5 yg) in 24h;
®  Ethanol; Water ® PVP (TBH) > Zein based (Cur)
Control ®  Zein; PVP; HPMC 4000; ® Drying FFN < D; 24h (ug) — FFN3 =30 » FFN2 = |3 > NR [58]
®  Oleic acid; ® SEM/PXRD: FFN3 uniform — highest 24h, FFNI =7 > FFN4 = 5
® N\R; no recrystallization
®  Ethanol; Water
Domperidon Control; Conventional gel (CG) ®  Chitosan; ® CG vs TG viscosity 0.441 vs 0.538 Pass; ® PS vs TS: 96.109% vs 76.396% at | ® PSvs TS: 24,67% vs 58,47% at 8h; [48]
® pG; ® Spreadability 17.904 vs 15.61 g/cm? 8h; ® CGvs TG: 19.70% vs 48.20% at 8h
® Tween 80; ® CG vs TG: 49.67% vs 36.079% at
® Fthanol; Water 8h
Etoricoxib Control (-); Oral etoricoxib ®  Eudragit RL100; HPMC K 100M; ® tHPMC — 1{Viscosity; NR ® tPolimer — |Permeation; [62]
suspension ® pG; (] pH 6.81-8.18; ®  Q24: 4639 pg/cmZ
® NR; ® Drying 3.24-6.43 min;
®  Ethanol; Water (] Drug content 91.0-99.5%
Ketoprefen Marketed: Ketotop®/ Kenofen® ® Chitosan; ® 10OA — fTensile strength, 1Elongation; NR ® CbFG-OA (0.5) showed a flux of 308.6 ug/cm?/h vs Marketed [21]
® pG; ® Viscosity 5.0 PasS; 95.5 pug/em?h (p<0.05);
® Oleic acid; Tween 80; NMP; | ® Drying 10 min ® OA (0.5%) — tPermeation

Cremophor RH40;
Ethanol; Water
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Ethanol; Water

MCCA Control; Marketed: Diclofenac ® CMC-Na; PVP; The thick chocolate gel forms a homogeneous NR ® Enhancer — fPermeation (ug/cm?); [52]
diethylamine emulgel ®  Glycerol; film in 2.40 min ® Mint 2% — Q24 h 32.57 + 0.92;
®  Ming; NMP; ® Mint 1% + NMP 1% — Q24 h 31.12 £ 1.21;
®  Water
MTX Conventional FFG; Marketed gel ®  Chitosan; ® CL-FFG > TE-FFG: Spreadability, viscosity, | ® CL-FFG 97.90% (first order); ® TE-FFG vs CL-FFG — Permeation (ug/cmz) — 2,147.71 vs [49]
® pG; drug content ® TE-FFG 62.559% (zero order) — 1,280.49;
® NR; ® 959 g/cm2 vs 17.84 g/cmz; TE-FFG < CL-FFG (sustained) ® Flux (pg/cmzlh) — 186.97 vs 120.36
® |actic acid; Water ® 72858 vs 881.80; 80.38% vs 74.45%
Ropivacaine Placebo; Marketed lidocaine gel ® HPMC; HPC; ® 1Polymer — 1Viscosity, 1Drying time; ® tPolymer (reduced diffusion) — | ® |Polymer — 1Diffusion, tPermeation; [47]
®  Methyl Gluceth-10/-20; ® Transparant; Drying <| min |Release; ® Flux 211 pg/lem?h
® NR; ® >90% diffusion for low molecular
®  Ethanol weight polymers
Royal Jelly; Control ® PVA |17; CMC; HEG; 1R} — 1Viscosity, tMechanical strength NR NR [61]
Honey water ® PEG 400; (Young/ Adhesion), |Drying (glass slide)
® NR;
®  Water
Sericin Control; Dexamethasone ® PVA; Sericin; ®  Drying 3.54-4.54 min; ® 1Sericin— fRelease (ug/mL); NR [24]
®  Glycerol; ®  Spreadibility 1.48-2.39; ® F4 (800) > F5 (260) > F6 (140) at
® NR; ® H522-537; 24h (p<0.05)
®  Ethanol; Water ® 1Sericin— 7Swelling, |Spreadability
Tavaborole Control; Drug suspension; [ ] Eudragit L-100; HPC; (] pH 5.24-5.83; L] tPolimer— fRelease; NR [53]
Marketed gel ® TEG ®  Drying 1.40-2.40 min; ® FI-F9 — 91.10-98.76% / 24h
® NR; ® 1Polimer— 1Viscosity
®  Ethanol
Terbinafine Marketed: Terbinew® gel, Lamisil® | ® Chitosan; ® Forming a bioadhesive film; NR DAS5505 1100% vs cream, 30% vs gel, 4.5% vs solution (p<0.05). [50]
Cream, Lamisil Once® ® NR; ® pH 4.0£0.1;
® NR; ® Drug content 99.8+0.1%
®  Ethanol; Water
Tramadol Control ® PVA; TEOS; ® pH6.6-7.1; NR o 1PVA — |Permeability; [43]
HCI ®  Glycerine; ®  Drying < 2 min; ® tExcess TEOS — Compaction — |Permeability;
® NR; ®  Film thickness 0.458 mm; o Hybrid gel 92.36% vs PVA film 69.55%
®  Water (] Swelling index: 89.45;
® XRD: |PVA crystalinity — tAmorph
Tranexamic Control ® PVA; HPMC; Carbopol; NaCMC; ® F8< F7< F9 Drying — 830< [1.23< | ® TXA-FFG sustained release up to | NR [51]
acid ® pG; 12.14 min, 48 h;
® NR; ®  Spreadability — 24.2< 25< 25.43 mm ® >95% cumulative at 48 h
[ ]

Notes: 1: increase; |: decrease; —: leads to.
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Table 4 Summary of the Effects of Formulation Variables on Film Performance, Drug Release, and Skin Permeation

Formulation Factor

Category (Examples)

Effect on Film Properties

Effect on Drug Release

Effect on Permeation

Polymers

Semi-synthetic

(HPMC, HPC, NaCMC)

® tConc. — 1Viscosity and Drying time
® Forms clear, transparent films

1Conc. — Denser matrix — |Drug release rate

tConc. — |Diffusion and Transdermal flux

Synthetic
(PVA, PVP, Eudragit)

® Robust and water-resistant films
® Semi-occlusive effect

Stable and prolonged sustained release profiles

Stable occlusive effect supports sustained permeation

Natural
(Chitosan)

® Highly bioadhesive films
® Slower drying time (30—60 min)

Swelling-dependent release

® Mild permeation enhancer
® Quicker onset

Plasticizers

Polyols/Hydrophilic
(Glycerol, PG, PEG-400)

® 1Flexibility and Elongation at break
® |Brittleness

® Alters matrix pathways
® 7TRelease rate

Ensures continuous contact area for partitioning

(Ethanol, Water)

Leaves highly concentrated drug reservoir

Enhancers Lipid disruptors ® Modulate mechanical properties Minimal direct effect on matrix ® Disrupts stratum corneum lipids
(Oleic Acid, Tween 80, NMP) | ® tConc.— 1Tensile strength and Elongation ® tTransdermal flux
Solvents Volatile Rapid drying (I-2 min)

® Drugs supersaturated
1Skin permeation

Notes: 1: increase; |: decrease; —: leads to.
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FFGs are still mostly in the early stages of formulation. Well-known problems with herbal standardization, like batch-to-
batch variability, extraction inconsistencies, and active constituent instability, are making it harder for them to move
forward.”> "> Metabolomics and Quality by Design (QbD) are new methods that could help with these problems, but they
are not being used much in the production of herbal FFGs right now.

The predominance of solvent evaporation methods (Table 2) as a manufacturing approach suggests a preference for
scalable, regulator-friendly processes. This method makes films that are all the same and does not have the problems that
come with pH-triggered or high-surfactant in situ gelling systems.?”’® The safety profiles of the trials that were looked at
are very good. Excellent biocompatibility (>80% cell viability) is confirmed by in vitro assays.***>*¢ While in vivo
models report Draize irritation scores of zero or near-zero, even after 48 to 120 hours of continuous

43.44.48:49.62 Thig preclinical safety is particularly applicable to clinical environments, evidenced by the

application.
significant dermatological tolerance observed in patients administered a 5-FU FFG.*' These results show that FFGs
can improve transdermal distribution without using harsh chemicals that can hurt the skin.

Research in wound care indicates a gradual transition toward more advanced hybrid systems in the future. You can
get very precise adhesion and moisture control by combining solvent-based FFGs with hydrogel scaffolds or polymers
that respond to stimuli.”>**””-"® In the end, the research in Table 2 show a practical formulation technique based on safe,
well-known technologies. FFGs effectively address two fundamental issues associated with conventional topicals: the
brief duration of skin residence and the dose variability that results from rubbing off. This is accomplished by ensuring

that the medication is released gradually and has favorable safety profiles.

Film Properties Outcome

The parameters that directly influence clinical performance and user comfort, such as drying time, mechanical strength,
elasticity, spreadability, and bioadhesion, were the primary focus of the characterization of film properties in the included
studies. This is consistent with the critical quality attribute (CQA) framework for dermal film-forming systems, which
stipulates that films must form promptly, adhere effectively, and maintain flexibility during skin movement.>>>%’® These
formulation-dependent variables are systemically summarized in Table 4 to facilitate a more rapid comprehension of their
generalized trends.

The majority of FFGs in the dataset formed films in less than 15 minutes. Although a 5-10 minutes drying window is
generally regarded as a pragmatic goal for routine dermal applications, the acceptable limits are determined by specific
therapeutic requirements. For example, clinical studies on psoriasis mists indicate that patients are highly satisfied with
drying times of 1.5-5 minutes.”” In contrast, highly bioadhesive systems or wound-covering hydrogels, which are
frequently composed of natural polymers such as chitosan, necessitate extended drying times. This trade-off is
intentionally accepted in order to enhance local protection and barrier formation.

Film-forming polymers in this context are consistently identified as the primary determinants of film mechanics and
adhesion.'??**” Table 4 summarizes the fact that the viscosity, film thickness, and curing time are all predicted to
increase as the polymer concentration increases.*’='33:°2%% Nevertheless, the boundaries of this mechanical reinforce-
ment are frequently the subject of debate. Although some studies indicate that tensile strength increases linearly as
polymer loads increase, new evidence indicates a paradoxical effect: excessive polymer packaging can cause micro-phase
separation, which abruptly compromises both strength and flexibility, rather than reinforcing the matrix.

The structural stability and barrier function of polymer films are largely dictated by the organization and interaction of
polymer chains, as schematically depicted in Figure 4A.%' The reviewed literature (Table 4) groups these polymers into
three functional classes. Starch and chitosan are examples of natural polymers that exhibit extensive hydrogen bonding.
In the presence of water, these polymers create hydrophilic structures that stick to living things very well and can swell
up significantly.®*®** Contrastingly, synthetic polymers, including PLA and methacrylate derivatives, generate hydro-
phobic networks that are densely packed and produce films that are resistant to water. The ideal choice for prolonged
transdermal delivery is that they substantially reduce transepidermal water loss (TEWL).**%*#*° In an intermediate niche,
semi-synthetic polymers, including HPMC, are able to form flexible, semi-occlusive films that are readily adjustable due
to the expansion of free volume by substituent groups on the cellulose backbone.***” A number of formulations have
effectively implemented hybrid networks to counteract these inherent class limitations. Hydrophobic acrylates or proteins

Drug Design, Development and Therapy 2026:20 https: 15
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Figure 4 Impact of Polymer Class on (A) Film Formation and Structure, (B) Drug Release Mechanisms, and (C) Skin Permeation (Created in BioRender. Sriwidodo, (S)
(2026) https://BioRender.com/qpc8dvd).

(eg, PVA/Eudragit or HPMC/zein) are combined with hydrophilic cellulose derivatives to produce ultrathin, continuous
films that optimize the trade-off between structural integrity, swelling capacity, and elasticity.

Plasticizers, like polyols, PEG 400, and citrate esters, are the second main way to change how films behave. They are
in addition to the polymer backbone.*®*? At the right amounts, they lower the glass transition temperature (Tg) and make
the chains move more freely, which lowers tensile strength and raises elongation at break.>*® Quality by Design (QbD)
studies often advise against over-plasticization, which can make films stiffer and cause rapid surface crystallization,
which entirely ruins film homogeneity.® "'

Penetration enhancers and solvents have a big effect on the film’s physical mechanics because they are important
secondary modifiers. Oleic acid is a well-known molecule that helps other chemicals get through the skin by breaking
down lipids in the stratum corneum. But there are still conflicting results about how it affects film mechanics in
a secondary way. In some chitosan-based FFGs, oleic acid unexpectedly made both tensile strength and elongation go
up. This suggests that it worked together to strengthen hydrophobic domains.?' In contrast, new research on other
polysaccharide-based composite films shows the opposite: instead of strengthening the matrix, increased levels of oleic
acid created micropores and microcracks that weakened the film and made it less stretchy.”>”® These different results
support the idea that enhancers should be seen as important material properties that change both drug flux and film
mechanics, rather than just as things that make things more permeable.'®*

At the same time, choosing the right solvent gives you more control over how the material dries and how it responds
to stress (Table 4). When the ethanol fraction is large, hydroalcoholic formulations usually dry faster and make films that

are thinner and stiffer. Water-based or water-glycol systems, on the other hand, tend to take longer to dry but make films
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that are more flexible and have a higher elongation at break.”>® The ratio of volatile to non-volatile solvents is an
important quality parameter that connects the solution state to the qualities of the dried film, especially drying time, tack,
and mechanical resistance.”’

The formulations in Table 2 were specifically designed to have strong bioadhesion, with the purpose of keeping the
medicine at the application site for a longer time. When you mix carbopol or polycarbophil with PVP and polyols, you
usually get clear, flexible films that are quite thick, take a long time to cure, and stick well to wet surfaces.”**® These
traits make them good for wound dressings or mucosal applications, but not so good for normal skin use, when quick
drying and easy spreading are important. The film’s elastic modulus should be lower than that of the stratum corneum
from a mechanical design point of view. This will make sure that the film is flexible enough to stay on even after the skin
changes shape many times.>>~%"’

Most films were made with a pH range of about 4 to 7, which is in line with modern dermal guideline that says the
skin’s acidic mantle should stay between 4 and 6. This is important for safety and patient comfort.”” Recent studies
demonstrate that products in this pH range are better at maintaining the balance of the stratum corneum, the barrier, and
the microbiota, which is important for long-term use.’”'°* The PVA-TEOS and HPMC—zein systems made clear, uniform
films that did not show any signs of drug crystallization.*'** These qualities are in line with current advice that dermal
FFS should not separate into phases, not cause too much occlusion (maceration), and look good.®>"'°! Despite being
comforting, these short-term results do not provide conclusive proof of long-term tolerability because there is still a lack
of information on repeated, long-term administration on sick skin.

Collectively and as synthesized in Table 4, these studies indicate that the efficacy of FFGs is influenced by complex
interactions among the polymer backbone, plasticizer, enhancer, and solvent system, which are further adjusted by safety-
related factors, such as pH and physical stability. Despite this complex interplay, most studies still optimize only one or
two variables at a time and report mechanical properties using heterogeneous methods, which complicates cross-study
comparisons and limits quantitative modelling of composition—film property relationships and their connection to drug
release and permeation. Only a limited subset of formulations has begun to employ design of experiments (DoE)
strategies, such as factorial designs or response surface methodology, to simultancously investigate the effects of
polymers, plasticizers, and enhancer levels on tensile strength, elongation, drying time, and bioadhesion, in line with
quality-by-design (QbD) approaches already applied to film-forming sprays and mucoadhesive systems*®'**'%* Going
forward, more systematic use of DoE and more harmonized reporting of key parameters — for example, on-skin drying
time, tensile strength, Young’s modulus, and tack, consistently paired with release, permeation, and in vivo data — will be
essential to define a genuine “optimal window” of formulation. Overall, the most defensible conclusion from the current
evidence is not that one excipient class is uniformly superior, but that polymer architecture and plasticizer level are the
most reproducible drivers of film behavior, whereas the contributions of enhancers and solvents remain more context
dependent.

Drug-Release Outcomes

In the 27 trials described in Table 3, film-forming gels (FFGs) regularly moved traditional topical dose forms toward
drug-release profiles that lasted longer, usually between 8 and 48 hours. For small-molecule APIs (eg, NSAIDs,
antifungals, antivirals), cumulative release often surpassed 80% within 12-24 hours. On the other hand, formulations
made for wound care usually had a biphasic profile, with a strong initial burst followed by a longer maintenance phase
that lasted 8—24 hours.**® This burst-maintenance pattern is very helpful in wound care because the quick initial release
gives immediate local effect and the sustained phase keeps the wound bed moist and delivers a steady supply of
medicine.”*'**

A consistently replicable finding in the examined literature is the role of FFGs as “on-skin reservoirs”. After the
volatile solvent evaporates, the polymeric matrix that was produced takes over as the main way to control how drugs
move.'®**3> However, the quantity and therapeutic significance of this sustained release exhibited considerable variation
among formulations, suggesting that extended release is a customisable, formulation-dependent characteristic rather than
a universal indicator of FFG superiority. In this context, polymer composition is the main factor that affects release
kinetics. Table 4 shows that adding more hydrophilic polymers (like HPMC or PVA) makes the network thicker, lowers
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the diffusion coefficient, and slows down drug release. Figure 4B shows how this works in theory.”® Highly hydrophilic
biopolymers (like chitosan or alginate) release drugs by quickly hydrating, swelling up, and eroding the matrix, which
often leads to the burst-maintenance profile mentioned above.'”'°” On the other hand, synthetic hydrophobic matrices
(such PLA/PLGA and acrylates) make it very hard for water to get in, which leads to diffusion-controlled, near-zero-
order release patterns that are great for long-term delivery.'®® '

Combining hydrophilic and hydrophobic polymers is a popular way to change release, but the research shows that this
does not always work. Some investigations indicate that augmenting the hydrophobic fraction consistently retards
diffusion.*>>> On the other hand, several labs discovered that adding a second polymer phase actually generated new
watery micro-pathways, which sped up release even if the overall matrix was denser.** So, polymer concentration cannot
just be thought of as a way to make things thicker; its effects must be understood in the context of polymer chemistry, the
ability of water to bind to polymers, and the unique drug-polymer affinities. The drug’s physical condition and the
presence of certain excipients also affect how it is released. For highly lipophilic substances (eg, curcumin, essential
oils), formulations that effectively preserve the medication in an amorphous state, using solid dispersions or nanocarriers,
exhibit a steeper concentration gradient and enhanced diffusion efficiency.”®''""!'? But this benefit only works if you can
stop drugs from recrystallizing after they evaporate.

Plasticizers and solvents are important secondary modulators (Table 4). Plasticizers like glycerol or PEG make
diffusion easier by increasing free volume and chain mobility.''>!'* However, using too much of these can cause a bigger
initial burst because the matrix gets too soft and water is absorbed too quickly.*>** At the same time, hydroalcoholic
solvents usually speed up early release by causing rapid thermodynamic supersaturation during evaporation.”*''> But if
the volatile portion is too large, it could cause the API to precipitate on the skin too soon, which would stop
transdermal flow.

A significant differentiation underscored in recent research is the recurrent disjunction of in vitro release from in vivo
or ex vivo transdermal distribution, especially with nanocarrier-integrated FFGs. Transethosomes or nanogels in systems
often show slower in vitro donor-phase release than regular gels, but they have much higher transdermal flux and deep
skin deposition.*®**'® This supports a basic idea: for successful skin penetration, the donor matrix does not need to
release quickly. The therapeutic efficacy is determined by the integrated profile of release, partitioning into the stratum
corneum, and subsequent tissue permeation.*®!!?

More and more research are employing Quality by Design (QbD) and Design of Experiments (DoE) frameworks to
look at medication release because they know how complicated it is. Using factorial and response surface designs,
researchers have been able to figure out how polymers, plasticizers, and solvents affect the release kinetics of different
APIs, from antifungals to local anesthetics.**7>:%*?119% These methods make sure that formulation variables are set in
a clear design space, such that the release profiles match the Target Product Profile (QTPP), whether the purpose is to
quickly relieve pain or care for a persistent wound.>>''”""'? This is still a new strategy, not a common one, because only
a small number of the FFG studies that were included used formal DoE procedures to improve release.

Critically, the synthesis of these 27 studies indicates that FFGs offer high flexibility in generating diverse release
patterns. However, the design of in vitro release testing (IVRT) remains highly heterogeneous. Variations in membrane
selection, receptor media, and sampling schedules severely complicate cross-study comparisons and quantitative
modeling.?®?3° Therefore, the current literature more strongly supports the broad conclusion that FFG release can be
modulated by formulation design, rather than providing a precise quantitative benchmark for an “optimal” release profile.
Ultimately, the key challenge is no longer simply to “obtain prolonged release”, but to connect a target release pattern
with a specific clinical context.”®>33*!"® Harmonizing IVRT methodologies and integrating kinetic modeling will be
crucial to establish FFGs as predictable delivery platforms. The most defensible interpretation of the current evidence is
that sustained or biphasic release in FFGs must be judged solely by its fit to the therapeutic objective, rather than
operating under the assumption that slower or faster release is inherently superior.

Skin Permeation Outcomes
The examined corpus of work reveals that only about half of the FFG formulations were assessed utilizing quantitative
skin permeation endpoints, including steady-state transdermal flux (Jss), cumulative penetrated quantity, or drug
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concentrations within specified skin layers. The other research focused on in vitro release profiles or in vivo pharma-
codynamic effects without a full permeation dataset. When penetration was measured, a pattern emerged: FFGs always
increased flow and/or drug deposition in the skin compared to standard creams, gels, or other reference products. This
superiority encompassed lipophilic small molecules, including NSAIDs, antifungals, analgesics, as well as antiviral and
antimetabolite agents.

As extracted in Table 3, the quantitative flux values (pg/cm?®/h) consistently highlight the superiority of FFGs. In one
chitosan-based ketoprofen FFG containing oleic acid, the transdermal flux was almost threefold higher than that of
a marketed comparator, while a terbinafine FFG (DA5505) achieved skin drug concentrations tens to hundreds of times
greater than those obtained with benchmark creams and gels.?'*° These observations support the concept of FFGs as
“on-skin reservoirs” that prolong contact time and sustain a high concentration gradient at the skin surface, thereby
driving active passage across the stratum corneum.’>**'?° But because only certain research measured permeation and
testing methods (membranes, receptor media, comparators) were not standardized, the evidence right now points more
toward better delivery than a specific number.

As systematically summarized in Table 4, polymer content and matrix packing fundamentally shape these permeation
profiles. Reducing the level of the film-forming polymer generally increases the diffusion coefficient and transdermal
flux, provided the film’s structural integrity remains intact.****’ In contrast, increasing the polymer content in etoricoxib
or aceclofenac FFGs tended to lower the amount of drug that crossed the membrane over 8-24 h, although the overall
release remained sustained.*>*”-°*%2 This trade-off seems to be one of the more common trends in the present literature:
tighter matrices often keep film integrity and extend residence, but they may also make diffusional transport harder. Even
said, the relationship is not exactly linear. A minor increase in matrix density could still improve total delivery if longer
skin contact makes up for the decrease in instantaneous flux.

From a conceptual standpoint, Figure 4C shows how various polymer classes modify occlusion and water content to
create a continuum of skin permeability. Following the class-level trends shown in Table 4, natural polymers that expand
a lot make open networks that help the skin stay hydrated and permeable, but they do not block water vapor as well.'?!
At the hydrophobic end of the scale, synthetic films (eg, methacrylates, polyurethanes) significantly reduce transepider-
mal water loss (TEWL) and create a strongly occlusive microenvironment.*®'** While beneficial for moisture retention,
excessive occlusion may sequester the drug in the uppermost skin layers, limiting deeper penetration.'* "> Thus, skin
permeation is shaped by how the polymer backbone negotiates the interplay between hydration, occlusion, and diffusion
pathways.

Chemical penetration enhancers also exert direct and reproducible effects on transdermal flux (Table 4). Moderate
levels of enhancers like oleic acid or polar aprotic solvents (eg, NMP) effectively increase flux by fluidizing the stratum
corneum lipids.?'~>* Higher concentrations of hydrophilic plasticizers, like PEG, have also been linked to higher flow in
acyclovir FFGs because more of the medication is dissolved and free to diffuse. Importantly, these considerable
improvements in transdermal flux are often accomplished without concurrent increases in cellular toxicity or clinically
noticeable skin irritation, as corroborated by secondary safety results, suggesting a very favorable risk-to-benefit ratio for
FFGs.*'?¢ On the other hand, film integrity may be jeopardized by high enhancer concentrations. Therefore, even though
enhancers are effective permeability modifiers, the extent of their enhancement is still formulation-specific.

The solvent composition introduces an additional layer of influence. Extensive evidence confirms that hydroalcoholic
systems (eg, ethanol-water) produce higher flux and dermal deposition than pure aqueous vehicles. The rapid evapora-
tion of volatile solvents temporarily leaves the drug in a supersaturated state, drastically spiking the thermodynamic
driving force for permeation before crystallization occurs.?"**'?” Nevertheless, if the volatile solvent concentration is
excessively high, it causes rapid drug crystallization on the skin surface immediately after application, halting the
diffusion gradient and paradoxically reducing flux. Conversely, more hydrophilic water—glycol systems often favor
substantial retention in superficial skin layers with controlled systemic permeation, which is advantageous for localized
surface targets.'?® Therefore, when interpreting flux data, the solvent ratio must be viewed as a critical, context-
dependent variable. Importantly, these observations also indicate that a higher initial flux is not always the sole objective.
In some cases, notably those that aim to treat superficial infections or have a longer local effect, it may be better to have
more retention in the upper layers of skin than to have the most transdermal route. This distinction elucidates why
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seemingly contradictory solvent effects may yet constitute logical design decisions aimed at diverse therapeutic
objectives.

A striking theme in the literature is how nanocarriers shift the balance between donor-phase release and actual tissue
permeation. As detailed in Table 3, methotrexate (MTX) FFGs based on transethosomes (TE-FFG) exhibited slower
in vitro release than a conventional MTX FFG. Yet, the ex vivo transdermal flux (Jss) increased significantly from 120.36
ug/cm*/h in the conventional gel to 186.97 pg/cm*h in the TE-FFG, resulting in a massively superior cumulative
permeation (2,147.71 pg/cm?/h versus 1,280.49 pg/cm?/h).*° This phenomenon, echoed in other vesicular systems,'*®!?
reinforces a key concept: slower donor-phase release does not necessarily indicate poorer delivery; it may reflect more
efficient partitioning and vesicle-mediated colloidal transport into the skin. When examined across indications, the
clinical target dictates the permeation strategy. For acute pain (eg, ropivacaine, etoricoxib), FFGs are engineered for high
systemic flux (1.5 to 3.0-fold gains) to rapidly reach subcutaneous tissues.***> On the other hand, for topical antifungals
like terbinafine or wound treatment, the design puts more emphasis on high stratum corneum deposition and local
retention than on systemic exposure.”>>> Consequently, a formulation that prioritizes local retention over systemic flux is
not underperforming; it is merely in accordance with its specific therapeutic target.'*'3!

Figure 5 shows how penetration enhancers and plasticizers work together to control drug release and skin perme-
ability. The left panel shows (Figure 5A) how enhancers including fatty acids, terpenes, and hydroalcoholic carriers
change the way stratum corneum lipids are arranged so that drugs can move more easily, with less lag time, and with
higher fluxes. The right panel (Figure 5B) focuses on hydrophilic plasticizers (glycerol, PEG 400), which lower the
polymer’s glass transition temperature (Tg). This makes the intermolecular packing less tight, allowing for flexible, long-

lasting skin contact without a big burst.
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Figure 5 Mechanistic lllustration of (A) Enhancer and (B) Plasticizer on Drug Release and Skin Permeation (Created in BioRender. Sriwidodo, (S) (2026) https://BioRender.
com/ozwr18c).
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In the end, FFGs provide us a lot of room to change how skin barrier interactions work, but it’s still hard to connect
the dots between in vitro formulation design and in vivo therapeutic effect. To make quantifiable, translational links for
FFG performance, it will be important to standardize permeation testing methodologies and use minimally invasive
dermatopharmacokinetic techniques, like sequential tape stripping and skin open-flow microperfusion.'**'** The existing
evidence robustly endorses overarching permeation-design principles, underscoring that the ideal arrangement of poly-
mers, enhancers, and nanocarriers must invariably be determined by the particular clinical need.

Future Perspective
The development of film-forming gels (FFGs) must shift from reliance on volatile organic solvents to safer, more
sustainable systems, in which both the solvent phase and polymeric matrix are inherently biodegradable and biocompa-
tible. Natural deep eutectic solvents (NaDESs) are becoming more and more popular as strategic alternatives because
they can make lipophilic chemicals more soluble and easier to transport through the skin. They also have a better
toxicological and environmental profile than traditional organic solvents.'**"'3” As cosolvents or parts of the film matrix,
they help make water-based or water-lean formulations with a tiny organic solvent footprint while yet allowing for
appropriate supersaturation and occlusive properties. The simultancous development of stimulus-responsive polymers
and hydrogel networks, especially those that respond to changes in pH, temperature, or other physical stimuli, is likely to
make it easier to make the “next generation” of FFGs that can change the rate of film formation and drug release based on
the microenvironment of the skin.'*®!*® This strategy is consistent with findings from film-forming sprays, where careful
selection of the polymer backbone and viscoelastic modifiers is necessary to maximize drug delivery effectiveness,
drying time, and user comfort.®

At the same time, FFG research would benefit from a clearer shift to a Quality by Design (QBD) approach. QbD
studies of topical dosage forms have shown that defining a formulation design space that links polymer type and
concentration, plasticizer, and enhancer levels to important quality attributes like film properties, release behavior, and
permeation can reduce the need for trial-and-error methods and make products more durable.®'*° To connect formulation
insights with clinical benefits, future FFG evaluations must consistently incorporate dermatopharmacokinetic assess-
ments in human skin, including stepwise tape stripping, quantitative skin imaging, and techniques like microdialysis and
open-flow microperfusion that enable real-time monitoring of unbound drug concentrations in the dermis.'**'*!*'4? These
methods help us understand how drugs are distributed in the skin and how long they stay there, giving us a quantitative
basis for regulatory guidance and FFG-specific bioequivalence criteria. The future of FFG development will be
determined by the integration of green solvent technologies, intelligent polymer systems, established Quality by
Design (QbD) frameworks, and standardized dermatopharmacokinetic methodologies, facilitating a logical transition
from formulation design to clinical topical therapy.

Limitation of the Review
A major methodological shortcoming of this analysis is the lack of a standardized risk of bias (RoB) tool that has been
specially created and tested for in vitro drug release and ex vivo skin permeation studies. A formal, tool-based evaluation
was not possible due to the absence of a globally recognized RoB tool for this particular topic in the literature. As
a result, the quality of the study was carefully evaluated based on how clear the described experimental protocols were,
whether there were technical or biological replicates, and whether the authors had control over the main experimental
variables that affect permeation outcomes. The synthesis was further limited by the significant variability in experimental
designs and reporting methods among the papers considered. Researchers utilized several membrane types, receptor and
donor media, diffusion zones, and sampling intervals. Outcomes were expressed by various criteria, including transder-
mal flux, cumulative penetrated quantity, and differing measures of skin deposition. Due to this methodological variance,
a stringent quantitative meta-analysis could not be convincingly substantiated. Data harmonization was necessary for
comparison; for example, different skin deposition parameters were combined into a larger category linked to penetra-
tion, and missing quantitative data were labeled as “Not Reported” (NR).

Moreover, the existing evidence is primarily preclinical, consisting mainly of in vitro and ex vivo models, and there is
a notable absence of controlled clinical trials or in vivo dermatopharmacokinetic studies involving human subjects.
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Consequently, any direct association between certain formulation characteristics and conclusive clinical results should be
regarded with circumspection. In this case, the results of this review should not be used to get exact estimations of effect
size. Instead, they should be seen as a qualitative synthesis of the patterns and connections between FFG formulation
parameters and three main result areas: drug release, skin permeability, and film characteristics. This work establishes
a standard and underscores the necessity for future research to employ uniform experimental designs, explicit reporting

requirements, and enhanced connections between laboratory findings and clinically significant outcomes.

Conclusion

The results of this large investigation show that film-forming gels (FFGs) can be used to deliver both topical and
transdermal drugs. By transitioning from a liquid or semi-solid state to a solid on-skin reservoir, FFGs can alleviate some
of the challenges associated with traditional moisturizers and patches on the skin. Four key points emerge from the
critical summary of the presented research. The polymer architecture consistently influences mechanical strength and
drying behavior in terms of film qualities. Plasticizers, on the other hand, are key parts that make the film stronger and
easier to wear. Secondly, the release of drugs from FFGs is highly flexible but significantly influenced by the formulation,
as it is influenced by the interplay of polymer characteristics, matrix organization, and solvent composition, rather than
a simple uniform effect of polymer concentration. Third, with respect to skin permeation, many FFGs improve steady-
state transdermal flux and/or local dermal deposition relative to comparator formulations, although the optimal permea-
tion strategy depends on the intended clinical target and should distinguish between superficial retention and systemic
delivery. Available safety data were generally reassuring, with several studies reporting minimal in vivo skin irritation
and low in vitro cytotoxicity; however, these findings should be interpreted cautiously because safety assessment was not
performed uniformly across all included studies. Finally, greater methodological standardization and wider adoption of
Quality by Design (QbD) principles are needed. The current literature remains limited by substantial heterogeneity in
release and permeation testing; therefore, more harmonized methods and stronger translational links will be important for
converting promising laboratory FFG systems into more predictable clinical performance. Overall, the available evidence
suggests that rational balancing of polymers, plasticizers, enhancers, solvents, and carrier systems will be central to the
future development of FFGs as a promising platform for dermatological and transdermal therapy.

Abbreviations

5-FU, 5- Fluorouracil; ACV, Acyclovir; AG, Accacia gum; AM, Alpha mangostin; CbFG, Chitosan-based film forming
gel; CHE, Chinese herbal extract; CL, Conventional; CO,, Carbon dioxide; CP, Carbopol ®971P; cP, centipoise; CLEO,
Cinnamon leaf essential oil; CMC, Carboxymethyl cellulose; CMC-Na, Carboxymethyl cellulose-Natrium; Conc,
Concentration, CTZ, Clotrimazole; CQA, Critical Quality Attribute; DAS5505, Terbinafine film forming gel; DoE,
Design of Experiment; DSC, Differential scanning calorimetry; FF, Ferdy Firmansyah; FA, Fauzan Afandi; FFG, Film
forming gel; FFH, Film forming hydrogel; FNS, Fauzia Ningrum Syaputri; FTIR, Fourier transform infrared spectro-
scopy; GPTMS, Glycidyloxypropyl trimethoxysilane; HPC, Hydroxypropyl cellulose; HEC, Hydroxyethyl cellulose;
HPMC, Hydroxypropyl methylcellulose; Ibu, Ibuprofen; MCCA, Mixture of corydalis yanhusuo, cynanchum panicula-
tum and armadillidium vulgare; MPa, Megapascal; MTX, Methotrexate; NMP, N-methyl-2-pyrrolidone; NSAID, Non
steroid anti-inflammatory disease; NR, Not reported; NW, Nasrul Wathoni; OA, Oleic acid; PEG, Polyethylene glycol;
PG, Propylene glycol; PLA, Poly Lactic Acid; PU, Pullulan; PS, Pure drug solution; PVA, Polyvinyl alcohol; PVP,
Polyvinyl pyrrolidone; PXRD, Powder X-ray diffraction; QbD, Quality by Design; QTPP, Quality Target Product Profile;
RJ, Royal jelly; SEM, Scanning electron microscopy; SI, Swelling inhibition; TBH, Terbinafine hydrochloride; TC,
Terminalia catappa; TE, Transethosomes; TEC, Triethyl citrate; TEOS, Tetraethylorthosilicate; TEWL, Transepidermal
Water Loss; Tg, Glass transition temperature; TS, Transethosomal suspension; WB, Weight bearing; WOS, Work of
shear; XG, Xanthan gum.

22 https: Drug Design, Development and Therapy 2026:20



Firmansyah et al

Acknowledgments
The authors would like to acknowledge the Rector of Universitas Padjadjaran through the Indonesian Endowment Fund

for Education (LPDP), under the Ministry of Higher Education, Science, and Technology of Indonesia, and managed
under the EQUITY Program (Contract No. 4303/ 83/ DT.03.08/ 2025 and 3927/ UN6. RKT/HK.07.00/2025).

Disclosure
The author(s) declare (s) no conflict of interest.

References

1.

2.

10.

11.

12.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

Benson HAE, Grice JE, Mohammed Y, Namjoshi S, Roberts MS. Topical and transdermal drug delivery: from simple potions to smart
technologies. Curr Drug Deliv. 2019;16(5):444-460. doi:10.2174/1567201816666190201143457

Ruela ALM, Perissinato AG, Lino MEDS, Mudrik PS, Pereira GR. Evaluation of skin absorption of drugs from topical and transdermal
formulations. Braz J Pharm Sci. 2016;52(3):527-544. doi:10.1590/s1984-82502016000300018

. Jeong WY, Kwon M, Choi HE, Kim KS. Recent advances in transdermal drug delivery systems: a review. Biomater Res. 2021;25(1).

doi:10.1186/s40824-021-00226-6

. Sivadasan D, Madkhali OA. The design features, quality by design approach, characterization, therapeutic applications, and clinical considera-

tions of transdermal drug delivery systems—a comprehensive review. Pharmaceuticals. 2024;17(10):1346. doi:10.3390/ph17101346

. An P, Zhao Q, Hao S, et al. Recent advancements and trends of topical drug delivery systems in psoriasis: a review and bibliometric analysis.

Int J Nanomed. 2024;19:7631-7671. doi:10.2147/1JN.S461514

. Umar A, Butarbutar K, T ME, Sriwidodo S, Wathoni N. Film-forming sprays for topical drug delivery. Drug Des Devel Ther.

2020;14:2909-2925. doi:10.2147/DDDT.S256666

. Gorzelanny C, Mess C, Schneider SW, Huck V, Brandner JM. Skin barriers in dermal drug delivery: which barriers have to be overcome and

how can we measure them? Pharmaceutics. 2020;12(7):684. doi:10.3390/pharmaceutics12070684

. Kovacik A, Kopecna M, Vavrova K. Permeation enhancers in transdermal drug delivery: benefits and limitations. Expert Opin Drug Deliv.

2020;17(2):145-155. doi:10.1080/17425247.2020.1713087

. Alnaim AS. Nanocrystals in dermal drug delivery: a breakthrough for enhanced skin penetration and targeted skin disorder treatments.

Pharmaceutics. 2024;16(12):1561. doi:10.3390/pharmaceutics16121561

Schafer N, Balwierz R, Biernat P, Och¢dzan-Siodtak W, Lipok J. Natural ingredients of transdermal drug delivery systems as permeation
enhancers of active substances through the stratum cormmeum. Mol Pharmaceut. 2023;20(7):3278-3297. doi:10.1021/acs.
molpharmaceut.3c00126

Budiman A, Nurani NV, Laelasari E, et al. Effect of drug—polymer interaction in amorphous solid dispersion on the physical stability and
dissolution of drugs: the case of alpha-mangostin. Polymers. 2023;15(14):3034. doi:10.3390/polym15143034

Rusdin A, Muchtaridi M, Megantara S, et al. The excellent chemical interaction properties of poloxamer and pullulan with alpha mangostin on
amorphous solid dispersion system: molecular dynamics simulation. Polymers. 2024;16(21):3065. doi:10.3390/polym16213065

. Bhujbal SV, Mitra B, Jain U, et al. Pharmaceutical amorphous solid dispersion: a review of manufacturing strategies. Acta Pharmaceutica

Sinica B. 2021;11(8):2505-2536. doi:10.1016/j.apsb.2021.05.014

Maghsoudi S, Taghavi shahraki B, Rabiee N, et al. Burgeoning polymer nano blends for improved controlled drug release: a review.
Int J Nanomed. 2020;15:4363-4392. doi:10.2147/1JN.S252237

Dudhat K, Bhalodiya M, Dudhrejiya A, et al. Application of amorphous solid dispersion technology for improving the physicochemical
properties, saturation solubility, and in vitro dissolution of withania somnifera methanolic root powder extract. J Pharm Innov. 2023;18
(3):1338-1349. doi:10.1007/512247-023-09718-5

. Amanzholkyzy A, Zhumagaliyeva S, Sultanova N, et al. Hydrogel delivery systems for biological active substances: properties and the role of

HPMC as a carrier. Molecules. 2025;30(6):1354. doi:10.3390/molecules30061354

Ramadon D, McCrudden MTC, Courtenay AJ, Donnelly RF. Enhancement strategies for transdermal drug delivery systems: current trends and
applications. Drug Delivery Trans Res. 2022;12(4):758-791. doi:10.1007/s13346-021-00909-6

Tran TTD, Tran PHL. Controlled release film forming systems in drug delivery: the potential for efficient drug delivery. Pharmaceutics.
2019;11(6):290. doi:10.3390/pharmaceutics11060290

. Garvie-Cook H, Frederiksen K, Petersson K, Guy RH, Gordeev SN. Biophysical elucidation of the mechanism of enhanced drug release and

topical delivery from polymeric film-forming systems. J Control Release. 2015;212:103—-112. doi:10.1016/j.jconrel.2015.06.015

Frederiksen K, Guy RH, Petersson K. Formulation considerations in the design of topical, polymeric film-forming systems for sustained drug
delivery to the skin. Eur J Pharm Biopharm. 2015;91:9-15. doi:10.1016/j.ejpb.2015.01.002

Oh D-W, Kang J-H, Lee H-J, et al. Formulation and in vitro / in vivo evaluation of chitosan-based film forming gel containing ketoprofen. Drug
Deliv. 2017;24(1):1056-1066. doi:10.1080/10717544.2017.1346001

Han AS, Kim J, Park JW, Jin SG. Novel Acyclovir-loaded film-forming gel with enhanced mechanical properties and skin permeability. J Drug
Deliv Sci Technol. 2022;70:103213. doi:10.1016/j.jddst.2022.103213

Chamsai B, Soodvilai S, Opanasopit P, Samprasit W. Topical film-forming chlorhexidine gluconate sprays for antiseptic application.
Pharmaceutics. 2022;14(6):1124. doi:10.3390/pharmaceutics 14061124

Wongtechanon S, Noosak C, Jantorn P, et al. Innovative sericin-based film-forming gel for wound healing: development and performance
evaluation. Polymers. 2025;17(9):1246. doi:10.3390/polym17091246

Pudziuvelyté L, Drulyté E, Bernatoniené J. Nitrocellulose based film-forming gels with cinnamon essential oil for covering surface wounds.
Polymers. 2023;15(4):1057. doi:10.3390/polym15041057

Drug Design, Development and Therapy 2026:20 https: 23


https://doi.org/10.2174/1567201816666190201143457
https://doi.org/10.1590/s1984-82502016000300018
https://doi.org/10.1186/s40824-021-00226-6
https://doi.org/10.3390/ph17101346
https://doi.org/10.2147/IJN.S461514
https://doi.org/10.2147/DDDT.S256666
https://doi.org/10.3390/pharmaceutics12070684
https://doi.org/10.1080/17425247.2020.1713087
https://doi.org/10.3390/pharmaceutics16121561
https://doi.org/10.1021/acs.molpharmaceut.3c00126
https://doi.org/10.1021/acs.molpharmaceut.3c00126
https://doi.org/10.3390/polym15143034
https://doi.org/10.3390/polym16213065
https://doi.org/10.1016/j.apsb.2021.05.014
https://doi.org/10.2147/IJN.S252237
https://doi.org/10.1007/s12247-023-09718-5
https://doi.org/10.3390/molecules30061354
https://doi.org/10.1007/s13346-021-00909-6
https://doi.org/10.3390/pharmaceutics11060290
https://doi.org/10.1016/j.jconrel.2015.06.015
https://doi.org/10.1016/j.ejpb.2015.01.002
https://doi.org/10.1080/10717544.2017.1346001
https://doi.org/10.1016/j.jddst.2022.103213
https://doi.org/10.3390/pharmaceutics14061124
https://doi.org/10.3390/polym17091246
https://doi.org/10.3390/polym15041057

Firmal

nsyah et al

26

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

S8.

59.

. Somwongin S, Tammasorn P, Limbunjerd R, et al. Bee product-based antimicrobial film-forming gels targeting staphylococcus aureus,
staphylococcus epidermidis, and cutibacterium acnes for anti-acne applications. Gels. 2025;11(10):802. doi:10.3390/gels11100802
Frederiksen K, Guy RH, Petersson K. The potential of polymeric film-forming systems as sustained delivery platforms for topical drugs. Expert
Opin Drug Deliv. 2016;13(3):349-360. doi:10.1517/17425247.2016.1124412

de Oliveira FFD, de Menezes LR, Tavares MIB. Film-forming systems in topically administered pharmaceutical formulations. Mater Sci Appl.
2020;11(08):576-590. doi:10.4236/msa.2020.118038

Jankowski A, Dyja R, Hujar BS. Dermal and transdermal delivery of active substances from semisolid bases. Indian J Pharm Sci. 2017;79(4).
doi:10.4172/pharmaceutical-sciences.1000255

Weiss SC. Conventional topical delivery systems. Dermatol Ther. 2011;24(5):471-476. doi:10.1111/j.1529-8019.2012.01458 x

Rastogi V, Yadav P. Transdermal drug delivery system: an overview. Asian J Pharm. 2012;6(3):161. doi:10.4103/0973-8398.104828

Wong WF, Ang KP, Sethi G, Looi CY. Recent advancement of medical patch for transdermal drug delivery. Medicina. 2023;59(4):778.
doi:10.3390/medicina59040778

Crasta A, Painginkar T, Sreedevi A, et al. Transdermal drug delivery system: a comprehensive review of innovative strategies, applications, and
regulatory perspectives. OpenNano. 2025;24:100245. doi:10.1016/j.0onan0.2025.100245

Oliveira LK, Argenta DF, Balestrin LA, et al. Effect of gelling agents on properties of coumestrol-loaded nanoemulsions — formulation, skin
retention/permeation, antioxidant and skin photoprotective activities. J Drug Deliv Sci Technol. 2024;98:105834. doi:10.1016/.
jddst.2024.105834

Piinnel LC, Lunter DJ. Film-forming systems for dermal drug delivery. Pharmaceutics. 2021;13(7):932. doi:10.3390/pharmaceutics13070932
Bakhrushina EO, Shumkova MM, Sergienko FS, Novozhilova EV, Demina NB. Spray film-forming systems as promising topical in situ
systems: a review. Saudi Pharm J. 2023;31(1):154-169. doi:10.1016/j.jsps.2022.11.014

Kathe K, Kathpalia H. Film forming systems for topical and transdermal drug delivery. Asian J Pharm Sci. 2017;12(6):487-497. doi:10.1016/j.
ajps.2017.07.004

Morales-Becerril A, Aranda-Lara L, Isaac-Olive K, et al. An overview of film-forming emulsions for dermal and transdermal drug delivery.
AAPS Pharm Sci Tech. 2024;25(8):259. doi:10.1208/s12249-024-02942-3

Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan—a web and mobile app for systematic reviews. Syst Rev. 2016;5(1):210.
doi:10.1186/s13643-016-0384-4

Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ.
2021;372:n71. doi:10.1136/bmj.n71

Abou-Taleb HA, Mohamed MS, Zayed GM, et al. HPMC-Zein film-forming gel loaded with 5-fluorouracil coupled with CO2 laser dermabra-
sion for managing stable vitiligo. AAPS Pharm Sci Tech. 2024;25(7). doi:10.1208/512249-024-02937-0

Sharma R, Rana V. QbD steered fabrication of Pullulan-Terminalia catappa-Carbopol®971P film forming gel for improved rheological, textural
and biopharmaceutical aspects. Int J Biol Macromol. 2021;193:1301-1312. doi:10.1016/j.ijbiomac.2021.10.179

Kendre PN, Dusane G, Jain SP, Giri MA, Pote AK. Tailoring hybrid organic-inorganic film forming topical gel: a tuneable approach for
Tramadol HCI delivery. Mater Technol. 2021;36(14):868-882. doi:10.1080/10667857.2020.1802839

Guo R, Du X, Zhang R, et al. Bioadhesive film formed from a novel organic—inorganic hybrid gel for transdermal drug delivery system. Eur
J Pharm Biopharm. 2011;79(3):574-583. doi:10.1016/j.ejpb.2011.06.006

de Jesus NAM, de Oliveira AHP, Tavares DC, et al. Biofilm formed from a tri-ureasil organic—inorganic hybrid gel for use as a cubebin release
system. J Sol-Gel Sci Technol. 2018;88:192-201. doi:10.1007/s10971-018-4780-1

Safta DA, Bogdan C, Iurian S, Moldovan M-L. Optimization of film-dressings containing herbal extracts for wound care—a quality by design
approach. Gels. 2025;11(5):322. doi:10.3390/gels11050322

Ranade S, Bajaj A, Londhe V, Kao D, Babul N. Fabrication of polymeric film forming topical gels. Int J Pharm Sci Rev Res. 2014;52:306-313.
Sequira SN, Priya S. Design and characterization of a film-forming gel containing domperidone-loaded transethosomes for transdermal delivery.
Bull Pharm Sci Assiut Univ. 2024;47:1-9.

Pratiksha N, Priya P, Sanjana S, Khandige PS. Transethosomes for enhanced transdermal delivery of methotrexate against rheumatoid arthritis:
formulation, optimisation and characterisation. Int J Appl Pharm. 2024;122—132. doi:10.22159/ijap.2024v16i6.51772

Thapa RK, Choi JY, Han SD, et al. Therapeutic effects of a novel DA5505 formulation on a Guinea pig model of tinea pedis. Dermatologica
Sinica. 2017;35(2):59-65. doi:10.1016/j.ds1.2016.11.001

Chevala NT, Dsouza JA, Saini H, Kumar L. Design and development of tranexamic acid loaded film-forming gel to alleviate melasma.
J Cosmet Dermatol. 2022;21(12):6863—6874. doi:10.1111/jocd.15426

Yang C, Zhong W, Du J, Yang D, Yang D, Yang D. Development and evaluation of a Chinese herbal gel for analgesic and anti-inflammatory
effects. Pak J Pharm Sci. 2023;36(4):1261-1269.

Kokate S, Binnor H, Mahajan V, Ushir Y. Design and development of film forming gel of tavaborole by using factorial design. Res J Pharm
Technol. 2024;4029-4034. doi:10.52711/0974-360X.2024.00625

de Redin IL, Moreno E, Martin-Arbella N, et al. Bioadhesive gel containing 5 % Acyclovir for the treatment of herpes labialis: preclinical
development. J Drug Deliv Sci Technol. 2024;100.

Hussain Shah SN, Syed A, Aslam A, et al. Development of film forming gel for the delivery of 5-flurouracil: in-vitro/ex-vivo evaluation. Polym
Bull. 2024;81(8):7121-7137. doi:10.1007/s00289-023-05004-z

Ngo HV, Tran PHL, Lee B-J, Tran TTD. Development of film-forming gel containing nanoparticles for transdermal drug delivery.
Nanotechnology. 2019;30(41):415102. doi:10.1088/1361-6528/ab2e29

Nguyen KT, Tran PHL, Ngo HV, Tran TTD. Hydrophobic and hydrophilic film-forming gels for the controlled delivery of drugs with different
levels of hydrophobicity. Anticancer Agents Med Chem. 2021;21(15):2082-2088. doi:10.2174/1871520621666201231141842

Nguyen KT, Tran PHL, Ngo HV, Tran TTD. Film-forming nanogels: effects of nanocarriers and film-forming gel on the sustained release of
curcumin. Anticancer Agents Med Chem. 2021;21(5):658-666. doi:10.2174/1871520620666200407124020

Tanngoen P, Lamlertthon S, Tiyaboonchai W. Research paper characterization and evaluation of a-mangostin-loaded film-forming gels for acne
treatment. Indian J Pharm Sci. 2020;82.

24

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.3390/gels11100802
https://doi.org/10.1517/17425247.2016.1124412
https://doi.org/10.4236/msa.2020.118038
https://doi.org/10.4172/pharmaceutical-sciences.1000255
https://doi.org/10.1111/j.1529-8019.2012.01458.x
https://doi.org/10.4103/0973-8398.104828
https://doi.org/10.3390/medicina59040778
https://doi.org/10.1016/j.onano.2025.100245
https://doi.org/10.1016/j.jddst.2024.105834
https://doi.org/10.1016/j.jddst.2024.105834
https://doi.org/10.3390/pharmaceutics13070932
https://doi.org/10.1016/j.jsps.2022.11.014
https://doi.org/10.1016/j.ajps.2017.07.004
https://doi.org/10.1016/j.ajps.2017.07.004
https://doi.org/10.1208/s12249-024-02942-3
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1208/s12249-024-02937-0
https://doi.org/10.1016/j.ijbiomac.2021.10.179
https://doi.org/10.1080/10667857.2020.1802839
https://doi.org/10.1016/j.ejpb.2011.06.006
https://doi.org/10.1007/s10971-018-4780-1
https://doi.org/10.3390/gels11050322
https://doi.org/10.22159/ijap.2024v16i6.51772
https://doi.org/10.1016/j.dsi.2016.11.001
https://doi.org/10.1111/jocd.15426
https://doi.org/10.52711/0974-360X.2024.00625
https://doi.org/10.1007/s00289-023-05004-z
https://doi.org/10.1088/1361-6528/ab2e29
https://doi.org/10.2174/1871520621666201231141842
https://doi.org/10.2174/1871520620666200407124020

Firmansyah et al

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Bajaj H, Singh V, Singh R, Kumar T. Effect of polymeric blend on ex-vivo permeation studies of aceclofenac loaded film forming gel.
Int J Appl Pharm. 2021;13:117-122. doi:10.22159/ijap.2021v13i4.41257

Thewanjutiwong S, Phokasem P, Disayathanoowat T, et al. Development of film-forming gel formulations containing royal jelly and honey
aromatic water for cosmetic applications. Gels. 2023;9(10):816. doi:10.3390/gels9100816

Parhi R, Goli VVN. Design and optimization of film-forming gel of etoricoxib using research surface methodology. Drug Delivery Trans Res.
2020;10(2):498-514. doi:10.1007/s13346-019-00695-2

Bajaj H, Singh V, Singh R, Kumar T. Fabrication and evaluation of chitosan-based film forming gel of aceclofenac for transdermal drug
delivery. Indian Drugs. 2021;58(06):68—70. doi:10.53879/id.58.06.12758

Alomari N, Alhussaini W. Update on the advances and challenges in bioequivalence testing methods for complex topical generic products.
Front Pharmacol. 2024;15. doi:10.3389/fphar.2024.1330712

Raney SG, Franz TJ, Lehman PA, Lionberger R, Chen M-L. Pharmacokinetics-based approaches for bioequivalence evaluation of topical
dermatological drug products. Clin Pharmacokinet. 2015;54(11):1095-1106. doi:10.1007/s40262-015-0292-0

Miranda M, Sousa JJ, Veiga F, Cardoso C, Vitorino C. Bioequivalence of topical generic products. Part 1: where are we now? Eur J Pharm Sci.
2018;123:260-267. doi:10.1016/j.ejps.2018.07.050

Roberts MS, Cheruvu HS, Mangion SE, et al. Topical drug delivery: history, percutaneous absorption, and product development. Adv Drug
Deliv Rev. 2021;177:113929. doi:10.1016/j.addr.2021.113929

Alkilani AZ, Nasereddin J, Hamed R, et al. Beneath the skin: a review of current trends and future prospects of transdermal drug delivery
systems. Pharmaceutics. 2022;14(6):1152. doi:10.3390/pharmaceutics 14061152

Tapfumaneyi P, Imran M, Mohammed Y, Roberts MS. Recent advances and future prospective of topical and transdermal delivery systems.
Frontiers in Drug Delivery. 2022;2. doi:10.3389/fddev.2022.957732

Schmid B, Kiinstner A, Fahnrich A, et al. Dysbiosis of skin microbiota with increased fungal diversity is associated with severity of disease in
atopic dermatitis. J Eur Acad Dermatol Venereol. 2022;36(10):1811-1819. doi:10.1111/jdv.18347

Kim K, Jang H, Kim E, Kim H, Sung GY. Recent advances in understanding the role of the skin microbiome in the treatment of atopic
dermatitis. Exp Dermatol. 2023;32(12):2048-2061. doi:10.1111/exd.14940

Hlatshwayo S, Thembane N, Krishna SBN, Ggaleni N, Ngcobo M. Extraction and processing of bioactive phytoconstituents from widely used
South African medicinal plants for the preparation of effective traditional herbal medicine products: a narrative review. Plants. 2025;14(2):206.
doi:10.3390/plants 14020206

Kaundal R, Kumar D. Current demands for standardization of Indian medicinal plants: a critical review. Med Drug Discov. 2025;27:100211.
doi:10.1016/j.medidd.2025.100211

Alum EU, Manjula VS, Uti DE, et al. Metabolomics-driven standardization of herbal medicine: advances, applications, and sustainability
considerations. Nat Prod Commun. 2025;20.

Noviana E, Indrayanto G, Rohman A. Advances in fingerprint analysis for standardization and quality control of herbal medicines. Front
Pharmacol. 2022;13. doi:10.3389/fphar.2022.853023

Kokila E. A review on novel film forming systems for topical and transdermal drug delivery. 2024.

Annisa R, Susilowati R, Savitri ES, Duhita MR, Fakurazi S. The discovery of drug delivery from development film forming hydrogel for wound
dressing applications: a systematic review. Biomed Pharmacol J. 2023;16(2):653—-660. doi:10.13005/bpj/2647

Amante C, Falcone G, Aquino RP, et al. In situ hydrogel formulation for advanced wound dressing: influence of co-solvents and functional
excipient on tailored alginate—pectin—chitosan blend gelation kinetics, adhesiveness, and performance. Gels. 2023;10(3):3. doi:10.3390/
gels10010003

Godse K, Dethe G, Sawant S, et al. Clinical evaluation of the safety and tolerability of film-forming sprays in patients with psoriasis and
eczema. Cureus. 2024. doi:10.7759/cureus.57020

Bajaj H, Kumar T, Singh V. Film forming gels: a review. Res J Pharm, Biol Chem Sci. 2016;4:2085-2091.

Li X, Li F, Zhang X, et al. Interaction mechanisms of edible film ingredients and their effects on food quality. Curr Res Food Sci.
2024;8:100696. doi:10.1016/j.crfs.2024.100696

Castro LEN, Sganzerla WG, Miiller CM, et al. Development of chitosan-based nanocomposite films functionalized with Ag/TiO2 catalysts for
antimicrobial and packaging applications. Applied Nano. 2025;6(4):28. doi:10.3390/applnano6040028

Caicedo C, Diaz-Cruz CA, Jiménez-Regalado EJ, Aguirre-Loredo RY. Effect of plasticizer content on mechanical and water vapor permeability
of maize starch/PVOH/chitosan composite films. Materials. 2022;15(4):1274. doi:10.3390/ma15041274

Chiu H-L, Liao Y-C, Pan G-T, Chong S. Hybrid nanocomposite film with enhanced moisture barrier properties. J Taiwan Inst Chem Eng.
2018;83:168-173. doi:10.1016/j.jtice.2017.12.002

Wang S, Shen Q, Guo C, Guo H. Comparative study on water vapour resistance of poly(lactic acid) films prepared by blending, filling and
surface deposit. Membranes. 2021;11:915. doi:10.3390/membranes11120915

Otoni CG, Lorevice MV, Moura MRD, Mattoso LHC. On the effects of hydroxyl substitution degree and molecular weight on mechanical and
water barrier properties of hydroxypropyl methylcellulose films. Carbohydr Polym. 2018;185:105-111. doi:10.1016/j.carbpol.2018.01.016
Aghajani F, Rafati H, Aliahmadi A, Moghimi R. Novel nanoemulsion-loaded hydroxyl propyl methyl cellulose films as bioactive food
packaging materials containing Satureja khuzestanica essential oil. Carbohydr Polym Technol Appl. 2024:;8:100544. doi:10.1016/].
carpta.2024.100544

de Carvalho ACW, Paiva NF, Demonari IK, et al. The potential of films as transmucosal drug delivery systems. Pharmaceutics. 2023;15
(11):2583. doi:10.3390/pharmaceutics 15112583

Ghadermazi R, Hamdipour S, Sadeghi K, Ghadermazi R, Khosrowshahi Asl A. Effect of various additives on the properties of the films and
coatings derived from hydroxypropyl methylcellulose—A review. Food Sci Nutr. 2019;7(11):3363-3377. doi:10.1002/fsn3.1206

Petry JM, Pella MCG, Silva OA, Caetano J, Dragunski DC. Plasticizer concentration effect on films and coatings based on poly(vinyl alcohol)
and cationic starch blends. Food Chem. 2024;438:137977. doi:10.1016/j.foodchem.2023.137977

Kovacs A, Kis N, Budai-Sziics M, et al. QbD-based investigation of dermal semisolid in situ film-forming systems for local anaesthesia. Drug
Des Devel Ther. 2020;14:5059-5076. doi:10.2147/DDDT.S279727

Drug Design, Development and Therapy 2026:20 https: 25


https://doi.org/10.22159/ijap.2021v13i4.41257
https://doi.org/10.3390/gels9100816
https://doi.org/10.1007/s13346-019-00695-2
https://doi.org/10.53879/id.58.06.12758
https://doi.org/10.3389/fphar.2024.1330712
https://doi.org/10.1007/s40262-015-0292-0
https://doi.org/10.1016/j.ejps.2018.07.050
https://doi.org/10.1016/j.addr.2021.113929
https://doi.org/10.3390/pharmaceutics14061152
https://doi.org/10.3389/fddev.2022.957732
https://doi.org/10.1111/jdv.18347
https://doi.org/10.1111/exd.14940
https://doi.org/10.3390/plants14020206
https://doi.org/10.1016/j.medidd.2025.100211
https://doi.org/10.3389/fphar.2022.853023
https://doi.org/10.13005/bpj/2647
https://doi.org/10.3390/gels10010003
https://doi.org/10.3390/gels10010003
https://doi.org/10.7759/cureus.57020
https://doi.org/10.1016/j.crfs.2024.100696
https://doi.org/10.3390/applnano6040028
https://doi.org/10.3390/ma15041274
https://doi.org/10.1016/j.jtice.2017.12.002
https://doi.org/10.3390/membranes11120915
https://doi.org/10.1016/j.carbpol.2018.01.016
https://doi.org/10.1016/j.carpta.2024.100544
https://doi.org/10.1016/j.carpta.2024.100544
https://doi.org/10.3390/pharmaceutics15112583
https://doi.org/10.1002/fsn3.1206
https://doi.org/10.1016/j.foodchem.2023.137977
https://doi.org/10.2147/DDDT.S279727

Firmal

nsyah et al

92

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

. Chen G, Zhang B, Zhao J. Dispersion process and effect of oleic acid on properties of cellulose sulfate- oleic acid composite film. Materials.
2015;8(5):2346-2360. doi:10.3390/ma8052346

Souto EB, Yoshida CMP, Leonardi GR, et al. Lipid-polymeric films: composition, production and applications in wound healing and skin repair.
Pharmaceutics. 2021;13(8):1199. doi:10.3390/pharmaceutics13081199

Touitou E, Natsheh H, Zailer J. Film forming systems for delivery of active molecules into and across the skin. Pharmaceutics. 2023;15(2):397.
doi:10.3390/pharmaceutics 15020397

Lewandowska K, Szulc M. Rheological and film-forming properties of chitosan composites. /nt J Mol Sci. 2022;23(15):8763. doi:10.3390/
ijms23158763

Zhang L, Liu Z, Han X, Sun Y, Wang X. Effect of ethanol content on rheology of film-forming solutions and properties of zein/chitosan film.
Int J Biol Macromol. 2019;134:807-814. doi:10.1016/j.ijbiomac.2019.05.085

Milinkovi¢ S, Peki¢ L. Hypromellose-based films and film-forming systems for topical application: current status and perspective in drug
delivery. Arh Farm. 2024;74(6):709-734. doi:10.5937/arhfarm74-52292

Cebrian RAV, Dalmagro M, Pinc MM, et al. Development and characterization of film-forming solution loaded with syzygium cumini (L.)
skeels for topical application in post-surgical therapies. Pharmaceutics. 2024;16(10):1294. doi:10.3390/pharmaceutics16101294

Luki¢ M, Panteli¢ 1, Savi¢ SD. Towards optimal pH of the skin and topical formulations: from the current state of the art to tailored products.
Cosmetics. 2021;8(3):69. doi:10.3390/cosmetics8030069

Brooks SG, Mahmoud RH, Lin RR, Fluhr JW, Yosipovitch G. The skin acid mantle: an update on skin pH. J Invest Dermatol. 2025;145
(3):509-521. doi:10.1016/j.jid.2024.07.009

Angsusing J, Samee W, Tadtong S, et al. Development, optimization, and stability study of a yataprasen film-forming spray for musculoskeletal
pain management. Gels. 2025;11(1):64. doi:10.3390/gels11010064

Hassan AAA, Kristo K, Ibrahim YH-EY, Regdon G, Sovany T. Quality by design-guided systematic development and optimization of
mucoadhesive buccal films. Pharmaceutics. 2023;15(10):2375. doi:10.3390/pharmaceutics15102375

Somwanshi SB, Donde HK. Quality by design-driven formulation and evaluation of an itraconazole film-forming gel for enhanced antifungal
activity. J Young Pharm. 2025;17(3):636—645. doi:10.5530/jyp.20250014

Mariello M, Binetti E, Todaro MT, et al. Eco-friendly production of polyvinyl alcohol/carboxymethyl cellulose wound healing dressing
containing sericin. Gels. 2024;10(6):412. doi:10.3390/gels10060412

Thang NH, Chien TB, Cuong DX. Polymer-based hydrogels applied in drug delivery: an overview. Gels. 2023;9(7):523. doi:10.3390/
gels9070523

Biswas R, Mondal S, Ansari MA, et al. Chitosan and its derivatives as nanocarriers for drug delivery. Molecules. 2025;30(6):1297. doi:10.3390/
molecules30061297

Masoumi Shahrbabak S, Jalali SM, Fathabadi MF, et al. Modified alginates for precision drug delivery: advances in controlled-release and
targeting systems. /nt J Pharm X. 2025;10:100381. doi:10.1016/}.ijpx.2025.100381

Visan Al, Negut I. Development and applications of PLGA hydrogels for sustained delivery of therapeutic agents. Gels. 2024;10(8):497.
doi:10.3390/gels 10080497

Kim Y, Kwak J, Lim M, et al. Advances in PCL, PLA, and PLGA-based technologies for anticancer drug delivery. Pharmaceutics. 2025;17
(10):1354. doi:10.3390/pharmaceutics17101354

Chen X, Wang Y, Cheng Z, et al. Diffusion behavior of drug molecules in acrylic pressure-sensitive adhesive. ACS Omega. 2020;5
(16):9408-9419. doi:10.1021/acsomega.0c00491

Salehi B, Rodrigues CF, Peron G, et al. Curcumin nanoformulations for antimicrobial and wound healing purposes. Phytother Res. 2021;35
(5):2487-2499. doi:10.1002/ptr.6976

Mfoafo K, Mittal R, Eshraghi A, Omidi Y, Omidian H. Thiolated polymers: an overview of mucoadhesive properties and their potential in drug
delivery via mucosal tissues. J Drug Deliv Sci Technol. 2023;85:104596. doi:10.1016/j.jddst.2023.104596

Eslami Z, Elkoun S, Robert M, Adjallé K. A review of the effect of plasticizers on the physical and mechanical properties of alginate-based
films. Molecules. 2023;28(18):6637. doi:10.3390/molecules28186637

Jennings CL, Dziubla TD, Puleo DA. Combined effects of drugs and plasticizers on the properties of drug delivery films. J Bioact Compat
Polym. 2016;31(4):323-333. doi:10.1177/0883911515627178

Edwards A, Qi S, Liu F, Brown MB, McAuley W1J. Rationalising polymer selection for supersaturated film forming systems produced by an
aerosol spray for the transdermal delivery of methylphenidate. Eur J Pharm Biopharm. 2017;114:164—174. do0i:10.1016/j.ejpb.2017.01.013
Iqubal MK, Md S, Ali J, Baboota S. Formulation and evaluation of lipid nanogel loaded with quercetin and curcumin for improvement of
topical bioavailability. Indian J Pharm Educ Res. 2025;59(2):585-601. doi:10.5530/ijper.20250569

Sivaraman A, Banga A. Quality by design approaches for topical dermatological dosage forms. Res Rep Transdermal Drug Deliv. 2015;9.
doi:10.2147/RRTD.S82739

Mansoor Al-Jarsha HY, Ghareeb MM, Hussein AA. A review on film forming drug delivery systems. Res J Pharm Technol. 2021;5579-5588.
doi:10.52711/0974-360X.2021.00972

Namjoshi S, Dabbaghi M, Roberts MS, Grice JE, Mohammed Y. Quality by design: development of the Quality Target Product Profile (QTPP)
for semisolid topical products. Pharmaceutics. 2020;12(3):287. doi:10.3390/pharmaceutics12030287

Yu HL, Goh CF. Glycols: the ubiquitous solvent for dermal formulations. Eur J Pharm Biopharm. 2024;196:114182. doi:10.1016/.
€jpb.2024.114182

Alex M, Alsawaftah NM, Husseini GA. State-of-all-the-art and prospective hydrogel-based transdermal drug delivery systems. Appl Sci.
2024;14(7):2926. doi:10.3390/app14072926

Timotijevi¢ MD, Ili¢ T, Savi¢ S, Panteli¢ 1. Simultaneous physico-mechanical and in vivo assessment towards factual skin performance profile
of topical polymeric film-forming systems. Pharmaceutics. 2022;14(2):223. doi:10.3390/pharmaceutics14020223

Keshavarzi F, Zajforoushan Moghaddam S, Barré Pedersen M, et al. Water vapor permeation through topical films on a moisture-releasing skin
model. Skin Res Technol. 2021;27(2):153-162. doi:10.1111/srt.12926

Rauscher M, Rauscher A, Hu LY, et al. Influence of accumulation of humidity under wound dressings and effects on Transepidermal Water Loss
(TEWL) and skin hydration. Appl Sci. 2024;14(17):7739. doi:10.3390/app14177739

26

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.3390/ma8052346
https://doi.org/10.3390/pharmaceutics13081199
https://doi.org/10.3390/pharmaceutics15020397
https://doi.org/10.3390/ijms23158763
https://doi.org/10.3390/ijms23158763
https://doi.org/10.1016/j.ijbiomac.2019.05.085
https://doi.org/10.5937/arhfarm74-52292
https://doi.org/10.3390/pharmaceutics16101294
https://doi.org/10.3390/cosmetics8030069
https://doi.org/10.1016/j.jid.2024.07.009
https://doi.org/10.3390/gels11010064
https://doi.org/10.3390/pharmaceutics15102375
https://doi.org/10.5530/jyp.20250014
https://doi.org/10.3390/gels10060412
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/molecules30061297
https://doi.org/10.3390/molecules30061297
https://doi.org/10.1016/j.ijpx.2025.100381
https://doi.org/10.3390/gels10080497
https://doi.org/10.3390/pharmaceutics17101354
https://doi.org/10.1021/acsomega.0c00491
https://doi.org/10.1002/ptr.6976
https://doi.org/10.1016/j.jddst.2023.104596
https://doi.org/10.3390/molecules28186637
https://doi.org/10.1177/0883911515627178
https://doi.org/10.1016/j.ejpb.2017.01.013
https://doi.org/10.5530/ijper.20250569
https://doi.org/10.2147/RRTD.S82739
https://doi.org/10.52711/0974-360X.2021.00972
https://doi.org/10.3390/pharmaceutics12030287
https://doi.org/10.1016/j.ejpb.2024.114182
https://doi.org/10.1016/j.ejpb.2024.114182
https://doi.org/10.3390/app14072926
https://doi.org/10.3390/pharmaceutics14020223
https://doi.org/10.1111/srt.12926
https://doi.org/10.3390/app14177739

Firmansyah et al

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Dhanani S, Shah M, Nair P. Occlusive therapy in dermatology. Indian J Dermatol Venereol Leprol. 2024;91:132. doi:10.25259/
IIDVL_615_2023

Bakhrushina EO, Shumkova MM, Avdonina YV, et al. Transdermal drug delivery systems: methods for enhancing skin permeability and their
evaluation. Pharmaceutics. 2025;17(7):936. doi:10.3390/pharmaceutics17070936

Ossowicz P, Klebeko J, Janus E, et al. The effect of alcohols as vehicles on the percutaneous absorption and skin retention of ibuprofen modified
with 1 -valine alkyl esters. RSC Adv. 2020;10(68):41727—41740. doi:10.1039/DORA06567F

Esposito E, Pecorelli A, Ferrara F, Lila MA, Valacchi G. Feeding the body through the skin: ethosomes and transethosomes as a new topical
delivery system for bioactive compounds. Annu Rev Food Sci Technol. 2024;15(1):53—78. doi:10.1146/annurev-food-072023-034528

Adin SN, Gupta I, Rashid MA, et al. Nanotransethosomes for enhanced transdermal delivery of mangiferin against rheumatoid arthritis:
formulation, characterization, invivo pharmacokinetic and pharmacodynamic evaluation. Drug Deliv. 2023;30(1). doi:10.1080/
10717544.2023.2173338

Isopencu GO, Covaliu-Mierld C-I, Deleanu I-M. From plants to wound dressing and transdermal delivery of bioactive compounds. Plants.
2023;12(14):2661. doi:10.3390/plants12142661

Raina N, Rani R, Thakur VK, Gupta M. New insights in topical drug delivery for skin disorders: from a nanotechnological perspective. ACS
Omega. 2023;8(22):19145-19167. doi:10.1021/acsomega.2c08016

Bodenlenz M, Yeoh T, Berstein G, et al. Comparative study of dermal pharmacokinetics between topical drugs using open flow microperfusion
in a pig model. Pharma Res. 2024;41(2):223-234. doi:10.1007/s11095-023-03645-3

Moore K, Grégoire S, Eilstein J, Delgado-Charro MB, Guy RH. Reverse iontophoresis: noninvasive assessment of topical drug bioavailability.
Mol Pharm. 2024;21(1):234-244. doi:10.1021/acs.molpharmaceut.3c00791

Chevé-Kools E, Choi YH, Roullier C, et al. Natural deep eutectic solvents (NaDES): green solvents for pharmaceutical applications and
beyond. Green Chem. 2025;27(28):8360-8385. doi:10.1039/D4GC06386D

Hasanpour F, Budai-Sziics M, Kovéacs A, et al. The role of natural deep eutectic solvents in a hydrogel formulation containing lidocaine.
Pharmaceutics. 2025;17(3):324. doi:10.3390/pharmaceutics17030324

Li M, Rao C, Ye X, et al. Applications for natural deep eutectic solvents in Chinese herbal medicines. Front Pharmacol. 2023;13. doi:10.3389/
fphar.2022.1104096

Villa C, Caviglia D, Robustelli Della Cuna FS, Zuccari G, Russo E. NaDES application in cosmetic and pharmaceutical fields: an overview.
Gels. 2024;10(2):107. doi:10.3390/gels10020107

Van Gheluwe L, Chourpa I, Gaigne C, Munnier E. Polymer-based smart drug delivery systems for skin application and demonstration of
stimuli-responsiveness. Polymers. 2021;13(8):1285. do0i:10.3390/polym13081285

Berillo D, Zharkinbekov Z, Kim Y, et al. Stimuli-responsive polymers for transdermal, transmucosal and ocular drug delivery. Pharmaceutics.
2021;13(12):2050. doi:10.3390/pharmaceutics13122050

Zagalo DM, Silva BMA, Silva C, Simdes S, Sousa JJ. A quality by design (QbD) approach in pharmaceutical development of lipid-based
nanosystems: a systematic review. J Drug Deliv Sci Technol. 2022;70:103207. doi:10.1016/j.jddst.2022.103207

Supe S, Takudage P. Methods for evaluating penetration of drug into the skin: a review. Skin Res Technol. 2021;27(3):299-308. doi:10.1111/
srt. 12968

Rapalli VK, Singhvi G. Dermato-pharmacokinetic: assessment tools for topically applied dosage forms. Expert Opin Drug Deliv. 2021;18
(4):423-426. doi:10.1080/17425247.2021.1856071

Drug Design, Development and Therapy DOVepI'eSS

Taylor & Francis Group

Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2026:20 EXin>QO

27


https://doi.org/10.25259/IJDVL_615_2023
https://doi.org/10.25259/IJDVL_615_2023
https://doi.org/10.3390/pharmaceutics17070936
https://doi.org/10.1039/D0RA06567F
https://doi.org/10.1146/annurev-food-072023-034528
https://doi.org/10.1080/10717544.2023.2173338
https://doi.org/10.1080/10717544.2023.2173338
https://doi.org/10.3390/plants12142661
https://doi.org/10.1021/acsomega.2c08016
https://doi.org/10.1007/s11095-023-03645-3
https://doi.org/10.1021/acs.molpharmaceut.3c00791
https://doi.org/10.1039/D4GC06386D
https://doi.org/10.3390/pharmaceutics17030324
https://doi.org/10.3389/fphar.2022.1104096
https://doi.org/10.3389/fphar.2022.1104096
https://doi.org/10.3390/gels10020107
https://doi.org/10.3390/polym13081285
https://doi.org/10.3390/pharmaceutics13122050
https://doi.org/10.1016/j.jddst.2022.103207
https://doi.org/10.1111/srt.12968
https://doi.org/10.1111/srt.12968
https://doi.org/10.1080/17425247.2021.1856071
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Eligibility Criteria
	Information Sources and Search Strategy
	Study Selection
	Data Extraction Process

	Results
	Study Selection
	Characteristics of Included Studies
	Formulations Composition
	Film Properties Outcomes
	Drug Release Outcomes
	Skin Permeation Outcomes

	Discussion
	Overview of Research Landscape
	Film Properties Outcome
	Drug-Release Outcomes
	Skin Permeation Outcomes
	Future Perspective
	Limitation of the Review

	Conclusion
	Abbreviations
	Acknowledgments
	Disclosure

