Postbiotic Delivery Systems, Challenges, and Future Directions
Arya Adiningrat1,2 a) and Muhammad Farikh1, b)
Author Affiliations 
1Molecular Medicine and Therapy Laboratory, Research and Innovation Center, Universitas Muhammadiyah Yogyakarta, Yogyakarta City, Special Region of Yogyakarta, Indonesia 
 2Oral Biology and Biomedical Sciences, Faculty of Dentistry, Universitas Muhammadiyah Yogyakarta, Bantul, Special Region of Yogyakarta, Indonesia

Author Emails
a) Corresponding author: adiningrat@umy.ac.id
b)bukittinggi.farikh12@gmail.com
Abstract. Drug Delivery System (DDS) is an important innovation in improving the effectiveness and safety of therapies, especially for bioactive molecules such as postbiotics and therapeutic proteins. Postbiotics, which are metabolites or bioactive components of non-living microorganisms, offer the advantages of stability, safety, and shelf life over live probiotics, so they are increasingly being developed as alternatives in functional and pharmaceutical products. Advances in DDS technology, including the use of nanoparticles, nano-emulsions, gels, liposomes, and polysaccharide-based systems, enable targeted delivery of postbiotics, improve stability during storage and travel in the body, and maximize therapeutic effects. However, the development of postbiotic DDS still faces major challenges, such as production standardization, consistent characterization, protection from degradation, and unclear global regulations. In addition, therapeutic proteins as medicinal agents are highly susceptible to degradation and require a delivery system that is able to protect the structure and regulate release in a controlled manner. Recent approaches, such as the integration of nanotechnology and cell therapy, offer solutions to improve the bioavailability and effectiveness of protein and postbiotic delivery. Although the potential of DDS is enormous, further research and large-scale clinical validation are still needed to ensure safety, effectiveness, and widespread implementation in the medical world. This article comprehensively reviews the progress, challenges, and future direction of DDS for postbiotics and proteins, with a focus on the stability, safety, and suitability of delivery systems particularly for oral and dental therapy.
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introduction
Drug delivery systems (DDS) are essential technologies designed to formulate and store drug molecules in forms suitable for administration. They facilitate the efficient distribution of drugs to specific target sites within the body, thereby enhancing therapeutic efficacy while minimizing off-target effects [1, 2].Medications can be administered through various routes, including oral, buccal, sublingual, nasal, ophthalmic, transdermal, subcutaneous, anal, transvaginal, and intravesical pathways [3]. The physicochemical properties of a drug's components significantly influence its behavior in the body and its therapeutic outcomes.
Recently, Novel Drug Delivery Systems (NDDS) have emerged, offering more convenient and targeted drug administration. These systems possess distinct physical, chemical, and morphological characteristics that influence their release mechanisms. The primary mechanisms of drug release identified in NDDS include diffusion, chemical reactions, solvent interactions, and stimulus-responsive control [4].
With the advancement of drug delivery systems, postbiotics have emerged as a promising innovation. Defined as metabolites or bioactive compounds derived from non-viable microorganisms, postbiotics confer health benefits to the host [5]. Unlike live probiotics, postbiotics offer superior stability, safety, and shelf life, along with greater ease of incorporation into functional foods and pharmaceutical formulations. They are increasingly recognized as viable alternatives or adjuncts to probiotics, particularly in addressing safety concerns and dosage limitations associated with live microbial therapies [6].
Progress in postbiotic delivery systems is critical to preserving bioactivity and enhancing therapeutic efficacy [7]. A range of novel delivery technologies has been developed, including nanoparticles, nanoemulsions, hydrogels, liposomes, orodispersible films, and polysaccharide-based carriers. These systems enable controlled and targeted release of postbiotics, while offering biocompatibility, biodegradability, and the capacity to encapsulate both hydrophilic and hydrophobic molecules. Such versatility supports various administration routes, including oral, intradermal, and intravenous delivery [8].The primary objectives of these delivery platforms are to improve postbiotic stability during storage and transit within the body and to optimize their therapeutic potential [9].
Despite the significant potential of postbiotics, the development of effective delivery systems faces several critical challenges. These include the lack of standardized, reproducible methods for postbiotic production and characterization; susceptibility of postbiotic compounds to degradation; limited understanding of their mechanisms of action and interactions with host microbiota; and difficulties in formulating delivery systems that protect postbiotics until they reach their target site while ensuring appropriate dosing and biological capacities. Additionally, the scarcity of robust randomized controlled trials limits the evidence base for postbiotic safety and efficacy across diverse clinical conditions. 
This review aims to carefully evaluate various drug delivery systems (DDS) designed for postbiotic administration, with a focus on enhancing stability and safety. It will assess the compatibility of postbiotic compounds with different DDS platforms, considering their physicochemical properties and how these influence the selection and performance of delivery technologies [10, 11].
DRUG DELIVERY SYSTEM AND APPLICATIONS
In recent years, significant advancements have been made in DDS, particularly those utilizing organic, inorganic, and hybrid nanoparticles with active targeting capabilities, most notably in chemotherapy. Modern DDS are engineered with enhanced features, including reduced particle size, improved permeability and solubility, increased therapeutic efficacy and stability, precise site-specific targeting, and reduced toxicity. These improvements markedly enhance the performance of therapeutic agents compared to conventional formulations. Consequently, advanced DDS are regarded as a pivotal innovation in the development of more effective and efficient therapeutic strategies.
[image: ]












FIGURE 1. Several types of drug delivery systems for different therapeutic purposes
The commercial and therapeutic success of advanced drug delivery systems (DDS) is highly dependent on the selection of an appropriate delivery mechanism. Therefore, active involvement in the development process is essential to identify potential challenges and ensure that the final system delivers optimal therapeutic benefits. Current efforts in DDS innovation focus on minimizing toxicity and enhancing treatment efficacy. An overview of the various types of drug delivery systems is presented in Figure 1.
Red Blood Cell Membrane-Camouflaged Nanoparticles Drug Delivery System 
Nanotechnology has long been recognized for its potential to revolutionize drug delivery. A particularly promising innovation is the use of nanoparticles cloaked with red blood cell (RBC) membranes [12]. The inherent biological properties of erythrocytes—such as biocompatibility, biodegradability, immune evasion, and prolonged circulationtime—make them ideal candidates for nanoparticle camouflage [13].
Red blood cells (RBCs), the most abundant cells in the circulatory system, are well-suited as vehicles for drug delivery. Engineered erythrocytes have been extensively studied as carriers for various bioactive compounds, including enzymes, drugs, proteins, and macromolecules [14]. By coating nanoparticles with RBC membranes, these systems retain the natural properties of erythrocytes—such as biocompatibility, immune evasion, and extended circulation—while leveraging the functional advantages of nanomaterials.
[image: ]












FIGURE 2. Synthetic strategies for RBCM-NPs preparation for antitumor activity. Whole fresh blood is centrifuged and washed multiple times to remove the plasma and other unwanted cells. The resulting pure red blood cells are subjected to hypotonic hemolysis and are used to coat selected nanoparticles, which are intravenously injected into the blood to maintain long systemic circulation. Modified from [3]
Innovative techniques have been developed to load therapeutic agents into RBCs without compromising their structural integrity or physiological function. Upon administration, RBC membrane-coated nanoparticles mimic native erythrocyte behavior, enabling prolonged systemic circulation [15]. Among the fabrication methods, sonication is the most commonly employed technique for enveloping nanoparticles with RBC membranes. Other approaches include in situ polymerization, microfluidic electroporation, and extrusion, each offering distinct advantages and limitations regarding synthesis efficiency, scalability, product consistency, and final nanoparticle characteristics. Prior to membrane fusion, erythrocyte vesicles are typically prepared via hypotonic treatment—such as dialysis, hemolysis, or dilution—to remove plasma and unwanted cellular components [12]. 
RBC membrane-coated nanoparticle drug delivery systems (RBCM-NPs) hold considerable promise due to their low immunogenicity and extended circulation time (up to 120 days). Additionally, the abundant availability of RBC membranes, combined with their biocompatibility and degradability, allows for high drug payload capacity and enhanced accumulation at target sites. This nano-coating strategy has shown encouraging results in cancer therapy and is being explored for applications in cardiovascular and neurological disorders, including encephalopathy [16].
Polymer-Lipid Hybrid Nanoparticles Drug Delivery System
Among the most widely used nanoparticles in pharmaceutical applications are liposomes and polymeric nanoparticles. Liposomes, composed of lipid bilayers, offer excellent biocompatibility but are limited by drug leakage and poor storage stability. In contrast, polymeric nanoparticles provide superior drug encapsulation efficiency and enhanced physicochemical stability, though they often exhibit lower biocompatibility [17].
To address the limitations of each system, researchers have developed polymer-lipid hybrid nanoparticles (PLHNPs), which integrate the advantages of both liposomes and polymeric carriers. PLHNPs exhibit high biocompatibility, improved storage stability, controlled drug release, small particle size, and reduced drug leakage—making them a promising platform for advanced drug delivery [17].
The structure of polymer-lipid hybrid nanoparticles (PLHNPs) comprises three key components: a polymeric core that encapsulates both hydrophilic and hydrophobic drugs and enables sustained release; a lipid layer that enhances biocompatibility and structural integrity; and an outer lipid–polyethylene glycol (PEG) shell that provides steric stabilization, evades immune recognition, and prolongs systemic circulation [18].
Self-Micro Emulsifying Drug-Delivery System
Lipid-based drug formulations have recently gained increasing attention, particularly in the form of Self-Microemulsifying Drug Delivery Systems (SMEDDS) [19]. A major challenge in oral drug development is the low bioavailability of many compounds, often due to poor aqueous solubility [20]. Since optimal absorption in the gastrointestinal tract typically requires the drug to be in solution, hydrophobicity becomes a significant barrier to effective absorption.
This solubility issue is common among many pharmacologically active compounds. In fact, approximately 30% of marketed drugs and nearly 50% of newly developed drug candidates exhibit poor water solubility [21]. As a result, lipid-based delivery systems have emerged as a promising strategy to enhance bioavailability by maintaining hydrophobic drugs in a solubilized state throughout the digestive process [21].
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FIGURE 3. Mechanism of Self-emulsification in an Aqueous Environment. SEDDS comprise a mixture of drugs, surfactants, oil, stabilizers, and cosolvents. Like conventional emulsification, SEDDS (ionotropic mixture) form (o/w) nano or microemulsion within the gastrointestinal tract with very small energy input. Modified from [3]
Lipid-based drug delivery systems exist in various forms, including suspensions, dry emulsions, microemulsions, and self-emulsifying systems such as Self-Emulsifying Drug Delivery Systems (SEDDS) [22]. SEDDS have evolved into more refined formulations, including Self-Microemulsifying Drug Delivery Systems (SMEDDS) and Self-Nanoemulsifying Drug Delivery Systems (SNEDDS). Unlike conventional emulsions, these systems spontaneously form emulsions upon oral administration, without requiring external energy input.
Emulsions are mixtures of two immiscible liquid phases—typically oil and water—stabilized by surfactants. They are thermodynamically unstable, semi-transparent to opaque, and exhibit viscous, liquid-like behavior. Based on phase composition, emulsions are classified as water-in-oil (W/O), oil-in-water (O/W), or double emulsions [23].
Microemulsion formation requires both a surfactant (S), which is water-soluble, and a co-surfactant (CoS), which is more oil-soluble. Co-surfactants reduce interfacial tension, facilitating the formation of stable microemulsions [24, 11]. In contrast, nanoemulsions—characterized by droplet sizes below 100 nm—require mechanical or chemical energy input for formation [25]. Although thermodynamically unstable, nanoemulsions are kinetically stable, exhibiting minimal destabilization and remaining intact for extended periods (up to several months) [26].
TABLE. 1 Four basic types of lipid-based drug-delivery system (LBDDS) with their merits and demerits
	[bookmark: _Hlk201593189]Characteristics
	SMEDDS
	SNEDDS
	SEDDS

	Size of the globule
	<250 nm
	<100 nm
	>300 nm

	The system appearance
	High Optical clarity
	High Optical clarity
	Cloudy

	The surfactant HLB value
	>12
	>12
	>12

	LFCS Classification
	Type IIIB
	Type IIIB
	Type II

	Oil phase
	>20%
	>20%
	40–80%

	Surfactants Concentration
	40–80%
	40–80%
	30–40%


HLB=Hydrophilic/lipophilic balance; LFCS = lipid formulation classification system; SEDDS = self-emulsifying drug-delivery systems; SMEDDS = self-microemulsifying drug-delivery systems; SNEDDS = self-nanoemulsifying drug-delivery system [22][21].
In-Situ Hydrogel Drug Delivery System
An effective drug delivery system (DDS) plays a critical role as a therapeutic tool in the management of various oral diseases [27]. This necessitates the use of high-performance biomaterials capable of functioning as efficient drug delivery platforms. Conventional DDS for oral applications include gels, tablets, and lozenges. However, the complex anatomy of the oral and maxillofacial region, along with the unique characteristics of the oral environment, presents significant challenges for targeted drug delivery. For instance, the presence of multiple fascial planes and cavities in the maxillofacial area can facilitate the rapid spread of infection, complicating its control. Sustained and localized drug concentrations are essential for effective infection management [28].
Moreover, the high humidity of the oral cavity and continuous tongue movement hinder the retention of topical therapies, such as patches, at the lesion site. This poses a major obstacle in the treatment and prevention of oral mucosal diseases. Therefore, the development of DDS that are practical, responsive, and capable of maintaining therapeutic efficacy under these conditions is both essential and urgent [29].
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FIGURE 4. Application of hydrogels in drug delivery for oral and maxillofacial diseases modified from [30]
One promising innovation in drug delivery is the development of hydrogels, which exhibit unique structural and functional properties compared to other biomaterials [31]. Hydrogels are three-dimensional polymer networks formed through physical or chemical crosslinking of monomers [32]. A representative example is a methacrylate-based hydrogel synthesized from N-vinylpyrrolidone (NVP), 2-hydroxyethyl methacrylate (HEMA), glycerol monomethacrylate (GMMA), and methacrylic acid (MA). Crosslinking can be initiated via thermally induced free radical polymerization, ultraviolet (UV) irradiation, or redox reactions [33].
Liposome-Based Drug Delivery Systems
Liposomes have significantly advanced modern therapeutics by enhancing the efficacy and precision of drug delivery (Figure 6). By encapsulating drugs within lipid bilayers, liposomes reduce systemic toxicity..Moreover, liposomes can alter drug pharmacokinetics to promote accumulation in target tissues. PEGylation extends circulation time and facilitates passive targeting of tumor sites via the enhanced permeability and retention (EPR) effect [34].
[image: ]
 





FIGURE 5. Struktural and function tunability of conventional liposomes modified from [34]
Liposomes also support combination therapy by enabling the co-encapsulation of multiple therapeutic agents within a single formulation. Their surfaces can be functionalized with polyethylene glycol (PEG) or specific targeting ligands to achieve active targeting of specific cells or tissues. These features position liposomes as a foundational platform in nanomedicine, particularly for addressing complex diseases that are inadequately managed by conventional therapies.
The clinical success of various liposomal formulations validates laboratory-developed concepts and accelerates the translation of liposome-based technologies into clinical practice. Overall, liposome-based drug delivery systems offer a versatile and advanced therapeutic platform capable of enhancing a drug’s therapeutic index—making treatments safer, more effective, and better aligned with improving patient quality of life [35].
Chewing Gums as a Drug Delivery System 
Given its unique characteristics, orally administered chewable drug delivery—particularly in the form of medicated chewing gum—has emerged as a promising therapeutic approach. Key advantages include rapid onset of action, ease of administration, minimal side effects, and targeted local effects for treating oral diseases [36, 37].
During mastication, the active pharmaceutical ingredient is gradually released into the oral cavity, where it can be absorbed directly through the oral mucosa or swallowed for systemic absorption via the gastrointestinal tract. Beyond its role as a drug delivery medium, chewing gum has also been shown to enhance alertness, calmness, and cognitive focus, as demonstrated in multiple studies [38].
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FIGURE 6. Chewing gums as a drug delivey approach for oral health [39]
The first commercially available medicinal chewing gum was Aspergum, containing acetylsalicylic acid. Since the introduction of nicotine chewing gum in the 1980s, medicated chewing gum (MCG) has become a widely adopted method in nicotine replacement therapy [40]. Today, MCG is officially recognized as a drug delivery system by both the European Pharmacopoeia (Ph. Eur.) and the United States Pharmacopeia (USP) [41].
Numerous studies have demonstrated the versatility of MCG in delivering a range of active pharmaceutical ingredients, including antiallergics, nicotine, antiemetics, aspirin, caffeine, and antifungals such as nystatin. Clinically, MCG has been applied in the prevention of dental caries, treatment of motion sickness, smoking cessation, pain management, and therapy for oral fungal infections. Due to its ease of administration and broad therapeutic potential, MCG is increasingly recognized as a practical and patient-friendly drug delivery platform [42].

THE SUMMARY OF RECENT DRUG DELIVERY SYSTEMS
TABEL 2. The summary of recent drug delivery systems, their uses and advantages, and disadvantages, and the result
	Recent DDS
	Advantages
	Disadvantages
	Therapeutic Use
	Main Results[Reference]

	Red Blood Cell MembraneCamouflaged Nanoparticles Drug Delivery System
	Avoids triggering the immune system and achieves long-term circulation. Inherent biocompatibility and biodegradability thus avoiding accumulation-related toxicity
	Because it is disguised as part of a biological system, complex regulatory issues can arise, as well as the identification, purification, and conjugation 
	Erythrocyte membrane-coated nanoformulations have been applied in antitumor and anticancer research with substantial achievement 
	Erythrocyte membrane surface proteins such as CD47 help avoid recognition by the immune system, so that nanoparticles have a long circulation time and reduce clearance by macrophages. In vitro and in vivo studies demonstrate the physical and chemical stability of nanoparticles during controlled drug circulation and release[43]

	Polymer-Lipid Hybrid Nanoparticles Drug Delivery System
	Physical stability in encapsulation and biocompatibility, efficacy of cell delivery in vivo
	Drug entrapment and poor loading capacity, Inflammation and tissue damage 
	Targeted anticancer therapy. kombinasi doxorubicin (Dox) dan mitomycin C (
	DMsPLN was significantly more effective than PLD (liposomal doxorubicin) and controls. DMsPLN shows very low toxicity to normal tissues, almost undetectable[44]

	Self-microemulsifying drug-delivery system
	Availability of low-solubility drugs, long-term stability, protection of drug-sensitive materials, availability of drugs in liquid and solid forms
	Drug interactions have the potential to accelerate physical aging in patients due to the interaction of glycerides.
	Relugolix (RLGL) antagonis reseptor GnRH
	The S-SMEDDS developed has been proven to be safe and effective in improving the absorption and oral bioavailability of RLGL. The system has great potential to improve drug therapy with low solubility and poor bioavailability[20]

	Hidrogel drug delivery system
	High Biocompatibility, Controlled Release Ability, Supports Tissue Proliferation and Regeneration, Formulation Flexibility, Easy to Use and Administer
	Limited Physical and Chemical Stability, Uncontrolled Protein Release, Limited Tissue Penetration
	Terapi protein platelet-rich plasma (PRP)
	Hydrogels are effective as therapeutic protein carriers, able to release proteins in a controlled manner and support the growth of fibroblast cells. The system could potentially be used as a protein delivery scaffold for wound tissue regeneration[45]

	Liposome-Based Drug Delivery Systems
	Increased Drug Solubility, Toxicity Reduction, Increased Bioavailability and Efficiency, Controlled Release, Biocompatibility and Biodegradability, This method does not require organic solvents or chemical modifications to proteins, thus preserving the original function of proteins
	Short Half-Life in Circulation, 
	superoxide dismutase (SOD) protein
	In in vivo (rat) tests, SOD encapsulated with this method showed a more stable distribution and circulation in the blood than free SOD or lipoplex without freeze–thawing. Overall, the freeze–thaw method on liposomes can improve physical and chemical stability, and offer a good safety profile for the delivery of active proteins such as superoxide dismutase (SOD) [46]

	Chewing Gums as a Drug Delivery System
	Drugs released in the oral cavity can be directly absorbed through the buccal mucosa, Rapid Onset of Effects, Controlled and,Increased Saliva
	Limited Dosage and Inconsistent Release, Unpleasant Taste, Potential Swallowing
	xylitol
	provides optimal therapeutic time and lower side effects due to sustained release capabilities and lower drug thresholds compared to other delivery methods[39]


CHALLENGES ASSOCIATED WITH CURRENT POSTBIOTIC DELIVERY SYSTEMS
In recent decades, nanoparticle-based drug delivery systems (DDS) have made significant progress, particularly in the delivery of bioactive compounds derived from natural sources such as plants, proteins, and postbiotics. Despite their potential, several challenges continue to limit their clinical translation and therapeutic efficiency.
A major barrier is the inconsistency and variability in the scientific literature, particularly regarding microencapsulation techniques and characterization methods. These discrepancies hinder standardization and reproducibility, which are essential for advancing nanomedicine from experimental research to clinical application. This issue is especially relevant in the development of protein- and postbiotic-based delivery systems.
Therapeutic proteins—including enzymes, hormones, and antibodies—hold great promise but are highly susceptible to enzymatic degradation and exhibit poor oral bioavailability [47]. Nanoparticle carriers have been employed to protect protein structures from harsh biological environments and to facilitate targeted delivery. However, proteins’ large molecular size and specific surface charges can impede cellular uptake and may trigger immune responses if not properly encapsulated [48].
Postbiotics, which are byproducts of the metabolism of microorganisms such as antimicrobial peptides, short-chain fatty acids, and exopolysaccharides, are gaining attention thanks to their immunomodulatory, anti-inflammatory, and antimicrobial properties, particularly in gastrointestinal and oral health, and has activities that inhibit qurom sensing and biofilm formation [49, 52]. However, the use of postbiotics still faces challenges, including the risk of degradation in the digestive tract and difficulties in achieving specific targets in the desired tissues. In the context of oral health, postbiotics are considered promising as therapeutic agents, but research on their specific applications, for example in the root canals of teeth, is still limited [51].
Both proteins and postbiotics face common obstacles in nanoparticle delivery, including rapid clearance by liver macrophages (Kupffer cells), renal filtration, enzymatic degradation, and limited ability to cross biological barriers such as the blood–brain barrier (BBB). Even when nanoparticles reach the target site, inappropriate particle size or surface charge can reduce absorption and distribution efficiency. 
To overcome current limitations in protein and postbiotic delivery, various strategies like Hidrogels, biodegradable polymers, and PEGylation have been explored to improve circulation, reduce immunogenicity, and enhance biocompatibility. However, comprehensive toxicity assessments are crucial, as materials like carbon nanotubes, gold, and silver nanoparticles, while improving bioavailability, have shown toxic effects on vital organs [50]. Thus, future research must prioritize developing safe, efficient, and targeted nanocarriers for delivering proteins and postbiotics, especially for inflammatory, infectious, and degenerative diseases.
 Ultimately, the development of effective and safe postbiotic DDS requires multidisciplinary collaboration across synthetic biology, materials science, and clinical research to overcome biological and technical barriers while meeting regulatory standards. Nanoparticle-based systems incorporating proteins and postbiotics offer promising opportunities for personalized medicine and chronic disease management. 
FUTURE DIRECTION AND CONCLUSION SYSTEMS
Drug delivery and nanomedicine have become central themes in contemporary biomedical research, with rapid advancements spanning basic science, laboratory experimentation, and clinical trials. Despite ongoing challenges in clinical translation, these systems hold substantial therapeutic potential. To maximize their effectiveness, multidisciplinary collaboration among researchers, clinicians, pharmacists, and biomedical engineers is essential to bridge the gap between laboratory innovation and clinical application.
Proteins, including enzymes, antibodies, and hormones, are powerful therapeutics but face issues with degradation and low bioavailability. Nanoparticle or cell-based carriers can protect these proteins and enable controlled release. Similarly, postbiotics—microbial metabolites like short-chain fatty acids and exopolysaccharides—provide immunomodulatory and anti-inflammatory benefits but also need specialized delivery systems for stability. 
According to the latest literature, hydrogels show very promising potential as a next-generation delivery system. Research by Xu and colleagues [53] highlights the advantages of probiotic hydrogels based on extracellular polysaccharides (EPS) and hyaluronic acid methacrylate (HAMA) that encapsulate Lactobacillus paracasei TYM202. This hydrogel emerged as a leading and highly visible candidate as the best wound dressing, as it was able to significantly accelerate wound healing in animal models. With its high biocompatibility and excellent safety profile, this hydrogel effectively addresses the toxicity issues that often arise in conventional nanocarriers, making it an innovative solution that is safe and effective for future medical applications.
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