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Abstract 

Therapeutic proteins have emerged as a cornerstone of modern medicine due to their high 
specificity and strong biological effects. However, delivering these proteins poses signifi-
cant challenges due to their instability, susceptibility to enzymatic breakdown, low per-
meability, and reliance on invasive parenteral routes. Buccal drug delivery is a promising 
non-invasive alternative, offering quick systemic absorption while avoiding gastrointesti-
nal degradation and hepatic first-pass metabolism. Three-dimensional (3D) printing as a 
fabrication method has further enhanced the potential of buccal delivery, enabling precise 
dosage control, multilayer structures, and patient-specific customization. This review fo-
cuses on the current state of the traditional and 3D-printed buccal film platforms using 
different printing methods for protein delivery, and critically analyzes protein stability 
challenges, and formulation strategies. The discussion further highlights emerging proof-
of-concept studies. 
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1. Introduction 
Proteins are biologically abundant macromolecules composed of amino acids linked 

by peptide bonds and capable of adopting structures ranging from simple linear chains 
to highly complex three-dimensional conformations [1]. Therapeutic proteins, including 
hormones (like insulin and growth hormone), monoclonal antibodies, cytokines and in-
terferons, enzymes used in replacement therapy, growth factors, fusion proteins, blood 
factors, and protein-based vaccines, have transformed modern pharmacotherapy because 
of their high specificity, strong biological activity, and relatively low off-target toxicity 
[2,3]. Conventionally, protein-based therapeutics are delivered through the parenteral 
route due to the numerous physiological and formulation challenges that hinder effective 
oral administration [3,4]. However, repeated doses/injections are associated with pain, 
infection risk, increased healthcare burden, and compromise on drug adherence at the site 
to elicit a therapeutic response [3,5,6]. The drug delivery to the buccal mucosa has at-
tracted increasing attention over the past two decades as an attractive site for the delivery 
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of macromolecules [7]. Buccal delivery offers a promising non-invasive route for systemic 
administration of macromolecules, bypassing gastrointestinal and hepatic first-pass me-
tabolism, and is suitable for a range of therapeutic applications (Figure 1). It provides sev-
eral advantages, such as relative physical robustness, easy accessibility, and the potential 
for rapid onset along with improved patient adherence [7,8]. However, the delivery re-
mains challenging due to limited permeability, dynamic salivary environment, continu-
ous salivary washout, restrictions on drug loading, and the inherent fragility of proteins, 
resulting in low bioavailability and complex formulation requirements [3,7]. To overcome 
these barriers, strategies like mucoadhesive polymers, permeation enhancers, enzyme in-
hibitors, and nanocarriers have been investigated to protect proteins and enhance mucosal 
transport [3,6,7]. 

 

Figure 1. Overview of buccal drug delivery—manufacturing methods and applications. Created in 
BioRender. Appidi, T. (2026) https://BioRender.com/1etwwh6 (accessed on 23 June 2026). 

Conventional manufacturing of buccal films by solvent casting or hot-melt extrusion 
offers limited flexibility for dose customization and internal structure [7,9]. In contrast, 
three-dimensional (3D) printing technologies allow precise control over film geometry, 
spatial distribution of APIs and excipients, multilayer or compartmentalized designs, and 
on-demand, patient-specific doses (Figure 1, Table 1) [7,10]. Importantly, semi-solid ex-
trusion printing can be performed under mild processing conditions, making it particu-
larly suitable for protein and peptide delivery by minimizing degradation and preserving 
biological activity. This review highlights technological progress and the clinical potential 
of 3D-printed buccal films for protein delivery, focusing on formulation approaches, 3D 
printing techniques, and related proof-of-concept studies. 

Table 1. Key advantages of 3D-printed buccal films over conventional manufacturing for protein 
delivery [11,12]. 

Parameter Conventional Buccal Films 3D-Printed Buccal Films 
Dose flexibility Fixed-dose formulations Personalized and adjustable dosing 

Film design Limited structural complexity 
Customizable geometries and multilayer 

structures 

Protein stability May be affected by heat and  
processing conditions 

Better preservation of protein  
integrity, particularly with  

semi-solid extrusion 

Drug distribution Limited control over drug placement Precise spatial distribution of proteins 
within the film 

Drug release Mainly controlled by formulation  Tunable through both formulations  
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composition and printed architecture 

Personalized therapy Limited applicability 
Enables patient-specific treatment ap-

proaches 
Manufacturing pro-

cess 
Multiple processing steps and  

specialized tooling 
Digital, Mold-free, and rapidly adaptable 

fabrication 
On-demand produc-

tion Not feasible 
Supports decentralized and on-demand 

manufacturing 

2. Therapeutic Proteins: Opportunities and Delivery Challenges 
2.1. Role of Proteins in Modern Therapy 

Therapeutic proteins are among the fastest growing drug categories, with hundreds 
of approved products and an annual market nearing $400 billion [3,13]. These molecules 
are essential clinically, in treating diabetes, cancer, hormonal, genetic, and metabolic dis-
orders, autoimmune and inflammatory conditions, cardiovascular issues, and infectious 
diseases, and are also fundamental to modern vaccinology (Figure 2) [14]. Compared to 
small molecules, proteins generally exhibit higher target specificity and stronger efficacy, 
with reduced off-target toxicity. This enables precise control of signaling pathways and 
the ability to substitute for missing or defective proteins [3,13]. Their structural complexity 
supports functions that are difficult or impossible to replicate with traditional chemotypes, 
which involve complex receptor interactions, catalytic activity in enzyme replacement, or 
multivalent immunological responses [14,15]. The versatility of the proteins has driven 
rapid expansion in areas like bispecific antibodies, fusion proteins, and conditionally ac-
tive cytokines [14]. The key advancements in recombinant DNA technology, protein en-
gineering, and computational protein design have expanded the range and effectiveness 
of protein-oriented therapies [13]. Modern techniques for design that include structure-
based modeling, machine learning, and directed evolution are producing new scaffolds 
as well as enhanced antibodies, enzymes, and cytokines with better pharmacokinetics and 
manufacturability [13–15]. 

 

Figure 2. Diagram showing the versatility of protein delivery for different disease conditions. Cre-
ated in BioRender. Appidi, T. (2026) https://BioRender.com/1etwwh6 (accessed on 23 June 2026). 
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2.2. Challenges and Formulation Strategies in Protein Delivery 

Therapeutic proteins are inherently fragile macromolecules that are poorly permea-
ble and have narrow stability windows [16,17]. Despite advantages and varied therapeu-
tic opportunities to explore, many therapeutic proteins face issues [18,19]. 

2.2.1. Protein Stability—pH, Environment, and Mechanical Factors 

A major challenge in delivering proteins is maintaining their structural and confor-
mational stability. Protein conformation is maintained by a delicate balance of electrostatic 
interactions, hydrogen bonds, van der Waals forces, and hydrophobic effects; any disrup-
tion can cause unfolding, aggregation, and a loss of biological activity [16,20,21]. In this 
regard, pH plays a crucial role by influencing amino acid ionization, intramolecular elec-
trostatics, and colloidal stability; even slight deviations from optimal conditions can lead 
to denaturation, deamidation or aggregation [22,23]. Similarly, temperature variations 
outside the protein’s stability range can also induce thermal denaturation, oxidation, hy-
drolysis, and precipitation, while repeated free-thaw cycles or inadequate cold-chain 
management further compromise stability of the products [16,24]. Furthermore, exposure 
to light and reactive oxygen species can oxidize vulnerable residues, leading to structural 
alterations and aggregation [25]. In addition, proteins are also highly affected by mechan-
ical and interfacial stresses during upstream processing, including pumping, filtration, 
filling, transport, and administration [25,26]. Shear forces and adsorption at air-liquid or 
solid–liquid interfaces can cause partial unfolding and aggregation. To counteract these 
effects, formulations utilize optimized buffers, pH and ionic strength adjustments, sugars 
and polyols, amino acids, surfactants, antioxidants, and gentle processing conditions, but 
maintaining stability across the full product lifecycle remains challenging [27]. 

2.2.2. Solubility, Permeability, and Immunogenicity Problems 

In addition to instability issues, limitations in solubility and permeability further 
challenge effective protein delivery. Many proteins exhibit poor solubility near physio-
logical pH and tend to self-aggregate at high concentrations, which restricts dose loading 
and promotes aggregation [16,28,29]. Their large size and hydrophilic nature greatly hin-
der passive membrane diffusion, resulting in minimal uptake across the cellular and epi-
thelial layers without specialized transport mechanisms or permeation enhancers [30]. In 
particular, the oral route of delivery poses the greatest challenges, as proteins must with-
stand extreme pH changes and gastric acidity while being exposed to proteases that de-
nature and degrade them into inactive fragments [30]. Despite some absorption, extensive 
first-pass hepatic metabolism significantly reduces systemic exposure, resulting in bioa-
vailability often dropping below 1% for unprotected proteins [22]. Lipid-based systems, 
nanoparticles, enteric coatings, enzyme inhibitors, and absorption enhancers can improve 
solubility, protection, and permeability to some extent, However, achieving consistent ef-
ficacy in humans remains challenging [31]. A major obstacle in developing therapeutic 
proteins is immunogenicity. Factors such as structural instability, chemical modifications, 
and aggregation increase the risk of anti-drug antibody (ADA) formation, which can neu-
tralize the drug, alter its pharmacokinetics, or cause hypersensitivity and other adverse 
immune responses [32]. The immunogenic risk is also affected by the administration route, 
such as subcutaneous depots with prolonged antigen exposure, and formulation aspects 
like impurities, particulates, and excipient choices. These issues collectively complicate 
long-term therapy, often requiring dose escalation, changes in dosing schedules, or 
switching to different biologics [29,32,33]. 
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2.2.3. Formulation Approaches to Address Protein Delivery Issues 

To address difficulties in protein delivery, various molecular, formulation, and route 
specific techniques have been explored. Molecular strategies like PEGylation, lipidation, 
glycosylation, cyclization, Fc-fusion, and albumin binding enhance hydrodynamic size, 
stability, and circulation half-life, while reducing proteolysis [34–37]. Formulation tech-
niques employ hydrogels and nanocarriers (polymeric nanoparticles, lipid-based systems, 
micelles, liposomes and microspheres) to protect proteins from harsh conditions, enable 
controlled release, and increase absorption, particularly for oral delivery [22,38]. For gas-
trointestinal delivery, strategies such as enteric coatings, enzyme inhibitors, permeation 
enhancers, mucus penetrating or mucoadhesive systems, intestinal microdevices, and 
cell-targeted carriers are designed to bypass enzymatic and gastric degradation and over-
come epithelial barriers [6,22]. In parallel, non-invasive methods like oral, pulmonary, na-
sal, transdermal, buccal, ocular, and rectal are explored to improve adherence and enable 
local or systemic delivery without injections, though each has distinct anatomical and 
physiological constraints. Among these mucosal routes, buccal delivery is particularly 
promising and potential route because of its therapeutic advantages and high patient ac-
ceptability, thereby providing a natural transition to more specialized platforms, such as 
3D-printed protein dosage forms, where geometry, layering, and micro-architecture can 
be precisely tailored to overcome the stability and transport barriers discussed earlier [6]. 

3. Buccal as a Route of Delivery 
Buccal drug delivery involves placing a dosage form against the inner cheek, allow-

ing the drug to be absorbed through the buccal mucosa to produce local or systemic effects 
[39,40]. This route is especially useful for drugs that experience significant first-pass me-
tabolism or are unstable in the gastrointestinal tract, since absorption through the buccal 
vasculature provides direct access to systemic circulation and bypasses gastric acid and 
liver metabolism [7]. The buccal mucosa is made up of non-keratinized stratified squa-
mous epithelium, measuring 500–800 µm, positioned over a highly vascular lamina pro-
pria. It provides a neutral pH, low enzymatic activity, and quick cellular recovery, all of 
which support drug stability and enhance mucosal tolerability [41]. Despite its limited 
surface area of 50 cm2 and the potential for saliva to dilute or remove formulations, the 
tissue’s moderate permeability, durability, and accessibility make it suitable for mucoad-
hesive, retentive systems like films, patches, and tablets [42]. Drug transport takes place 
through transcellular pathways that favor lipophilic molecules and paracellular routes 
that allow small hydrophilic molecules but are limited by tight junctions. Therefore, per-
meability strongly depends on molecular size and lipophilicity [43]. 

3.1. Key Parameters in Buccal Drug Delivery Systems (BDDS) 

Critical parameters influencing buccal drug delivery systems (BDDS) encompass 
drug properties, formulation techniques, physiological factors, technological approaches, 
and patient-specific considerations and are particularly important for the successful ad-
ministration of proteins and other biologics. While low molecular weight (<500 Da) favors 
passive buccal absorption, therapeutic peptides and proteins exceed this limit and there-
fore require formulation strategies like permeation enhancers, enzyme inhibitors, and mu-
coadhesive systems to overcome epithelial barriers and reach therapeutic levels [44,45]. 
Optimal candidates show moderate lipophilicity along with high aqueous solubility, 
which helps the drug’s diffusion across the mucosal barrier while maintaining adequate 
drug availability at the absorption site [9]. Due to the limited surface area of the buccal 
mucosa, BDDS are ideal for potent drugs that need low doses [46]. Additionally, the active 
pharmaceutical ingredient must stay stable in the enzymatically active, moist 
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environment of saliva during its residence time [44,47]. Mucoadhesive polymers, both 
natural, like chitosan, gelatin, and alginate, and synthetic, such as HPMC (hydroxypropyl 
methylcellulose), Carbopol, and PVA (polyvinyl alcohol), are essential for extending mu-
cosal contact and facilitating controlled drug release [9,45]. The addition of permeation 
enhancers, enzyme inhibitors, pH modifiers (targeting an optimal pH of 6.5–7.5), film-
formers, and appropriate plasticizers, such as PEG and glycerol, further improves the 
drug’s solubility, permeability, and the mechanical properties of the dosage form [9,44,45]. 
Designing the dosage form should focus on comfort, ease of application, and effective 
mucoadhesion, typically using systems like mucoadhesive films, buccal tablets, patches, 
and hydrogels [9,47]. 

Physiological factors like mucosal thickness, saliva flow, and local enzymatic activity 
affect drug retention, dissolution, and metabolism. Therefore, designing formulations that 
are resistant to salivary washout and enzymatic degradation is crucial, especially for bio-
logics [9,44–46]. Technological and manufacturing factors, such as advanced methods like 
semi-solid extrusion-based 3D printing, facilitate the creation of precise, customizable, 
and multilayered buccal systems. However, ensuring stability, sterility, scalability, and 
reproducibility across batches is essential for clinical use and commercialization [9,44–47]. 
Finally, patient-centered and regulatory considerations like palatability, comfort, discreet 
and user-friendly design, as well as strict adherence to biocompatibility, safety, and effi-
cacy standards are essential for ensuring patient adherence and regulatory approval, par-
ticularly for innovative and personalized buccal drug delivery systems [9,44–46]. 

3.2. Buccal Permeation Enhancers 

The buccal mucosa serves as a significant barrier, especially for hydrophilic and mac-
romolecular drugs such as proteins. Buccal permeation enhancers (BPEs) can temporarily 
alter epithelial barriers to boost drug absorption. The buccal route provides a favorable 
alternative to both parenteral and oral delivery because of its multiple therapeutic ad-
vantages [48]. However, the main obstacle is the physicochemical barrier of the buccal 
epithelium, which is a stratified squamous non-keratinized structure with tight intercel-
lular lipid zones. To overcome this, various BPEs have been created to enhance drug flux 
across the mucosa. These agents act through mechanisms such as membrane fluidization, 
modulation of tight junctions, mucoadhesion, and chelation. In recent years, there has 
been notable progress in the design, characterization, and application of next-generation 
BPEs. These advancements aim to increase permeability while maintaining safety, revers-
ibility, and compatibility with innovative drug delivery systems. 

One of the significant recent breakthroughs is the use of biophysical characterization 
tools, such as electron spin resonance (ESR), as demonstrated by Chede et al. (2021), who 
measured the fluidizing effects of sodium caprylate and l-menthol on model buccal mem-
branes [49]. These tools provide predictive insights into enhancer potency, enabling ra-
tional selection based on lipid bilayer interactions rather than empirical screening. Func-
tionalized polymers, such as N-trimethyl chitosan, thiolated chitosan, and Carbopol de-
rivatives, have been developed to enhance both mucoadhesion and permeation. These 
polymers modulate tight junctions and exhibit site-specific bioadhesion, resulting in en-
hanced paracellular and transcellular drug transport with minimal irritation [50]. Combi-
nations of enhancers such as chitosan with fatty acids or bile salts with essential oils have 
demonstrated synergistic effects, enhanced drug flux while allowing for lower concentra-
tions of each component. This decreases potential toxicity while maintaining effectiveness. 
The emergence of stimuli-sensitive materials such as pH-sensitive or thermo responsive 
enhancers enables drug release and permeation to be triggered by changes in the buccal 
cavity, enhancing localized effects and reducing systemic exposure. These materials are 
particularly beneficial for buccal films and hydrogels that require on-demand activation. 
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Lipid nanoparticles, nanoemulsions, and polymeric micelles with permeation enhancers 
improve solubility and increase the permeation of poorly absorbed molecules. These sys-
tems keep the enhancer and drug close together, boosting epithelial uptake while reduc-
ing enhancer diffusion away from the site. There is growing interest in Generally Recog-
nized As Safe (GRAS) agents such as essential oils (e.g., eugenol, thymol), l-menthol, and 
citric acid, which offer acceptable safety profiles for chronic or repeated buccal use. These 
are especially beneficial in over-the-counter therapeutics and nutraceuticals. Specialized 
BPEs are now being developed for the delivery of macromolecules. Sodium caprylate, L-
menthol, and bile salts have been shown to enhance the buccal delivery of peptides (e.g., 
insulin, growth hormone) by temporarily altering lipid fluidity without causing perma-
nent membrane damage [49,50]. 

4. Conventional Buccal Film Platforms for Protein Delivery 
Conventional buccal films for proteins and peptides are thin, mucoadhesive polymer 

matrices placed on the inner cheek to deliver the drug across the oral mucosa (Table 2) 
[7,51]. The dominant manufacturing method is solvent casting, in which polymers and 
excipients are dissolved or dispersed with the protein, cast as a uniform solution, and 
dried into flexible films. This approach is widely adopted industrially because it is simple, 
scalabe, and compatible with sensitive biologics [52,53]. Conventional hot melt extrusion 
has also been used, but thermal stress can limit its application to proteins [54]. To improve 
protein stabilization and transport, nanoparticles in film systems are increasingly being 
incorporated into conventional buccal films. Protein-loaded polymeric or lipid nanoparti-
cles (often chitosan-based, PEGylated, or deformable vesicles) are prepared separately 
and then embedded within a mucoadhesive film matrix, improving enzymatic protection, 
local retention, and buccal permeation. Such hybrid systems have been particularly ex-
plored for insulin, where buccal films embedding chitosan or phospholipid nanoparticles 
reduced blood glucose in diabetic animals and demonstrated significant mucosal perme-
ation in vitro [7,54]. 

Cellulose-ether-based mucoadhesive films are highlighted as especially suitable for 
biological products like proteins and peptides because they can be tailored as fast dissolv-
ing or slowly eroding systems, provide strong adhesion and unidirectional release, and 
can be manufactured by standard techniques such as solvent casting, inkjet/3D printing, 
and electrospinning [51]. Despite these advances, translation to marketed protein-loaded 
buccal films remains limited; the most advanced example, a dissolvable insulin film con-
taining gold glycan-coated nanoparticles (Pharma Film), reached clinical trials but failed 
due to low buccal bioavailability, underscoring that conventional platforms still struggle 
with drug loading and achieving therapeutically relevant systemic exposure for large hy-
drophilic proteins [7,8,54]. 

Table 2. Preclinical and Early Clinical Development of Buccal Film Platforms for Protein Delivery. 

Delivery System/Dosage Form 
Development Stage and 

Animal Model Key Outcomes Ref. 

PharmaFilm® (gold nanoparticle, 
Aquestive Therapeutics, Warren, 
NJ, USA) insulin mucoadhesive 

buccal film 

Early clinical 
It has been proven to significantly lower glucose 
levels in humans, but further development was 

halted due to low buccal bioavailability. 
[55] 

Albumin delivery using sodium 
carboxymethyl cellulose and chi-

tosan buccal films 

Preclinical (Porcine buc-
cal mucosa-ex vivo 

study) 

Molecular docking-guided optimization revealed 
that sodium carboxymethyl cellulose films exhib-
ited higher albumin release compared to chitosan. 

[56] 
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Buccal Chitosan mucoadhesive 
film with insulin-loaded PEG-b-

PLA nanoparticles 

Preclinical (EpiOralTM-ex 
vivo study, MatTek life 
sciences, Massachusetts, 

MA, USA) 

Enhanced mucoadhesion and swelling, 70% insu-
lin encapsulation, biphasic sustained release and 

improved buccal permeation. 
[57] 

Buccal thiolated dimethyl ethyl 
chitosan (DMEC-Cys) mucoad-
hesive films for delivery of insu-

lin nanoparticles 

Preclinical (Rabbit buc-
cal mucosa-ex vivo 

study) 

Enhanced insulin solubility and permeability 
compared to non-thiolated films. 

[58] 

Chitosan-based mucoadhesive 
insulin buccal film (MBF) 

Preclinical (Sprague-
Dawley albino male rats) 

Films were prepared using chitosan, glycerin, and 
L-arginine. FTIR-MS examination of insulin MBF 
showed that L-arginine products insulin’s struc-

ture by interacting with chitosan, thereby decreas-
ing the formation of disordered structures and β-

strands. 

[59] 

Hydroxypropyl β-cyclodextrin 
(HPβCD)-insulin complex-

loaded nanoparticles based fast 
disintegrating mucoadhesive 

film 

Preclinical (male ICR 
mice) 

Cyclodextrin complexes prevent insulin from de-
grading, and the nanoparticles enhance mucoad-

hesive properties. 
[60] 

5. Fabrication of Buccal Films Using Three-Dimensional (3D) Printing 
Three-dimensional (3D) printing has become a flexible method for creating person-

alized, complex buccal films (Figure 3). It overcomes the major drawbacks of traditional 
solvent casting, including limited dose flexibility, residual solvents, uneven thickness, 
dose inconsistency, drug recrystallization, and limited geometric options control [61,62]. 
However, fabricating protein-loaded buccal films with 3D printing demands careful at-
tention to formulation composition, material properties, printing parameters, and post-
processing conditions to ensure both the film’s effectiveness and protein stability. Unlike 
small-molecule drugs, proteins are very sensitive to factors such as temperature, pH, 
shear forces, and dehydration, which require tailored manufacturing strategies. 
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Figure 3. Image illustrating the typical process of selecting materials, manufacturing, and 3D print-
ing process for preparing protein-loaded buccal films with a tailored dose for drug release applica-
tions. Created in BioRender. Appidi, T. (2026) https://BioRender.com/1etwwh6 (accessed on 23 
June 2026). 

5.1. Materials Selection and Manufacturing Processes of Protein-Loaded Buccal Films 

5.1.1. Formulation Development and Material Selection 

The initial stage involves choosing film-forming and mucoadhesive polymers that 
enable printable formulations without compromising protein integrity. Common poly-
mers include hydroxypropyl methylcellulose (HPMC), polyvinyl alcohol (PVA), hydrox-
ypropyl cellulose (HPC), chitosan, sodium alginate, and Carbopol. These polymers ensure 
adequate mechanical strength, flexibility, and adhesion to the buccal mucosa. Plasticizers 
such as glycerol and polyethylene glycol (PEG) are added to enhance film flexibility and 
reduce brittleness. Protein stabilizers, including trehalose, sucrose, mannitol, and amino 
acids, are often included to protect protein structure during manufacturing and storage. 
Additional excipients, such as permeation enhancers, buffering agents, and viscosity 
modifiers, may also be included depending on the desired therapeutic outcome [63,64]. 

5.1.2. Hydrogel Ink Preparation for Semi-Solid Extrusion Printing 

Semi-solid extrusion (SSE) is the most widely used method for 3D-printing protein-
loaded buccal films due to its gentle processing conditions. This technique involves grad-
ually dispersing polymers in purified water with continuous stirring until they are fully 
hydrated. Subsequently, plasticizers and stabilizing excipients are added to form a uni-
form hydrogel matrix. The protein is incorporated during the final formulation step under 
controlled mixing to minimize shear-induced denaturation. The resulting hydrogel is then 
degassed to remove entrapped air bubbles that could compromise printing accuracy and 
film uniformity. The rheological properties of the hydrogel are critical for successful print-
ing. Specifically, the formulation should exhibit shear-thinning behavior, enabling smooth 
extrusion through the nozzle while maintaining sufficient viscosity and yield stress to pre-
serve the printed structure after deposition [12,65]. 

5.1.3. Semi-Solid Extrusion Printing Process 

During SSE printing, the hydrogel ink is loaded into a syringe-based extrusion sys-
tem and deposited layer by layer onto a printing platform based on a computer-aided 
design (CAD) model. The process typically occurs at room temperature, minimizing ther-
mal degradation of proteins. Various process parameters influence print quality and dos-
age uniformity, including nozzle diameter, layer height, printing temperature, extrusion 
pressure, printing speed, infill density, and printing pattern. Optimizing these parameters 
is essential to achieve uniform film thickness, reproducible drug loading, and precise ge-
ometric dimensions. Furthermore, excessive pressure or prolonged residence time within 
the syringe should be avoided to minimize protein exposure to mechanical stress [12,66]. 

5.1.4. Post-Printing Processing 

Following printing, buccal films undergo drying or conditioning to remove excess 
moisture and enhance mechanical stability. Air drying at controlled temperature and hu-
midity is commonly employed. For highly sensitive proteins, lyophilization may be used 
to preserve biological activity and minimize structural changes. The drying process must 
be carefully controlled, as rapid moisture loss can result in film cracking, shrinkage, or 
protein aggregation. Residual moisture content also plays a significant role in long-term 
protein stability [67]. 
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5.1.5. Quality Control and Characterization 

Manufactured films undergo extensive characterization to evaluate their physico-
chemical properties and therapeutic performance. Key quality attributes include film 
thickness and weight uniformity, surface morphology, drug content uniformity, in vitro 
release behavior, mechanical strength and flexibility, mucoadhesive properties, and buc-
cal permeation performance [68]. For protein-containing formulations, additional analyt-
ical techniques such as circular dichroism spectroscopy, differential scanning calorimetry, 
Fourier-transform infrared spectroscopy, enzyme-linked immunosorbent assays, and 
high-performance liquid chromatography are often employed to confirm the protein’s 
structural integrity and biological activity after printing [69]. 

5.1.6. Manufacturing Challenges 

Three-dimensional printing of buccal films for protein delivery is currently limited 
to a narrow set of polymers that can be printed reliably while still providing muco-adhe-
sion, mechanical strength, and biocompatibility. Reviews of oral and buccal films high-
light that only a few film-forming polymers, such as PVA, PVP, gelatin, and selected cel-
lulose derivatives, are routinely used in 3D-printed oral systems, and these often need 
plasticizers or blending to achieve suitable flexibility and strength [12]. Many established 
mucoadhesive polymers identified in buccal film research lack either adequate processa-
bility in extrusion or inkjet-based printing, or sufficient mechanical integrity when printed 
alone [70]. For biologics, buccal films have mainly been made by solvent casting, with 
newer methods such as hot-melt extrusion, FDM, and inkjet printing only recently ex-
plored; thermal and shear stresses in FDM/HME risk degrading heat- sensitive drugs, 
while solvent-based processes raise concerns about protein stability and residues [8,71]. 
Additionally, extrusion-based printing demands a tight rheological window with appro-
priate viscosity, viscoelasticity, and yield stress for accurate layer deposition and shape 
fidelity, and this balance can be disrupted by protein loading. Together, these factors 
mean that truly protein-friendly, printable, and strongly mucoadhesive buccal films can 
only be formulated within a limited, carefully optimized material space. 

While current buccal films are mainly limited to potent drugs due to their low load-
ing capacity per unit area. However, 3D printing allows for stacking multiple layers with-
out increasing the film’s size, enabling higher drug content while still fitting within mu-
cosal dimensions and ensuring mechanical comfort [7,10,51]. Compartmentalized archi-
tectures like separate layers for drugs, permeation enhancers, and taste masking, or phys-
ically isolated APIs, reduce incompatibilities and allow for effective combination thera-
pies. Using computer-aided design, the dose, film size, and geometry can be quickly ad-
justed to match individual needs such as age, weight, organ function, or disease condition, 
and several drugs can be combined in a single film to simplify complex regimens [64]. By 
tuning internal infill patterns, multilayer structures, and backing layer designs, 3D-
printed buccal films can be engineered for immediate, sustained, or unidirectional release, 
supporting tight therapeutic control [61,71]. For example, bilayer estradiol buccal films 
with different infill patterns showed clearly distinct release kinetics, while FDM-printed 
mucoadhesive films achieved unidirectional drug release using backing layers [72,73]. 
These design freedoms, combined with nanocarriers or smart polymers when needed, 
make 3D-printed buccal films a promising platform for precision medicine and personal-
ized therapy, including challenging molecules such as cannabinoids and biologics. To-
gether, these features, along with dense buccal vascularization and bypassing first -pass 
metabolism, make 3D-printed buccal films a promising platform for personalized, con-
trolled delivery of small molecules and future protein-based therapeutics [61,74]. Table 3 
presents different 3D printing methods used for buccal film preparation, highlighting 
their advantages, limitations, and ideal applications. 
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Table 3. Three-dimensional printing methods for buccal film fabrication. 

3D Printing  Advantages Limitations Ideal For Ref. 

Inkjet printing 

High-resolution and compatible 
with various liquid inks, this 
cost-effective solution enables 
fast production and is ideal for 

personalized dosage forms. 

Slow curing, limited 
layer thickness, and the 
risk of solvent interac-
tion with previous lay-

ers. 

Custom oral films 
with complex de-

signs using liquid or 
suspension inks. 

[75–80] 

Fused deposition 
modeling (FDM) 

Broad filament compatibility, 
strong structures, adjustable in-

fill, and consistent layer-by-layer 
deposition. 

Requires pre-filament 
preparation, risk of de-
grading heat-sensitive 
materials, and limited 

fine detail. 

Development of du-
rable, mechanically 
stable drug delivery 

systems. 

[81–87] 

Semisolid extru-
sion (SSE) 

Enables room-temperature man-
ufacturing for heat-sensitive 

drugs, lowering costs and reduc-
ing production steps. 

Viscosity-sensitive, with 
a risk of nozzle clogging 
or dripping, limited to 

aqueous-based systems. 

Thermolabile drug 
formulations in con-

tinuous SSE pro-
cesses. 

[87–90] 

Direct powder 
extrusion (DPE) 

Avoids high temperatures, mak-
ing it ideal for fragile APIs, elim-
inates filament production, and 
is practical for clinical settings. 

Risk of poor surface fin-
ish, inconsistent dosage, 

API degradation, and 
oxidation caused by 
pneumatic pressure. 

On-site or clinical 
fabrication where 

single-step, thermal-
free processing is es-

sential. 

[87] 

Liquid crystal 
display (LCD) 

Affordable setup, high resolu-
tion, safer visible-light photopol-

ymerization, potential for new 
resin development. 

Limited by screen 
lifespan, light penetra-
tion problems, uninten-
tional resin exposure, 
and frequent mainte-

nance. 

Affordable, high- 
resolution printing 
with new resins for 

visible-light applica-
tions (e.g., dental). 

[91–95] 

5.2. Three-dimensional Printing of Model Proteins for Buccal Application—Current State of The 
Art 

Recent progress in three-dimensional (3D) printing has enabled the fabrication of 
protein-based dosage forms and devices with accurate control over their structure, release 
profiles, and biological functions. This development positions additive manufacturing as 
a groundbreaking method for buccal drug delivery. Early investigations established the 
feasibility of thermal inkjet 3D printing for producing buccal films incorporating lyso-
zyme and ribonuclease A. The ink formulation, consisting of a 70:30 water-to-glycerin ra-
tio, was supplemented with sodium deoxycholate to improve permeation and was 
printed onto hydroxypropyl methylcellulose (HPMC) and polycaprolactone (PCL) sub-
strates. The printed proteins preserved both their structural integrity and enzymatic ac-
tivity. Additionally, the films showed favorable mucoadhesive properties, flexibility, and 
structural stability [96]. In 2018, the researchers expanded their study by examining the 
printing of lysozyme using a similar ink formulation, this time without permeation en-
hancers, onto HPMC/chitosan and electrospun PCL film substrates. Comprehensive anal-
yses confirmed that the protein’s structural integrity was maintained and that the films 
retained their mechanical properties. These findings further support the potential of ther-
mal inkjet printing as a gentle, reliable method for producing buccal delivery systems 
containing active proteins [97]. In parallel, developments in extrusion-based 3D printing 
have facilitated greater structural and release control in protein-loaded buccal films. Mi-
croextrusion-based 3D printing was used to develop multilayered buccal films that in-
clude β-galactosidase and ovalbumin. The formulation contained pluronic F-127, treha-
lose, and, optionally, polyethylene glycol diacrylate (PEGDA), with a photoinitiator to 
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improve structural integrity. Films containing 30% pluronic and 10% trehalose retained 
over 82% of enzymatic activity after 4 days. The multilayer design allowed for controlled 
drug release, with disintegration times ranging from 5 to 20 min, and extended release up 
to 3 h through a backing layer. This study demonstrates the ability of extrusion-based 3D 
printing to maintain protein functionality while allowing precise control over drug release 
and film structure (Figure 4) [98]. 

 

Figure 4. Microextrusion-based 3D printing of buccal films [98]. Created in BioRender. Appidi, T. 
(2026) https://BioRender.com/1etwwh6 (accessed on 23 June 2026). 

Besides film-based platforms, cutting-edge advances in 3D bioprinting have enabled 
the development of double-network hydrogels composed of polyproteins and elastin-like 
peptides. These materials were specifically designed to replicate the biomechanical and 
structural features of human oral mucosa, including the buccal cavity and the hard palate. 
Their physiologically relevant properties make them excellent in vitro models for study-
ing drug permeability and mucosal absorption. Additionally, the incorporation of pro-
teinaceous components makes these hydrogels promising candidates for fundamental re-
search in buccal drug delivery platforms [99]. 

Device-oriented innovations broaden the range of 3D-printed buccal protein delivery 
methods. 

MucoJet is an innovative 3D-printed jet-injection system developed to improve pro-
tein delivery across the buccal mucosa. Made from photopolymer materials, the device 
uses a pressure-driven mechanism to inject antigen solutions such as fluorescein-labeled 
ovalbumin into mucosal tissue. In ex vivo animal models, this system significantly in-
creased mucosal immunity, with IgG and IgA levels increasing up to a thousand-fold 
compared to traditional droplet methods. Although still in the preclinical stage, Mucojet 
is a transformative tool for non-invasive mucosal delivery of protein-based immunother-
apies [100]. Similarly, a study developed DLP-printed hollow microneedle devices with 
built-in reservoirs designed for buccal delivery of large molecules. These microneedles 
were made as single, durable units that could penetrate buccal tissue safely without break-
ing. Ex vivo tests with porcine buccal mucosa showed a significant increase in permeabil-
ity for model compounds ranging from 600 to 4000 Da. Histological analysis and TR 146 
cell viability tests confirmed that the device is biocompatible and safe. Overall, this 
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platform demonstrates strong potential for delivering therapeutic peptides and proteins 
systemically [101]. 

5.3. Three-dimensional Printing of Proteins for Other Applications 

Three-dimensional printing of proteins has also been studied in related pharmaceu-
tical, biomedical, and nutraceutical fields, offering design principles that can be applied 
to buccal protein delivery systems (Table 4). In this Context, a bilayer film was developed 
using semi-solid extrusion (SSE)-based 3D printing for the delivery of estradiol, which 
facilitated controlled drug release and improved retention at the site of administration. 
Although estradiol is a steroid, this approach provides a promising framework for the 
targeted buccal delivery of protein analogs [72]. Beyond traditional drug delivery, 3D 
printing has been investigated for delivering vaccines via the buccal route. In a novel pre-
clinical approach, the delivery of a Zika virus vaccine was studied using 3D-printed buc-
cal dissolving films (ODFs) that embed the antigen as microparticles within a polymer 
matrix. Animal studies in mice showed strong immunogenic effects, with a significant 
increase in systemic IgG and activation of both CD4+ and CD8+ T cells. demonstrating the 
potential of 3D-printed buccal films as a needle-free, stable vaccine delivery platform. Alt-
hough not yet tested in human trials, this technology offers promise for improving global 
vaccine access, especially in areas where traditional cold-chain logistics are challenging 
[102]. In parallel, additive manufacturing of biomedical scaffolds has highlighted the ef-
fective integration of proteins within polymeric matrices. A study aimed at advancing 
wound care technologies reported the fabrication of 3D-printed polylactic acid (PLA) scaf-
folds incorporating whey protein concentrate (WPC). This combination led to enhanced 
swelling capacity, accelerated biodegradability, improved cellular responses, and a con-
trolled protein release profile. Although initially developed for wound healing, the un-
derlying design principles, such as protein encapsulation within biodegradable matrices, 
are highly applicable to buccal drug delivery systems. The adaptability of this approach 
underscores its broader relevance in protein-based therapeutic applications [103]. Fur-
thermore, building on advances in 3D food printing, researchers have developed bioinks 
based on the dual hydrophilic-hydrophobic properties of sorghum and soy-derived pro-
teins. These formulations successfully encapsulated bioactive compounds, improving 
their chemical stability and enhancing bioaccessibility. While initially designed for nutri-
tional applications, this method demonstrates clear potential for pharmaceutical transla-
tion, particularly for protecting and delivering protein-based therapeutics through buccal 
route. The strategy highlights the versatility of plant-based proteins in developing stable, 
biocompatible delivery systems [104,105]. 

Table 4. Three-dimensionally printed protein formulations. 

Printing 
Method 

Protein(s) Technology Application Key Focus Status Ref. 

Inkjet 
printing  

Lysozyme, Ri-
bonuclease-A 

Thermal inkjet 
printing 

Buccal drug 
delivery 

High structural and enzy-
matic stability; used so-
dium deoxycholate as a 

permeation enhancer; gen-
tle and efficient protein 

printing 

Preclinical proof-of-con-
cept; Patent 

WO2017120689A1 filed; no 
in vivo buccal absorption 

data yet 

[96,97] 

Extrusion-
based 

printing 

Whey Protein 
Concentrate 

(WPC) 

3D printing 
with PLA 
scaffolds 

Wound heal-
ing  

Biodegradable matrix with 
enhanced swelling, protein-
controlled release, and im-
proved cellular response; 

Functional in vitro charac-
terization only; clinical ap-
plication pending; no buc-

cal-specific data 

[103] 
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principles adaptable for 
buccal delivery 

Extrusion 
Polyproteins, 

elastin-like 
peptides 

3D-bioprinted 
double-net-
work hydro-

gels 

In vitro oral 
mucosa 
model 

Biomimetic tissue like be-
havior; useful for permea-
bility and absorption stud-
ies; foundational for buccal 

delivery research 

In vitro oral mucosa models 
only; no direct evidence of 
buccal drug delivery use; 
aligns with the FDA Mod-

ernization Act 2.0 

[99] 

Extrusion 
Sorghum pro-
tein, soy pro-

tein 

3D food print-
ing (bioinks) 

Nutraceuti-
cals 

Enhanced chemical stabil-
ity and bioaccessibility of 
encapsulated actives; dual 
hydrophilic-hydrophobic 
matrix for protein-based 

therapeutics 

Demonstrated in food/nu-
tritional printing; no direct 
pharmaceutical buccal de-

livery data yet 

[104,10
5] 

Extrusion 
Zika antigen 
(protein mi-
croparticles) 

3D-printed 
buccal oral 

films 

Vaccine de-
livery 

Strong immunogenic re-
sponse (IgG, T-cell activa-
tion); stable film matrix; 

promising needle-free vac-
cine approach 

Robust preclinical immune 
response data in mice; no 

human trials to date 
[102] 

MucoJet  
Ovalbumin 

(Model Anti-
gen) 

3D-printed jet-
injection de-

vice 

Buccal mu-
cosal vac-

cine/immu-
notherapy 
delivery 

Achieved up to 1000× in-
crease in immune response; 

pressure-driven delivery; 
innovative for mucosal pro-

tein immunization. 

Proven efficacy in ex vivo 
pig and in vivo rabbit mod-
els; not yet in human trials 

[100] 

Despite these advancements, research on fully 3D-printed buccal systems that use 
intact therapeutic proteins or peptides as active ingredients remains limited. Most existing 
protein studies involve inkjet printing of model enzymes onto film substrates, while 3D-
printed buccal films and microneedles have mostly been tested with small molecules 
[101,106]. Critical unresolved challenges include maintaining long-term protein stability 
during storage in printed matrices, ensuring in vivo bioavailability and managing immu-
nogenicity after buccal administration, and developing scalable, regulatory-compliant 
manufacturing methods (Table 5) [7]. However, the integration of mucoadhesive film 
technology, nanoparticle protection strategies, and advanced 3D printing techniques 
(such as FDM, SSE, inkjet, and DLP) provides a solid technological basis for developing 
next-generation buccal protein delivery systems. 

Table 5. Current capabilities and unresolved challenges in 3D-printed buccal protein delivery 
[10,44,61,71,74,107,108]. 

Key Design Aspects What 3D Printing Enables/Solves Key Gaps and Remaining Challenges 
Structural design and 

dose control  
Patient-specific dosing; complex/multilayer geome-
tries; spatial separation of APIs; directional release 

Scaling up complexity; dose uniformity; 
limited clinical evidence 

Drug loading and 
combination therapy 

Higher loading via multilayer designs; multi-drug 
buccal films 

Printability at higher loading; API-excipi-
ent interactions; structural integrity loss 

Release control Geometry/infill-driven release; multilayer and stimu-
lus-responsive systems 

Sustained protein release; bioactivity re-
tention; weak PK/PD correlation  

Protein stability Mild processing (inkjet/SSE/LCD); protective matri-
ces enhance stability 

Sensitivity to light/shear/oxidation; lim-
ited long-term stability data  

Personalization and 
patient-centric ap-

proaches 
On-demand patient-specific films (dose/shape/size) 

Limited clinical integration; workflow 
complexity; lack of standardization  
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Manufacturing and 
process control 

Digital design to fabrication; reproducible geometry 
and mass control  

No mature GMP/point of care frame-
work; material variability; limited QC 

tools  
Regulatory and trans-

lational pathway 
Existing additive manufacturing approvals (e.g., 

SPRITAM) support feasibility  
No buccal-specific guidelines; unclear 

batch definition; point of care uncertainty 

6. Conclusions 
Three-dimensional (3D) printing of buccal films represents a powerful platform for 

precise, customizable protein delivery with improved dosage control and release profiles. 
To advance this technology, future research should focus on identifying critical quality 
target product profiles (QTPPs) specific to printed protein films and developing advanced 
analytical methods for assessing protein integrity, release, dose uniformity, and mucosal 
permeation. The establishment of physiologically relevant buccal models, quantitative 
structure–permeability relationships, and conducting robust stability studies will be es-
sential to ensure protein integrity. Integration of PBPK/PK modeling with in vitro data 
will further enhance predictions of bioavailability and support dose optimization. In par-
allel, successful clinical translation will depend on scalable, GMP-compliant manufactur-
ing processes with real-time quality control and regulatory frameworks that address spe-
cific quality attributes such as dose uniformity, dimensional accuracy, and microbiological 
safety, alongside user-centric designs tailored for vulnerable populations, to improve ac-
ceptability and adherence. Clinically, these advancements position 3D-printed buccal 
films as promising platforms for delivering peptide hormones, mucosal vaccines, immu-
notherapies, and local oral protein therapies. Conducting well-designed first-in-human 
trials, supported by mechanistic PK/PD modeling, is essential for validating safety and 
efficacy. Strong multidisciplinary collaboration will be key for integrating these technolo-
gies into standard clinical practice. 
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