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ABSTRACT

Therapeutic management of chronic and acute wounds still remains a challenging aspect in clinical settings, primarily due
to the ineffective use of wound dressings as therapy. In situ forming (ISF) film systems: The ISF system recently unveils
an innovative wound care concept that presents a conformal drug delivery platform, a less painful application, and sustained
release of the drugs. Such systems undergo a sol-gel transition at the site of injury, locally transforming from liquid to solid
through solvent evaporation, phase change, and/or cross-linking. In this article, we systematically reviewed the fundamen-
tals, polymeric compositions, formulation technologies, and clinical applications of ISF in wound treatments. Opportunistic
evaluation is strengthened by the therapeutic potential and film-forming property of natural polymers, like chitosan and
gellan gum; synthetic polymers, such as polycaprolactone (PCL) or poly (lactic-co-glycolic acid) (PLGA); and thermosen-
sitive systems from the poloxamer family. This review reports the characterization methods and drug-release mechanisms,
as well as the application in acute wounds (burns, surgical incisions) and chronic ones (diabetic ulcers, pressure sores).
New technologies, including smart responsive and combination therapies, are covered along with clinical translation, reg-
ulatory, and scaling-up issues. This review aims to help readers understand the different strategies of ISF-based wound
healing systems and offers a view on recent advancements and emerging topics in the field, including how those technol-
ogies may fundamentally change topical drug administration as well as dressings for wound healing.

Keywords: In-situ forming films; Spray wound dressings; Biodegradable polymers; Topical drug delivery; Wound healing;
Film-forming systems

How to cite this article: Sunita Nirban 1 Manisha Pandey 1 Sumit Kumar. The Next Generation of Advanced Wound Therapy: In-Situ

Film Forming Drug Delivery System. Int J Drug Deliv Technol. 2026;16(85s):1814-1826. DOI: 10.25258/ijddt.16.85s.183.

Source of support: Nil.
Conflict of interest: None

1. Introduction

1.1 Wound Healing: Clinical Needs and Current Limita-
tions

Wound management is a formidable health challenge
worldwide, and at least 2% of the population in developed
countries suffer from chronic wounds, which cost an esti-
mated $25B per year in the US alone [1]. The wound heal-
ing process is a highly organized and closely regulated
evolution of overlapping phases consisting of haemostasis,
inflammation, proliferation, and remodelling that requires
some microenvironmental conditions to best accomplish it
[2]. Disruption of this intricate process, which leads to
chronic non-healing wounds, has an enormous impact on a
patient's quality of life and health care.

Gauze, hydrocolloids, and preformed film forms are all tra-
ditional dressings that have their limitations [3]. Gauze
dressings are not able to properly conform to the shape of
non-planar wounds, can adhere to granulating tissue and
cause pain/damage upon removal, and may not sufficiently
manage moisture [4]. A further improved barrier perfor-
mance is achieved by preformed films and membranes,
which, however, may not fully adapt to complex 3D wound
surfaces, leading possibly to air trapping and incomplete
contact with the entire wound area [5]. Additionally, many
conventional dressings are multi-step applications and re-
quire experienced medical personnel for application of
these products with frequent stripping of healing tissue dur-
ing dressing changes [6].

Growing understanding of moist wound healing has driven
the development of more advanced delivery systems, which
offer maximum moisture while preventing colonization by
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bacteria but still permit gaseous exchange and release ther-
apeutic agents in a controlled manner [7]. To fulfil this de-
mand, there is a growing interest in the development of
sprayable and mouldable technologies that can overcome
the geometric shortcomings of classical dressings while re-
taining enhanced therapeutic properties.

1.2 Rationale and Concept of In-Situ Forming Films

The mural wound care approach of ISF film technology is
unique compared to all standard topical wound treatments
because it is applied in liquid form, and the phase transition
application generates seamless adhesive films directly on
the wound bed [8,9]. This approach eliminates the need for
prefabricated dressing and achieves total conformal dress-
ing coverage irrespective of wound size, shape, or location
on the body [10]. The general process is to apply the liquid
polymer-containing formulation by spray, brush, or direct
pour, followed by rapid conversion yielding a solid or semi-
solid film through physical-chemical means [11].

This change can occur through evaporation of solvent,
phase inversion following contact with wound exudates,
temperature-triggered gelation, and chemical/photo-cross-
linking reactions [12, 13].
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Cross-linking Thermal Gelation

Figure 1 shows the four main processes of ISF film for-
mation. The formed film can act as a protective coating
against foreign substances, keep a wound site moist, of-
fer mechanical support, or serve as a reservoir for local
controlled drug delivery [14].

Some of the main merits of ISF systems include perfect ad-
aptation to the non-planar shape of wounds, painless and
non-invasive application, even distribution of drugs over
tissue, as well as visualization through transparent matrices
for monitoring the process of wound healing [15,16].

The ISF concept was introduced in the 1960s when Artz
published for the first time the use of a plastic-film covering
over surgical incisions [18]. Movement developed slowly
across the decades, and pieces like Opposite were created
in the 1970s and 1980s, but they were performed films [19].
One reason why the ISF idea has only taken off to its real
potential in the 1990s-2000s is because of advances made
with polymer science, and this development has accelerated
exponentially with nanotechnology, including smart mate-
rials [20, 21].

2. Fundamental Principles of ISF Technology

2.1 Formation Mechanisms

Conversion of liquid to solid films at the wound site is ac-
complished by different physicochemical mechanisms that
render each capable of providing distinct advantages and
limitations for use in wounds [22]. Figure 1 provides a sche-
matic overview of these four mechanisms: solvent evapora-
tion, phase inversion, cross-linking, and thermal gelation.
Solvent Evaporation-Based Systems

Solvent evaporation is the simplest process of ISF for-
mation, in which volatile organic solvents evaporate
quickly at ambient or body temperature conditions and form
a polymer film matrix [23]. The rate of film formation is
also affected by solvent vapour pressure, polymer concen-
tration, ambient temperature and humidity, and the surface
area available to air [24]. Typical solvents used are ethanol,
isopropanol, acetone, ethyl acetate, and dichloromethane,
chosen on the basis of their evaporation rate and polymer
solubility [25].

TABLE 1: Critical Quality Attributes and Character-
ization Methods for ISF Systems
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tern even size,
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The formation of the film occurs in different steps,begin-
ning with the initial wetting of the wound surface by the
liquid formulation (1-5s), followed by solvent evaporation,
which endows an increased viscosity and polymer chain en-
tanglement (5-60 s), and finally ends with a final solidifica-
tion event where a coherent film is obtained with residual
solvent content typically below 5% (1-5 min) [26]. Spray
dressings that are based on polyurethane polymers are a
good example of this, being prepared as commercial formu-
lations that can lead to touch-dry films in 30-60 seconds
[27].

Phase Inversion/Precipitation Systems

PI mechanisms take advantage of the different solubility of
a polymer in an organic as compared to an aqueous medium
[30]. Water-soluble organic solvents such as N-methyl-2-
pyrrolidone (NMP), DMSO, or PEG with a Cso substituent
dissolve the formulation polymer [31]. Once an organically
soluble preparation comes into contact with wound exu-
dates or tissue fluids, organic solvent partitions into the
aqueous phase, and water enters into the polymer solution,
leading to precipitation of the polymer and formation of a
film [32]. This approach provides benefits for unstable bio-
molecules and thermolabile drugs [33].

Cross-Linking Systems

Cross-linkage can be provided by covalent or physical
bonding between polymer chains, resulting in the creation
of a three-dimensional structure [36]. Chemical cross-link-
ing can be induced photochemically by UV or visible light
(when using appropriate photoinitiators), thermally when
the catalyst is heat-activated, or chemically by applied acti-
vators shortly prior to application [37-38]. Photo-cross-
linking allows for spatial and temporal control, where the
resulting gelation time is in the range of 30-300 s when ex-
posed to proper light [39].

As far as physical gelation is concerned, ion-mediated
cross-linking (e.g., calcium-mediated cross-linking of algi-
nate or gellan gum), thermal gelation with LCST/UCST
(lower critical solution temperature or upper critical solu-
tion temperature) character, and pH-induced gelation are
central in this context [40,41]. Poloxamer-containing sys-
tems reverse thermogel,being liquid at a temperature of
50% [53]. 24—72h dosing would be indispensable to attain
therapeutic levels [56]. Cytotoxicity of the system needs to
be tested to show biocompatibility (cell viability over 80%)
[59] and biodegradation with healing time [60]. An MVTR
0f 2000-2500 g/m2/24 hours provide an ideal environment
for moist wound healing and also controls pooling of exu-
dates [61].
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3. Polymeric Materials for ISF Formulations
3.1 Natural Polymers
Chitosan

Chitosan, a linear glucosamine polysaccharide derived from
deacetylated chitin, is one of the most relevant natural pol-
ymers employed for ISF wound dressing material due to its
inherent antimicrobial and haemostatic activities as well as
biocompatible features [63, 64]. The polymeric chain is
made up of B-(1—4)-linked D-glucosamine and N-acetyl-
D-glucosamine randomly linked units, and the DD ranges
from 70 to 95%, affecting the dissolved state and biological
activity [65].

The film-forming properties of CS are significantly affected
by its molecular weight (50-2000 kDa), DD, pH, solvent,
and concentration [66]. In the presence of dilute acidic so-
lutions (acetic or lactic acid), pH < 6, chitosan is dissolved,
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forming viscous solutions that could be used as sprays [67].
On the wound surface, the chitosan is precipitated and ab-
sorbed as adherent films (50-200 pum thick) after being dis-
solved in an aqueous or organic solvent, then evaporating
or neutralizing its pH [68].

The antimicrobial activity of chitosan against gram-positive
and gram-negative bacteria, fungi, and some viruses is ex-
plained by electrostatic interactions between the positively
charged -NH: groups and negatively charged microbial cell
membranes,resulting in a loss of membrane integrity and
interference with microorganism growth [69, 70]. MIC val-
ues vary between 0.01% and 0.1% according to species of
microorganism, molecular weight, and DD [71]. In compar-
ison to conventional gauze, chitosan-dressed wounds are
shown in clinical studies to have a lower incidence of infec-
tion [72].
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For instance, chitosan acetate solutions in ethanol-water
systems result in transparent films when put through a spray
application [73]. Silver sulfadiazine addition increases the
antimicrobial effectiveness against resistant organisms [74].
Drawbacks are pH sensitivity, low solubility in the physio-
logical pH range, and the risk of allergic reaction to patients
with intolerance to shellfish [75].

Gellan Gum

Gellan gum is also an anionic exopolysaccharide synthe-
sized by Sphingomonas elodea, composed of tetra saccha-
ride repeating units that exhibit ion-triggered gelation, good
for ISF treatment [76]. In solution, the polymer appears as
random coils, but upon cooling or addition of cations (Ca?",
Mg?*), double helices are formed,resulting in a three-di-
mensional network. [77].

Ion-activated gelation allows for the spraying of gellan gum
solutions, which rapidly form a gel upon contacting cal-
cium-rich wound exudates [78]. The gelation temperature
of the nanoparticle dispersion can be tailored by both ion
concentration and polymer molecular weight, which pro-
vides desirability for a range of different topical applica-
tions [79]. In wound healing research, it has been reported
that gellan gum films accelerated re-epithelialization and at-
tenuated inflammation when compared with conventional
dressings [80].

The mechanical properties and drug loading capacity of the
combination systems based on chitosan or alginate were im-
proved [81]. Gellan as a matrix for growth factor delivery.
The high morphological and mechanical stability of gels
obtained fromgellan gum was found to be particularly use-
ful for entrapment of growth factors, with studies reporting
sustained release of EGF concentration in diabetic wound
healing over no less than 7 days [82].

3.2 Synthetic Polymers

Polycaprolactone (PCL)

For example, polycaprolactone (PCL) has a good film-
forming ability and is highly biodegradable with FDA ap-
proval for biomedical uses, so it can be simply prepared us-
ing the ring-opening polymerization of g-caprolactone [85,
86]. PCL has a slow degradation time (2—4 years for com-
plete degradation) due to ester bond hydrolytic cleavage
and is suitable as a material for long-term drug delivery
[87].

As the polymer is permeable to many drugs and compatible
with numerous actives, they present an ease in formulation
development [88]. These PCL-based ISF systems, organic
solvents including dichloromethane, chloroform, or ethyl
acetate, are used to dissolve the polymer and then cast with
spray deposition followed by evaporation of HV [89]. 1-2
min is required for film formation, and the films formed
have flexibility and transparency with tensile strength in the
range of 10-30 MPa, depending on molecular weight [90].
Other drug delivery applications range from long-term an-
tibiotic (e.g., gentamicin, ciprofloxacin) release for wound
prophylaxis [91], anti-inflammatory (ibuprofen, diclofenac)
inclusion to relieve pain [92], and growth factor delivery
towards chronic wound healing [93]. Clinically, translation
efforts are now directed at achieving commercially accepta-
ble spray formulations with tolerable solvent safety profiles
[94].
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Drawbacks are hydrophobicity, which reduces cell adhe-
sion; slow degradation (about 2-3 weeks), which may not
be compatible with skin regeneration rates; and use of or-
ganic solvents that pose safety concerns [95]. Approaches
to bypass these shortcomings include copolymerization
with hydrophilic polymers, surface functionalization with
bioactive molecules, and fabrication of electrospun nano-
fiber-mediated delivery platforms [96].

Poly (lactic-co-glycolic acid) (PLGA)

PLGA, which is a copolymer of glycogen and lactic acids,
is considered to be the gold standard for polymer drug de-
livery due to FDA approval, adjustable degradability kinet-
ics, and a wide clinical history [97, 98]. The ratio of lactide
to glycolide can be varied (50:50, 65:35, 75:25, 85:15) to
tune degradation from weeks to months [99]. The fastest
degradation (1-2 months) is seen in the 50:50 composition,
as it has more hydrophilicity owing to the presence of gly-
colic acid; however, 85:15 PLGA degrades over 5—6 months
[100].

For ISF systems using PLGA, water-miscible organic sol-
vents (NMP, DMSO) or volatile solvents (ethyl acetate, ac-
etone) are used for the dissolution of the polymer [101]. The
process of phase inversion upon exposure to wound exudate
leads to porous films that are beneficial for both drug re-
lease and exudate absorbency [102]. The molecular weight
selection (10—150 kDa) directly affects both the mechanical
property and the degradation rate of films [103].

In the field of wound healing, the technique has been uti-
lized in the delivery of antimicrobial drugs for infection pre-
vention after surgeries [104], sustained release of growth
factors (VEGF, bFGF) to promote angiogenesis in chronic
wounds [105], and inclusion of anti-inflammatory cyto-
kines playing a modulating role with immune system re-
sponses [106]. Spray-on films containing PLGA
microspheres allow pulsatile drug release profiles [107].
Degradation products (i.e., lactic and glycolic acid) are me-
tabolized through the tricarboxylic acid cycle and excreted
by breathing, generating biocompatibility [108]. Neverthe-
less, bulk degradation might lead to a local pH lowering and
inflammatory reactions [109]. Several methods of acidifi-
cation reduction are based on the use of pH buffering agents
and low-MW PLGA [110].

3.3 Thermosensitive Polymers

Poloxamers (Pluronics)

The most well-known poloxamer example is Pluronic F127
(poloxamer 407), which is a triblock copolymer containing
hydrophobic polypropylene oxide (PPO) in the middle and
both sides covered by hydrophilic polyethylene oxides
(PEO) [111]. These amphiphilic polymers demonstrate re-
verse thermal gelation, existing as viscous liquids at cold
(4-10°C) temperatures and then transitioning to semi-solid
gels above a critical gelation temperature (15-25°C, de-
pending on concentration) [112].

The mechanism of gelation proceeds to micelle formation
and packing at high temperature [113]. At low temperatures,
isolated polymer chains are still distributed in the aqueous
phase. PPO blocks self-associate with increasing tempera-
ture to form micelles with PEO coronas. Micelle-packing
and -entangling at higher temperatures results in the gel
state [114]. A common set of concentrations (15-30% w/v)
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gives rise to gelation temperatures of 20-35°C, ideal for
room temperature storage and body temperature admin-
istration [115].

FiGURE 2: Chemical Structure of Poloxamer 407

Poloxamer 407

PPO (hydrophobic) PEO (hydrophilic)

vV V V ¥
PEO (hydrophilic)

Reverse Thermal Gelation Mechanism
Low temperature (4-10 °C)

heating
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Figure 2:The chemical structure of poloxamer 407 as
well as its mechanism of thermal gelation.

Pluronic F127 has also been shown as a wound healing
agent in animal models; mechanisms suggested include
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TABLE 2: Summary of Polymeric Materials Used in
ISF Wound Dressings
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4. Formulation Strategies and Optimization
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improved epithelial growth factor activity [116]. The poly-
mer’s low toxicity, biocompatibility, and FDA approval
make it suitable for clinical translation [117]. Applications
are the delivery of the antimicrobial peptides with con-
trolled release over 4—7 days [118], a controlled release of
growth factors that retain their activity during formulation
and storage [119], or a thermosensitive gel-to-film transi-
tion for irregular wound geometries.

Combination primarily conjugates improve the perfor-
mance by loading with PLGA microparticles in polysaccha-
ride-based gels for biphasic drug release [121], mixing with
chitosan to enhance antimicrobial efficacy [122], and sup-
plementing with nanoparticles for stimuli-responsive deliv-
ery [123].

Table 2 provides a comprehensive comparison of the
polymeric materials discussed, including their film for-
mation mechanisms, key properties, advantages, and
limitations.
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4.1 Choice of Solvent and Formulation Principle
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The selection of solvents is one important formulation pa-
rameter affecting polymer dissolution, spray properties,
film-formation kinetics, and safety profile [124]. Organic
solvents used in ISF: These are ethanol, isopropanol, ace-
tone, ethyl acetate, and dichloromethane with different va-
por pressures [125], polarity (all from Sigma Aldrich), and
polymer-dissolving properties. These are the preferred ones
for commercial formulations due to low toxicity, regulatory
acceptance, and fast evaporation (ethanol: 44 mmHg-20°C)
[126].

Water-miscible solvents, such as NMP and DMSO, allow
phase inversion processes to occur with the choice of sol-
vent depending on the polymer’s miscibility properties, bi-
ocompatibility, and residual limits [127]. Solvent mixtures
help in minimizing several performance properties at once;
for instance, ethanol is mixed with ethyl acetate to compro-
mise evaporation rate with polymer solubility [128]. Regu-
latory issues demand compliance with ICH Q3C guidelines
on acceptable levels of residual solvents in final prepara-
tions (Class 2 solvents <50 ppm, Class 3 solvents <5000
ppm) [129].

4.2 Plasticizers and Film Modifiers

Plasticizers are responsible for improving the film flexibil-
ity, lessening the brittleness, and improving mechanical
properties due to an increase in molecular mobility and a
decrease in polymer crystallinity [ 130]. Various plasticizers
such as polyethylene glycols (PEG 200-600), propylene
glycol, glycerol, triethyl citrate, and diethyl phthalate are
usually used at a percentage level of 5-30% w/w polymer
concentration [131]. Biocompatible, regulatory-approved
PEG-based plasticizers are known in which the molecular
weight can be used to modulate plasticization efficiency
[132].

Film-forming agents like hydroxypropyl cellulose, polyvi-
nylpyrrolidone, or carbomers improve film cohesiveness
and suppress tackiness [133]. Concentration optimization
allows a balance between mechanical properties and drug
release profile since high amounts of plasticizer could lead
to decreasing film integrity and increasing degradation
[134].

4.3 Drug Incorporation and Stability

Active pharmaceutical ingredient selection takes into ac-
count form (i.e., solubility) in the formulation solvent, as
well as chemical stability during processing and storage,
therapeutic dose requirements, and compatibility with the
polymer matrix [135]. Antimicrobials are the most utilized
drug class in ISFs for wound dressings such as silver sul-
fadiazine, ciprofloxacin, gentamicin, and mupirocin [136].
Anti-inflammatory drugs (ibuprofen, diclofenac) have pain-
killing properties and modify inflammation [137].

Growth factors and peptides, which are sensitive to organic
solvents and temperature, need special focus [138]. The
strategies are by encapsulation in protective carriers (lipo-
somes, nanoparticles), integration with the aqueous phase
of a biphasic system, or addition just prior to application
[139]. Antimicrobial peptides have also exhibited potential
and retained activity in ISF formulations [140].

Strategies to solubilize poorly water-soluble drugs consist
of complexation with cyclodextrins, inclusion in mixed mi-
celles, and employment of co-solvents [141]. Stability
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testing comprises chemical stability (HPLC assay at room
temperature), physical stability, such as phase separation
and precipitation, and retention of antimicrobial activity
[142].
In vitro release profiles of antimicrobial agents from ISF films
10033 —e— Chitosan
—&— PLGA

—— PCL
80 Q0 + —® | —— Poloxamer 407

60

404

Cumulative release (%)

201

% 12 24 36 48 60 72

Time (hours)
Figure 3 illustrates typical drug release profiles from
different ISF formulations, demonstrating sustained re-
lease over 24—72 hours.
5. Applications in Wound Healing
5.1 Acute Wounds
Burns and Thermal Injuries
ISF systems show specific advantages ranging from wound
management and conformable coverage of irregular sur-
faces to moisture retention and antimicrobial protection in
the management of burn injuries [143]. Silver-containing
preparations have a wide range of antimicrobial activity
against the commonly found burn pathogens, including
Pseudomonas aeruginosa and Staphylococcus aureus [144].
There are lower rates of time to healing and infection when
using spray-on silver-containing films in clinical studies vs.
silver sulfadiazine cream [145].
Polyurethane-based spray dressings provide a transparent
film that allows visual wound assessment without removal
of dressing [146]. Steen et al. [147] found little difference
in healing compared to conventional dressings but in-
creased patient comfort and less frequent dressing changes
in patients with partial-thickness burns. Formulations com-
bining local anaesthetics (lidocaine) achieve instantaneous
pain relief at the time of use [148].
Surgical Wounds
Post-surgical wound care is an emerging application for ISF
systems that offers the benefits of sterile application, mois-
ture management, and infection prevention [149]. Cy-
anoacrylate-based tissue adhesives have been used as a
surgical site protection product, and polymer-based ISF sys-
tems expand the functionality to drug delivery [150]. Stud-
ies have demonstrated non-inferiority to standard sutures
with better cosmetic results in clean surgical wounds [151].
5.2 Chronic Wounds
Diabetic Ulcers
Diabetic foot ulcers affect 15-25% of diabetics within their
lifetime and are the most common cause for non-traumatic
amputation of a lower extremity [152]. ISF not only enables
infection prevention but also the delivery of growth factors
and moisture regulation, which are the possible pathophys-
iological features of a diabetic wound [153]. Chitosan-
based formulations also show improved wound healing in
diabetic animal models by antimicrobial properties and fi-
broblast proliferation-like activity [154].
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Delivery of growth factors using ISF systems eliminates the
limitation of stability & short half-life coupled with suscep-
tibility to degradation in the harsh wound bed [155]. PLGA-
based formulations that offer sustained release of epidermal
growth factor (EGF) or platelet-derived growth factor
(PDGF) have increased wound healing rates in clinical set-
tings [156]. Antimicrobial agents are combined with growth
factors in combination therapy that can target both infection
and dysfunctional healing cascades [157].

Ulcers of Pressure; Ulcer, Venous Leg

Pressure ulcers are a problem that affects immobile patients,
and ISF systems provide benefits to dressing hard-to-treat
anatomical sites [158]. Flexible film allows for total cover-
age of sacral and heel ulcers devoid of the bulk that may
interfere with patient positioning [159]. Comparable rates
TABLE 3: Preclinical and Clinical Studies of ISF Sys-
tems for Wound Healing

Polymer(s) | Drug/Ac | Woun | Key Ref.
tive d Out-
Agent Model | comes
Chitosan Silver Rat Re- [74]
acetate sulfadia- | full- duced
zine thick- bacte-
ness rial
wound | count,
accel-
erated
re-epi-
theli-
alizati
on
Gellan gum | EGF Dia- Sus- [82]
betic tained
mouse | EGF
(db/db) | re-
lease
over 7
days,
en-
hance
d clo-
sure
rate
PCL Gentami- | Rat-in- | Pro- [91]
cin fected | longed
wound | antibi-
otic
re-
lease,
infec-
tion
con-
trol
PLGA VEGF Mouse | Im- [105
is- prove | ]
chemic | dan-
wound | gio-
genesi
S,
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of healing to hydrocolloid compounds are reported with
better patient acceptance [160].

ISF systems compatible with compression therapy are also
beneficial for venous leg ulcers, which are the most com-
mon form of these wounds [161]. Thin, flexible films do not
affect the application of a compression bandage and retain
effectiveness under pressure [162]. Formulations compris-
ing anti-inflammatory moieties and proteolytic enzyme in-
hibitors have been designed to target chronic inflammatory
conditions associated with venous ulcers [163].

Table 3 summarizes key preclinical and clinical studies
of ISF systems applied to various wound types, high-
lighting the diversity of formulations and therapeutic
outcomes.

granu-
lation
tissue
for-
matio
n

Sus- [118
tained | ]

Antimi- Rat
crobial full-
peptide thick- pep-
ness tide
wound | re-
lease,
re-
duced
bio-
film
for-
matio
n
Syner- | [121
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anti-
micro-
bial
effect,
com-
plete
heal-
ing by
day 14
Trans- | [147
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film,
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ble
heal-
ing,
less
pain
Accel- | [156
erated | ]
wound
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sure in

Poloxamer
407

Chi- Ciprof- Rabbit
tosan/PLG | loxacin in-

A fected
wound

Human
sec-
ond-
degree
burns

Polyure-
thane

(none,
barrier
only)

PLGA PDGF Human
dia-
betic

ulcer
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phase
11 trial

6. Clinical Translation and Regulatory Considerations
6.1 Scalability and Manufacturing

Transfer from a laboratory/feasibility phase to commercial
manufacturing is associated with formulation stability,
packaging needs, and spray device compatibility [164].
Aerosol propellants are required to be optimized in terms of
atomization efficiency and their implications for users’
health and the environment [ 165]. Commercial products use
hydrofluoroalkane (HFA) propellants instead of chloro-
fluorocarbons [166]. Non-aerosol pump sprays,mechanical,
non-aerosol pump sprays have the advantage of not requir-
ing a propellant at all, but can lead to reduced spray uni-
formity [167].

Quality-by-design approaches have been used to determine
critical process parameters, which include spray pressure,
nozzle-to-substrate distance, application temperature, and
humidity [168]. Process analytical tools (PAT) can monitor
the process of film formation as well as drug content uni-
formity in real time [169].

6.2 Regulatory Framework

ISF-based devices could be a drug, device, or combination
product depending on the predominant mechanism of action
[170]. The FDA designates medical devices as Class II or
III, which are subject to premarket notification or approval
based on substantial equivalence with a predicate device,
unless clinical trials for efficacy and safety are conducted
[171]. Similar requirements are also stated in the European
MDR for CE marking [172].

For drug release ISF systems (‘combination products’), a
more stringent regulatory pathway would be followed, with
the requirements for current good manufacturing practices,
pharmaceutical-grade manufacture, and long-term stability
studies, as well as the requirement of pharmacokinetic data
[173]. Guidelines are regulatory frameworks for develop-
ment and approval [174].

Challenges and Future Perspectives

7.1 Current Limitations

Some of these constraints are that,despite great technical
strides, several obstacles inhibit widespread clinical appli-
cation [175]. Advancing aqueous or low-solvent formula-
tions should be worked on due to safety concerns with
solvents [176]. Films are still challenged in the optimization
of mechanical properties, including flexibility versus
strength [177]. Another major problem is the stability of a
drug during storage and application [178]. Reimbursement
needs a cost-effective profile versus standard dressings
[179].

7.2 Emerging Technologies

Smart-responsive ISF devices are also fabricated by incor-
porating stimuli-responsive polymers, which can trigger
drug release in response to infection (pH-responsiveness),
inflammation (ROS-responsiveness), or temperature
change [180]. Nanoparticles enhance drug loading, and an-
timicrobial features and multifunctional performance are
also available [181]. ISF, a 3D bioprinting tissue-engineer-
ing technology, can achieve ISF preparations in the form of
individual wound shapes [182].
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Gene therapy-based studies explore ISF as a medium for
nucleic acid (siRNA, plasmid DNA) delivery to silence
wound-healing pathways [183]. In addition to the above-
discussed stimulatory factors, stem cells in ISF matrices
represent a new frontier where the rationale of cell therapy
merges with that of biomaterial scaffolds [184]. Obstacles
to realizing necessary therapeutic action and cell survival
have, however, not been addressed for these advanced ap-

plications [185].

Conclusions

In-situ forming film systems aspects (Cs): Concepts in-situ

formed films are a very promising breakthrough in wound

healing and dermal drug delivery due to the benefits of in-
timate contact, pain-free application, prolonged drug re-
lease, and patient compliance. The technology has
progressed from a basic polymeric film platform to sophis-
ticated 'smart' systems and combinatory therapy modalities.

Natural polymers, such as chitosan that present intrinsic an-

timicrobial activity; synthetic polymers, such as PCL or

PLGA, that allow controlled degradation and subsequent

release of drugs; and thermosensitive systems, which gel

when the temperature rises, are examples.

An overview of the critical quality attributes, polymer se-

lection process, formulation strategy, drug release profiles,

and preclinical/clinical data supporting ISF technology has
been elaborated in Tables 1-3 and Figures 1—4. A clinical
translation characterization requires the optimization of ki-
netic film formation, mechanical properties, drug loading
and release profiles, and biocompatibility with considera-
tion to regulatory requirements and manufacturability. Ap-
plications include acute wounds (burns and surgical sites)
and chronic wounds (diabetic ulcers and pressure sores).

Recent advances in smart response polymers, nanoparticles,

and biologics may further allow for broadening of the capa-

bilities themselves.

Future research areas consist of the development of aque-

ous-based formulations to eliminate solvent-related safety

concerns, the tuning of film properties according to wound
type, the performance of well-designed clinical trials
demonstrating superiority over standard care, and the inves-
tigation of combination therapies associating different ther-
apeutic modalities. Their potential is such that when the ISF
paradigm is more fully developed, it may form a significant

component of wound therapy and, still more so, serve as a

vehicle for second-generation therapeutics.
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