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Abstract

Peptide- and protein-based therapeutics have drawn significant attention over the past few decades 

for the treatment of infectious diseases, genetic disorders, oncology, and many other clinical 

needs. Yet, protecting peptide- and protein-based drugs from degradation and denaturation during 

processing, storage and delivery remain significant challenges. In this review, we introduce the 

properties of peptide- and protein-based drugs and the challenges associated with their stability 

and delivery. Then, we discuss delivery strategies using synthetic polymers and their advantages 

and limitations. This is followed by a focus on silk protein-based materials for peptide/protein 

drug processing, storage, and delivery, as a path to overcome stability and delivery challenges with 

current systems.
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1. Introduction

Peptide- and protein-based drugs are defined as oligomeric or polymeric molecules with 

peptide backbones that have a therapeutic effect and are used for treatments associated 

with diseases involving immunology(1), infections(2), endocrinology(3), and oncology, 

among others(4). Rapid advances in the field of genetic engineering technology facilitated 

the design and synthesis of therapeutic proteins in large scale to expand protein-based 

pharmaceutical applications(5). Therapeutic proteins (not genetically modified) comprise 

199 entities since 2018 including USA, Europe and Canada commercial proteins drugs(6), 

and the market value of protein drugs is estimated to reach $217 billion by 2023 according 

to Allied Market Research(7). At present, approximately 80 peptide drugs are on the 

market globally, with more than 150 peptides in clinical development, and another 400–600 

peptides in preclinical studies(8). The rise in popularity for peptide- and protein-based drugs 

derives from their distinct properties in comparison to conventional small molecule drugs. 

Certain peptides and proteins play active regulatory and highly specific roles in different 

biological process in vivo, such as enzymatic reactions, oxygen transport, molecular 

recognition, biochemical cascades, antibody interactions, among many others, in the form 

of enzymes, antibodies, cytokines, and hormones. Peptide- and protein-based drugs can be 

highly efficient and selective, with high potency, low toxicity and immunogenicity, relatively 

low off-target-induced side-effects, and reduced risk of drug-drug interactions(9). In addition 

to the above advantages, peptides and proteins can be synthesized via biological processes, 

with fine-tuned target affinity and specificity, enhancing applicability for a range of diseases 

with reduced potential side effects (10).

Although peptide/protein drugs have huge potential for use as next generation therapeutics, 

challenges remain: 1) many proteins with intracellular targets have low cell membrane 

permeability because of the high molecular weight (MW) and charged amino acid 

residues(11), 2) susceptibility to degradation and denaturation in the presence of proteolytic 

enzymes and low pH, thereby diminishing bioavailability(12), 3) rapid metabolism and 

dissociation of subunits, resulting in decreased bioavailability(9). Significant progress 

has been made leveraging polymeric materials to protect peptides and proteins from 

loss of bioactivity due to exposure to harsh conditions during processing, storage, and 

after administration. Commonly used polymeric systems include biodegradable synthetic 

polymers such as polyesters, polyorthoesters, and polyphosphoesters(13, 14). However, 

using these polymeric systems has potential drawbacks, such as the involvement of organic 

solvents, water penetration during delivery, mechanical damage during mixing, and the 

generation of inflammatory byproducts during degradation. These factors can negatively 

affect therapeutic outcomes with peptide and protein-based drugs.

In this review, we highlight the challenges in delivering therapeutic peptides and proteins, 

and how polymeric materials have been developed to partially counter these challenges. 

We then provide a specific example on how silk-fibroin (silk)-based materials can provide 

new options for stabilizing and delivering peptide/protein-based drugs. Finally, we compare 

the advantages and disadvantages of synthetic polymers and naturally-derived silk protein 

in terms of peptide/protein encapsulation, delivery, and release. Our goal is to present the 
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scientific foundation for silk as a useful polymeric matrix for the delivery of peptide and 

protein-based therapeutics with improved bioactivity.

2. Chemical and physical properties of peptide and protein-based drugs 

and their delivery challenges in biological environments

2.1. The physicochemical properties of peptides and proteins

Protein-based drugs can be divided into different categories, such as antibody-based drugs, 

Fc fusion proteins, anticoagulants, blood factors, hormones, interferons, interleukins, and 

thrombolytics(15). Peptides represent a special group of biological compounds, with the 

combined advantages of proteins (in terms of specificity and selectivity) and small molecule 

drugs (in terms of ease of synthesis, cost, and stability). Compared with many small 

molecule drugs, peptide/protein-based drugs are electrically charged due to the presence 

of anionic (carboxyl) and cationic (amine and guanidine) groups on the amino acid residues, 

thus, tend to be more hydrophilic and are relatively less stable physically and chemically; 

They also have relatively short lifetimes and limited stability and can be more sensitive to 

heat, ionic strength (acid, base, metal ions), organic solvents, and other external factors due 

to potential alterations in higher order (secondary, tertiary, and quaternary) structures(16).

2.2. Challenges in delivering peptide/protein drugs through different administration 
routes

Different administration routes have been utilized for protein/peptide-based drugs. Figure 

1 summarizes the administration routes utilized for therapeutic peptides and proteins that 

are currently approved by the US Food and Drug Administration (FDA). More than 

90% of peptide/protein-based drugs are administered through parenteral routes including 

intravenous (44%), subcutaneous (33%), and intramuscular (14%) injections as delivering 

peptide/protein drugs through parenteral routes can avoid most biological barriers (Figure 

2E). However, several limitations are associated with parenteral administration such as pain, 

risk of infection, high cost, and poor patient compliance(17, 18).

Only 4% of the FDA approved protein/peptide drugs exploit oral administration routes 

although it is non-invasive, can be self-administered, and provides high patient acceptability 

and long-term compliance. This is because delivering peptides and proteins through oral 

routes remains a major challenge because of the harsh (pH, mechanical, enzymatic) 

gastrointestinal (GI) environment and the mucus and cellular barrier for drug uptake 

for absorption (Figure 2A) (19). Although there are many advantages to pulmonary 

drug administration (non-invasiveness, high adoption rate, overcoming hepatic first-pass 

metabolism) (20, 21), only 1% of FDA approved peptide/protein drugs adopt this 

administration route. As shown in Figure 2B, drug transport through the upper airway is 

limited by the relatively low surface area and low reginal blood flow. The upper airways 

are narrow angled passages where inertial impact occurs which prevents the entry of the 

particles to the lungs. The lungs consist of sophisticated networks of branching airways, 

which further prevents access of drug molecules to epithelial target sites (22). Drug 

molecules also need to overcome the lung mucus barrier, which works as a natural defense 

to remove particles from the airway to deliver them to the oropharynx, where the particulates 
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are swallowed or expectorated (23). The presence of ciliated cells also prevents foreign 

particles from further reaching the lung epithelium (24). Cell penetration, the blood-gas 

barrier, immunogenicity through macrophage and IgG antibody factors, and tight junctions 

of alveolar and endothelial cells are all additional challenges to peptide/protein-based 

drug delivery in the lung (25, 26). Nasal administration offers advantages to systemic 

and local drug delivery, including non-invasiveness and being readily accessibility through 

the thin and porous epithelial barrier that is also highly vascularized with particularly 

advantageous for delivering drugs to brain tissues or the cerebrospinal fluid by bypassing 

the blood-brain barrier (BBB) (27, 28). Delivering drugs through the nasal route may, 

however, cause irritation to the cells and nerves in the nasal cavity (29). Epithelium 

adsorption efficiency is relatively low due to drug degradation by the nasal mucosa, the 

small surface area for absorption, and the relatively long distance transport or diffusion to 

reach the target region (local delivery). Vibratory cilia can also exclude foreign particles 

through mechanical movement, creating a mechanical barrier for drug molecules to navigate 

(Figure 2C). Transdermal drug administration refers to drug delivery through the skin, which 

consists of three stratiform tissues (Figure 2D): stratum corneum, viable epidermis, and 

dermis (30). This method offers several advantages including bypassing hepatic first-pass 

metabolism, cost-effective, and high patient compliance (18, 31). However, low absorption 

of macromolecules by the stratum corneum remains a significant challenge, as does adhesive 

membrane proteins that form tight junctions in the viable epidermis to create an extra barrier 

(32). We summarize and compare the key characteristics of the different administration 

routes for therapeutic peptides and proteins in Table 1.

3. Commonly used drug delivery systems and challenges to deliver 

protein/peptide-based drugs

To improve the efficiency of drug delivery and prolong protein/peptide drug bioavailability 

when administrated through various routes, polymeric delivery carriers are commonly used. 

Polymer cargos provide unique advantages for drug delivery because of their stability in 

biological fluids, versatility of formulations, support for sustained release, and protection of 

protein/peptide drugs from enzymatic degradation as well as the biocompatibility (48).

The most commonly used synthetic polymers for drug delivery include polyesters (49), 

poly(ortho esters) (50), polyphosphoesters (51), polyanhydrides (52), and polyelectrolytes 

(53). Among these, poly(D, L-lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), 

and poly(vinyl alcohol) (PVA) represent the most commonly used polymeric drug delivery 

systems due to their biodegradability, biocompatibility, and nontoxicity (54, 55). In the 

following section, we introduce current drug encapsulation methods, delivery routes, and 

drug release mechanisms using PLA, PLGA and PVA, with a focus on recurring challenges 

in further development. The molecular information, benefits, and limitations of these three 

polymeric delivery methods are also summarized in Table 2.

3.1. Encapsulation challenges

PLA/PLGA are aliphatic polyesters which are relatively hydrophobic with a high 

static water contact angle (65). However, synthesis is usually organic solvent based, a 
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disadvantage for peptide- and protein-based drug encapsulation (Figure 3A). PVA, as a 

hydrophilic polymer, is insoluble in many organic solvents and is soluble in water when 

heated. Protein/peptide drug encapsulation in PVA is usually low efficiency because of 

heat-induced denaturation issues (67, 68). Many protein- and peptide-based drugs are 

hydrophilic and soluble in aqueous solution. This makes encapsulation of these types of 

drugs using hydrophobic polymers, such as PLGA or PLA, more challenging; Therefore, 

PLA and PLGA-based copolymers with hydrophilic domains are often used to increase the 

encapsulation of peptide/protein drugs, but this adds extra steps during synthesis (69).

Multiple material formats, including microspheres, nanoparticles, hydrogels, and 

microneedles, have been developed for encapsulating protein and peptide molecules in 

polymeric systems (Figure 3). Encapsulating peptide/protein drugs using synthetic polymers 

is often through microsphere/nanoparticle formation by emulsification evaporation, 

coacervation, or by salting out (for nanoparticles) (Figure 3B and 3C). In these processes, 

mechanical stirring is required to form the emulsion, and the shear forces can cause protein 

molecular distortions that lead to inactivation or aggregation, thus, loss of bioactivity (70–

72) (56). Emulsification also requires the use of organic solvent and additives, which can 

lead to the denaturation or decreased activity of protein and peptide drugs.

Hydrogels have been used to encapsulate and deliver peptide- and protein-based drugs due 

to tissue like physical properties, good biocompatibility, and ability to efficiently encapsulate 

hydrophilic drugs (73). Figure 3D shows the methods to incorporate drug molecules in 

hydrogels, where the drugs can be loaded either before or after gelation. Crosslinking 

strategies are often used, including photo-initiated dimerization or polymerization, along 

with other chemical crosslinking methods to improve drug encapsulation efficiency. The 

removal of toxic reagents using dialysis could result in leaching of the loaded drugs from the 

hydrogel, thereby decreasing loading efficiency (74).

Microneedles have emerged as a popular method for peptide/protein drug delivery due to 

their ability to penetrate outer tissue layers via physical penetration to administer the drugs 

to the underlying vasculature (75). Figure 3E shows one approach to fabricate polymeric 

microneedles using micromolding (76). Drug loaded polymeric microparticles are deposited 

in a polydimethylsiloxane (PDMS) mold. After drying, the microparticles are coated with a 

layer of polyacrylic acid (PAA) polymer. The microneedles patch is obtained by removing 

the cast from the PDMS mold. Alternatively, microneedles can be fabricated by melting 

microparticles in the molds followed by polymer deposition and cast removal from the 

mold. This method takes advantage of the thermoplastic properties of PLA; however, 

the thermal molding process can be detrimental to temperature-sensitive drugs and is 

generally not suitable for peptide- and protein-based drugs. PVA-based microneedles can 

be fabricated using micromolding techniques, where thermal methods can destabilize the 

drug molecules (77–79). The hydrophilic nature of peptide- and protein-based drugs also 

decreases the encapsulation efficiency when using synthetic polymers, as they tend to be 

more hydrophobic. The bulk degradation mechanism of PLA/PLGA based microneedles 

means there is less control for peptide- and protein-based drug release.
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3.2. Sterilization challenges

Sterilization is required for sustained drug delivery systems (80). High temperatures like 

autoclaving and dry heat sterilization can result in deformation, melting, and degradation 

of polymeric delivery systems, while also causing the denaturalization of the encapsulated 

peptide- and protein-based drugs. Ethylene oxide gas method is not applicable due to 

the toxic residues (81). Physical sterilization like gamma or beta irradiation(82) is more 

commonly used for biologic drug encapsulated systems, but can result in deterioration of 

polymeric systems like PLGA (83, 84). Several studies also showed that gamma irradiation 

can alter the release profiles of polymeric delivery systems (81, 85, 86), and can form 

hydroxyl radicals in the presence of water and oxygen, leading to the decrease or loss of 

protein biological functions (87).

3.3. Immunogenic challenges

Synthetic polymers like PLA and PLGA degrade through bulk hydrolysis of ester bonds 

into lactic and/or glycolic acid monomers in vivo. These low MW acids cause inflammation 

(96), where the severity of the inflammatory response depends on the local accumulation of 

the acidic products. Furthermore, these acidic products have an autocatalytic effect towards 

the implant or particles, causing increased rates of polymer degradation, leading to further 

inflammation (83). In some cases, the failure to eliminate these degraded by-products, and 

thus, the accumulation of acidic products, can alter biological responses of tissues (90) 

(91, 92). Further, during polymer erosion, the release of small fragments and particles 

can also cause unexpected immune response by macrophages (93). PLGA implants can 

result in fibrous encapsulation during implantation, which decreases vascular ingrowth and 

can lead to necrosis (97–99). PVA microcapsule implantation can also activate a chronic 

inflammatory response (100). Micro- and nanoparticles of PLA and PLGA systems also 

have toxicity concerns, since these micro- and nano- sized particles can enhance cellular 

uptake, potentially resulting in negative effects on cell growth and viability (94, 95).

3.4. Controlled drug release challenges

Synthetic polymer matrices can release encapsulated drugs through mechanisms like 

polymer swelling/solvent penetration (101, 102), chemical hydrolysis (89), and diffusion 

(Figure 6A) (103). Synthetic polymer tends to degrade via bulk erosion, meaning the 

degradation-controlled drug release is more challenging to control in comparison to surface 

erosion (such as with silk protein delivery systems) (106), (107, 108). Diffusion-based 

drug release is widely used to control delivery. Drug release kinetics usually depend 

on the concentration of the dissolved drug based on Fick’s second law (109). Non-

degradable polymer matrices usually adopt a diffusion-based drug release mechanism, such 

as polyurethanes used for drug delivery devices (110), cardiac pacing leads (111), tissue 

adhesives (112) and other applications. The diffusion-controlled mechanism results in a 

near linear release profile which is favorable for most applications (109). However, the non-

biodegradability of these matrices requires a second intervention for device removal after 

the treatment (113). Polymer swelling/solvent penetration controlled drug delivery involves 

two processes: solvent diffusion and chain disentanglement (113). This mechanism usually 
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follows non-zero order kinetics, and the delivery rate usually depends on the permeability of 

the polymers and is more difficult to tune without changing the polymer compositions (114).

3.5. Drug stabilization challenges

There is limited evidence of stabilization of peptide and protein based drugs by PLA, PLGA 

or PVA delivery systems, and the incomplete release of biologics from polymeric systems 

(e.g. PLGA) suggests instability of the drug molecules in the carrier (104). Efforts have been 

made to stabilize peptide- and protein-based drugs by adding excipients (115), chemically 

modifying proteins (e.g. PEGylation) (116), and using reversible protein aggregations (117). 

These methods add extra efforts during fabrication, and covalent modification can be highly 

specific but also potentially decrease the bioactivity of the protein drug (118).

4. Silk-based drug delivery strategies

Silk, a biopolymer derived from the cocoons of domesticated Bombyx mori silkworms, has 

been used as biomedical sutures for decades and has obtained FDA approval for application 

in a variety of biomaterial devices. The controlled biodegradability, biocompatibility, non-

toxicity, aqueous processability, and excellent mechanical properties make silk a suitable 

candidate in drug delivery systems (119–124). In details, the advantages of delivering 

proteins and peptides-based drugs using silk-based delivery systems are summarized and 

listed in Table 3 in the order of encapsulation, delivery, and release. In this section, we 

first discuss advantageous features of silk that make it a suitable candidate for peptide/

protein-based drug delivery and how it addresses the challenges faced for biologics delivery. 

We then introduce fabrication methods and recent advances for aqueous processing silk into 

different functional material formats such as micro particles, nanoparticles, hydrogels, and 

microneedles, which can be potentially used for therapeutic peptides and proteins delivery.

4.1. Why silk

Water-based processing method—Regenerated silk fibroin (SF) is commonly used 

to encapsulate drug molecules with extra advantages for encapsulating bioactive molecules 

due to its water-based processing method (125–129). Silk cocoons are degummed and 

then dissolved using lithium bromide (LiBr) (Figure 4A) (129). Since many peptide/protein-

based drugs are water soluble, they can be encapsulated in regenerated silk aqueous solution 

by simple mixing, and then processed into different material formats such as microspheres, 

nanoparticles, hydrogels, and microneedles with suitable shaping and drying methods (127, 

129, 130). Water based processing enables the use of spray drying, or spray freeze drying, 

where aqueous solutions are directly fed into the spray nozzle to generate micro/nano 

particles, without the need to introduce an organic solvent phase. Harsh mechanical stirring 

is also avoided for emulsion methods, to help maintain the stability of protein and peptide-

based drug molecules. In the preparation of microneedles, drug mixed silk aqueous solutions 

are directly infused into molds, avoiding a reduction in bioavailability due to heating or the 

use of organic solvents, unlike synthetic polymeric microneedle-based methods.

Protein stabilization—Silk plays a unique and important role in stabilizing protein-based 

drugs in both aqueous solution and in the solid phase (131). Silk fibroin aqueous solution 
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is prepared by using LiBr solution to disrupt the crystalline beta-sheet structures. The 

polymorphic structure of silk in solution can be affected by physicochemical parameters 

like shear force, pH, concentration, ionic strength, and storage time. Figure 5 shows 

the mechanisms of silk-based stabilization. In water, peptide/protein-based drugs can be 

stabilized in silk solution due to preferred interactions between protein/peptide drugs 

and silk proteins, and hydrophobic/electrostatic shielding effect as silk is an amphiphilic 

protein (131). Different silk processing methods affect silk structure in the solid state. In 

general, regenerated silk formed into materials is regarded as a semi-crystalline polymer, 

where the crystallinity can be tuned by post treatment conditions with water annealing 

or solvents (132). In the solid state, when silk is processed into a variety of formats, 

the drug molecules encapsulated are stabilized due to glass dynamic supressed mobility 

via β-relaxation, preventing protein unfolding and mass transport of the peptide/protein 

molecules (133). Interactions between the silk and the protein drug lead to the stabilization 

of complex proteins, as demonstrated with a wide range of bioactive compounds (e.g., 

enzyme horseradish peroxidase (HRP) in silk films and sponges (131), protease XIV in 

thermoplastic molded silk (134), and glucose oxidase in silk films (135). Similarly, during 

drug delivery in vivo, the β-sheet crystallization in silk-based materials can prevent protein 

unfolding and molecule diffusion, which means silk-based materials maintain bioavailability 

better than with synthetic polymers due to the protection mechanisms achieved both in 

solution and in the solid state due to the avoidance of organic solvents.

Compatible with sterilization methods—Encapsulating protein and peptide-based 

drugs using silk-based materials can be achieved through pre drug loading (drug molecules 

are premixed with the silk polymer solution and shaped into different material formats), 

or post drug loading (polymer-based materials are immersed in drug solutions to absorb 

drug molecules into the carrier). It is more straightforward to sterilize the materials with 

post drug loading method because only the stability of the drug carrier needs to be 

considered. In this scenario, silk-based materials offer advantages compared with synthetic 

polymeric systems such as PLA, PLGA, and PVA, because silk-based biomaterials are 

compatible with common sterilization methods due to the high thermal stability of the silk 

beta-sheet secondary structures (80). Silk has a glass transition temperature of ~190–200°C, 

a decomposition temperature of ~220–300°C for side chains, and >300°C for the peptide 

backbone (80). Thus, thermal sterilization methods (e.g., autoclaving) can be utilized, as 

well as physical (gamma irradiation) and chemical (ethylene oxide, peroxide) sterilization 

methods. For pre drug loaded materials, chemical sterilization methods are commonly used, 

where silk-based medical devices are advantageous due to the stabilization mechanism silk 

provides to protein and peptide molecules sequestered in the silk (136).

Low immunogenicity—To achieve clinical success, a key assessment for biomaterials 

is the in vivo response to the material, as well as to any degradation products. Silk 

materials induce a low if any immune response and a mild inflammatory response that 

decreases within the first few weeks of implantation (137). The responses involve activation 

of macrophages and may include a mild foreign body response depending on material 

format (138, 139). The number of immune cells decreases with time and granulation tissue 
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is replaced by endogenous tissue. The low immunogenicity of silk materials supports its 

clinical translation, such as the FDA-approval of silk-based medical devices (140).

Robust mechanical properties—Silk has exceptionally robust mechanical properties 

towards shear forces. The stiffness of silk can vary from 200 Pa to 10 kPa by tuning 

MW and processing conditions (141). Crosslinking(142) and hybridization with other 

components(143) can further enhance mechanical properties. The robust mechanical 

property of silk provides increased stability during drug encapsulation when mechanical 

stirring is applied, or when injection through syringes or local implantation delivery is 

utilized. The high toughness of silk materials also indicates more controlled and slower 

degradation of the materials in vivo, resulting in longer protection of the protein and peptide 

drugs in the silk materials. In addition, the toughness of silk materials provides a shielding 

effect for protein or peptide molecules sequestered in the silk during structural distortion.

Mucoadhesive properties—Mucus membranes exist in the various delivery routes 

including oral, nasal, and pulmonary delivery. The mucus lubricates the interface between 

the internal and external environment of the body and also protects the internal environment 

from pathogens and toxins (38). Silk based drug delivery systems can promote drug 

delivery through the mucus layer by increasing particle residence time and, thus, enhancing 

drug efficacy (144). For example, coating liposomes with silk significantly improved 

mucoadhesive properties of the particles, thus increased the attachment of silk coated 

liposomes to cell surfaces, increasing ocular drug therapeutic efficacy (145). This interaction 

was due to the binding affinity of silk to glycoproteins and proteoglycans, the major 

components of mucus (145). The mucoadhesive properties of silk-based materials provides a 

significant advantage when compared with synthetic polymeric systems.

Controlled and tunable drug release mechanisms—Silk-based drug delivery 

systems can adopt either an enzymatic degradation-controlled mechanism or a diffusion-

controlled mechanism (Figure 6B). Compared to synthetic polymeric systems, the silk 

release mechanisms offer an expanded set of options for tunable control of drug release.

Enzymatic degradation-controlled drug release—Silk degradation relies on 

proteolytic enzymes such as protease XIV, α-chymotrypsin, proteinase K, papain, and 

collagenase, among others (119). Enzymatic degradation of silk generates polypeptides and 

amino acids with the advantage that the degradation products are absorbed or metabolized 

in vivo, without inflammation (119). Controlling the degradation kinetics of silk hydrogels 

affects drug release kinetics and the degradation of silk-based hydrogels depends on many 

factors including MW (146), crystallinity, porosity, material format, and the local in vivo 

environment (147). Silk degradation by protease XIV was through surface erosion, in 

contrast to the bulk chemical hydrolysis of synthetic polyesters. Thus, degradation occurs 

from the exposed surface area (148), resulting in improved control of drug release features 

and more predictable outcomes. The tunability of the physiochemical properties of silk 

materials can also be used to tailor drug interactions with the silk matrix to control drug 

binding, whether for degradation-driven release or zero-order release of bound drugs (149).
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Diffusion controlled drug release—Diffusion-based drug release from silk can be 

controlled by carrier morphology (geometry, porosity, coating thickness), crystallinity (β-

sheet content) (150), and for peptide/protein drugs, molecular weight. The release of FITC-

labeled dextrans with various molecular weights (4 to 40 kDa) from silk films demonstrated 

that increased MW of the dextran cargo led to decreased diffusion, highlighting the 

importance of MW for control of drug release kinetics (150). Tailoring the release kinetics 

can also be achieved through modifications of silk-drug interactions and by altering 

hydration or the surface charge of the silk matrices (151).

4.2. Silk-based delivery systems

4.2.1. Microspheres—Microspheres are a common material format for drug delivery 

with many advantageous features such as size (smaller than the inner diameter of most of 

the needles), to foster injectability. The smaller size also leads to higher surface area for 

bioconjugation, facile natural clearance, and enhanced penetration through tissue barriers. 

For example, the clearance of particles between 0.5 to 10 µm occurs by phagocytosis 

(152). Silk microsphere-based drug delivery systems can be fabricated by several methods 

that lead to different particle morphologies and polydispersities, resulting in different drug 

delivery efficiencies. Hence, silk-based materials provide options for tuning peptide and 

protein-based drug delivery properties. Figure 4B shows various routes for preparing silk-

based microsphere delivery systems for peptide/protein molecules. Microfluidic devices can 

be used to generate silk-based microparticles with controlled size, including monodispersed 

microspheres (153). Microspheres with different diameters were synthesized that were 

tunable based on system flow rate. Silk micrococoons were also fabricated using 

microfluidics, with the ability to encapsulate, stabilize, and control the release of proteins 

including antibodies (154). Spray drying and spray-freeze drying have also been used for 

encapsulating peptides and proteins to form silk microspheres (155, 156). An aqueous-based 

preparation method based on silk/PVA films has also been reported(157) where silk and 

PVA were mixed and phase separated during film formation, with the silk stabilized by beta 

sheet crosslinking. Silk microspheres were obtained after dissolving the films in water to 

remove the PVA. The microspheres were used to encapsulate bovine serum albumin with 

a loading efficiency of 51% and slow release was achieved. Protein-based drug-loaded silk 

microspheres were also prepared using lipid vesicles as templates (Figure 4B). Lipid in 

chloroform was first prepared and dried to generate films. Drug loaded silk solution was 

then added to the lipid film to prepare lipid-silk mixtures. Lyophilization followed by lipid 

removal was used to obtain the silk microspheres. The method maintained bioactivity of 

protein drugs and a continuous release up to 10–15 days were observed (156).

As with synthetic polymers, silk microspheres can be prepared using emulsification-

condensation by mixing silk with high MW polyethylene glycol (PEG) in solution. The 

delivery of a peptide drug, octreotide was demonstrated with more than 100 days of 

sustained release in vitro, significantly longer than Sandostatin LAR depots (octreotide 

acetate), a PLA based octreotide drug delivery system (158). Basic fibroblast growth 

factor (bFGF) was also encapsulated in porous SF microspheres using a high-voltage 

electrostatic method. The bioavailability of bFGF was maintained and released over 13 

days (159). Recombinant human bone morphogenetic protein-2(rhBMP-2) and insulin-like 
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growth factor I (rhIGF-I) were delivered from silk porous scaffolds incorporated as silk 

microspheres with concentration gradients of the protein factors. This work offers a method 

to deliver multiple growth factors with spatial control in a 3D culture environment (160).

4.2.2. Nanoparticles—Silk-based nanoparticles can be prepared by adding isopropyl 

alcohol to participate nanoparticles,(161) salting out agents (161), PVA/silk blend films 

(157), and electrospinning (Figure 4 C) (162). These methods have been used for 

encapsulating peptide/protein drugs, such as insulin-silk nanoparticle conjugates in the 

40–120 nm size range (163). Silk nanoparticles (150–170 nm) were used to encapsulate 

vascular endothelial growth factor (VEGF) with sustained release of over 3 weeks 

(164). A transscleral ultrasound assisted drug delivery method was designed using silk 

nanoparticles with fluorescein isothiocyanate (FITC) labeled bovine serum albumin (BSA) 

as a model protein drug. The FITC-BSA-Silk nanoparticles provided bioadhesive (with 

silk as carrier material) and co-permeation properties (with assist from ultrasound). A 

transscleral route is a path to deliver therapeutic drugs to the posterior segment of the eye 

(165). Silk nanoparticle based delivery systems have also shown promising results for bone 

morphogenetic proteins (BMP-2) delivery (166). Three methods were used to prepare drug-

loaded silk nanoparticles including self-assembly, desolvation (coacervation or precipitation 

of nanoparticles by adding a desolvating agent), and an oil emulsion method. Improved drug 

loading efficiency was reported using a fiber/growth factor dual-gradient along electrospun 

silk nanofibers for nerve regeneration; nerve growth factor (NGF) was encapsulated in 

the silk nanofibers with a concentration gradient and resulted in the increased growth and 

orientation of rat dorsal root ganglion (DRG) neurons (167).

4.2.3. Hydrogels—Silk-based hydrogels can be prepared by vortex (168), sonication 

(169), electrogelation (170), enzymatic crosslinks (171), and pH changes (Figure 4D) (146, 

172–175). Encapsulating drugs into these hydrogel matrices can be achieved either by 

dissolving the drug in the silk solution or by loading the drug into preformed hydrogels. 

Pre-loading through the silk solution is not always the best option since the gelation 

method used can decrease the activity of the peptide or protein drug due to mechanical 

forces, pH changes, sonication, and electrostatic forces, depending on the method used. The 

methods used to prepare silk hydrogels do not require the use of chemical or photochemical 

crosslinking agents that are needed for some synthetic polymeric systems, avoiding major 

factors that can lead to the decreased activity of peptide/protein-based drugs. The successful 

delivery of peptide/protein-based drugs has been demonstrated using silk hydrogels, such 

as to deliver anti-VEGF drugs such as bevacizumab, where the daily release rate was 

maintained within a therapeutic range for longer than the current market products (>1–2 

months) (176). BMP-2 was delivered from a silk hydrogel and promoted bone formation 

(177), and silk hydrogels delivered neorotrophin-2 (NT-2) for neural tissue engineering and 

maintained bioavailability with sustained release over 25 days (178). Albumin was delivered 

using a core-shell structured silk hydrogel, formed by soaking the hydrogel in methanol to 

form 200–850 µm thick shell structures to slow the release of albumin (179). Monoclonal 

antibody drugs were combined with silk gels and the in vitro release rates were tuned based 

on processing (180).
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4.2.4. Microneedles—Microneedle-based devices are commonly prepared from 

synthetic polymers (section 3.1), but with limitations with peptides and protein drugs, 

such as the inability to precisely control drug release kinetics and the harsh processing 

conditions with loss of bioactivity of cargo peptides and proteins. For example, PLA-based 

microneedles require harsh conditions with processing temperatures >135°C, which can be 

detrimental to peptide and protein drug stability (181). Silk-based microneedle technology 

is a useful solution due to the biocompatibility, biodegradability, and strong mechanical 

property of the silk material. Peptide/protein-based drugs can be incorporated into the silk 

matrix (Figure 4) and materials microfabrication into microneedles can be carried out at 

ambient temperature with aqueous solutions (Figure 4E). Drug loaded silk microneedles 

can be processed as follows: 1) A master mold is fabricated as the microneedle shaped 

by high-speed milling and chemical wet etching, 2) PDMS mold is cast on the master 

to produce a negative mold, 3) the PDMS mold is then removed from the master mold 

after drying, 4) drug-loaded silk solution is cast into PDMS mold, 5) silk is dried, 6) 

microneedle casting is removed from PDMS mold. This method was used to encapsulate 

horseradish peroxidase (HRP) and enzymatic activity was maintained after microneedle 

fabrication along with sustained release (182). Using the same method, the sustained release 

of levonorgestrel, a contraceptive, was demonstrated for at least 100 days from silk-based 

microneedles (183). The release continued for at least a year when drug loading was through 

microparticles cast inside the silk microneedle patch. Insulin-loaded silk-based microneedle 

systems were prepared and sustained release for 60 h was achieved (184). In this system, 

blending proline in the system induced the transformation of the silk from random coil to 

β-sheet, leading to improved stability of the microneedles. Incorporating proline also helps 

to reduce the release rate of the insulin drugs in a controlled manner (184). Vaccine delivery 

was achieved using silk-based microneedle technology, with Evtrimer released over 2 weeks 

in the skin, correlating with increased germinal center B cell response (185). The successful 

delivery of a protein subunit vaccine bolus using a silk/poly(acrylic acid) (PAA) composite 

microneedle device demonstrated a >10-fold increase in antigen-specific T-cell and humoral 

immune response when compared with traditional parenteral needle-based immunization 

(186).

5. Conclusions and future perspectives

Peptide/protein drug delivery remains a challenge when administered through different 

routes, and in particular non-parenteral administration routes. The major obstacles 

to overcome with delivery include the GI environment due to low pH, enzymes, 

macrophages, antibodies, mechanical stress, mucus, transport, and cellular barriers. 

Encapsulation within synthetic polymers offers a strategy to protect biological drugs 

from loss of activity. However, encapsulation can also be detrimental due to the use of 

organic solvents, mechanical impacts, sterilization, the use of crosslinking agents, and 

chemical modifications. Silk protein offers a unique amphiphilic biopolymeric material 

for encapsulating and delivering peptides and proteins. During drug encapsulation, water-

based silk device fabrication methods are compatible with peptide/protein drugs to maintain 

activity. Access to various fabrication methods enables the selection of silk material formats 

to encapsulate drugs. Silk can also help to stabilize protein drugs, due to the chemistry 
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and secondary structures, providing further advantages. The robust and stable properties of 

silk-based materials provide mechanical durability. The biocompatibility of the silk ensures 

a minimum immune response and other adverse effects. The drug release mechanisms of 

silk-based materials following either a degradation-based or diffusion-based mechanism can 

be fine-tuned, while enzyme-mediated surface degradation offers a predictable outcome for 

sustained drug release.

While silk-based delivery systems offer to address multiple challenges with delivering 

peptide/protein drugs, more research is needed to understand the feasibility of silk-based 

materials in different drug administration routes. There remains a gap between encapsulation 

of drug molecules into various silk formats and the feasibility of using each format 

for different administration methods. For example, the role of silk-based materials to 

protect protein drugs from low pH and enzymatic environments in oral delivery systems 

would benefit from further insight, as well as related cellular interactions and penetration 

mechanisms.
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Highlights

• The challenges of delivering peptide and protein-based drugs are discussed

• The advantages and limitations of synthetic polymer delivery system is 

introduced for protein and peptide-based drugs

• Silk based drug delivery system is highlighted for overcoming the stability 

and delivery challenges of protein and peptide-based drugs
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Figure 1. 
Current percentage distribution of routes of administration for therapeutic peptides and 

proteins. Adapted from THPdb. (https://webs.iiitd.edu.in/raghava/thpdb/index.html)
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Figure 2. 
The delivery challenge of peptide/protein-based drugs in various routes. A. Mucus barrier, 

biochemical barrier, and cellular barrier in oral drug delivery. B. Mucus barrier, biochemical 

barrier, immunological barrier, and cellular barrier in pulmonary drug delivery. C. Mucus 

barrier, mechanical barrier, and cellular barrier in nasal drug delivery. D. Cellular barrier in 

transdermal drug delivery. E. three types of parenteral drug delivery.
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Figure 3. 
Peptide/protein-based drug encapsulation methods using synthetic polymers. A. preparation 

of synthetic polymers in organic solvent that are used as drug delivery carriers. B. methods 

to prepare polymeric microsphere to encapsulate peptide/protein-based drugs. C. methods 

to make polymeric nanoparticles- for encapsulating peptide/protein drugs. D. methods to 

prepare drug loaded polymeric hydrogels. E. methods to prepare polymeric microneedles. 

(adapted from DeMuth et al. (76), reproduced with permission, Copyright © 2013 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim )
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Figure 4. 
Peptide/protein-based drug encapsulation methods using silk. A. Preparation of silk aqueous 

solutions for peptide/protein-based drug loading. B. Methods to prepare drug encapsulated 

silk microspheres. C. List of methods to prepare drug loaded silk nanoparticles. D. Methods 

for using silk hydrogels to encapsulate peptide/protein drugs. E. Method to prepare silk 

microneedles for encapsulating peptide/protein drugs. (adapted from Tsioris et al. (182), 

reproduced with permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim))

Wu et al. Page 28

J Control Release. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Silk-based stabilization materials and stabilization mechanisms. (adapted from Li et al.(187), 

reproduced with permission, copyright © 2015 Elsevier B.V. All rights reserved.) A. Silk 

and peptide/protein drug molecules. B. Silk-based materials stabilize drug molecules in 

the water phase. C. Silk-based materials stabilize drug molecules in the solid phase. D. 

Silk-based materials stabilize drug molecules in vivo from the harsh GI environment.
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Figure 6. 
Mechanisms of drug release. A. Drug release from polymeric matrices through dissolution 

controlled, chemical hydrolysis and diffusion-controlled mechanisms. B. Drug release from 

silk encapsulation through enzymatic degradation and diffusion-controlled mechanisms.
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Figure 7. 
Comparison of bioavailability of the peptides/protein drugs without protection, with 

common synthetic polymer strategies, and with a silk protection strategy. A. The 

bioavailability of naked peptide/protein drugs affected by factors during encapsulation, 

delivery, and release. B. The bioavailability of peptide/protein drugs protected using 

common polymer strategies affected by factors during encapsulation, delivery, and release. 

C. The bioavailability of peptide/protein drugs protected using silk fibroin strategy affected 

by factors during encapsulation, delivery, and release. The decrease of the bioavailability in 

the figure is a qualitative analysis, to provide a visual comparison of the differences between 

the polymeric and silk strategies.
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Table 1.

Characteristics of different administration routes for peptide/protein-based drugs

delivery 
route

challenges benefits

parenteral 1 requires injections several times daily - inconvenient for 
patients – affects treatment compliance

2 peptides rapidly metabolized or cleared from circulation

3 Intramuscular (IM) and subcutaneous (SC) can lead to 
metabolic inactivation before reaching circulation

4 lack of site specificity leads to side effects

1 avoids passing through the 
gastrointestinal tract (GIT)

2 intravenous (IV) injection directly 
delivers to systemic circulation

3 rapid onset of drug action

oral 1 biochemical and physical barrier: enzymatic hydrolysis and 
low pH in the gastrointestinal tract (GIT)

2 intestinal epithelial membrane barrier: tight epithelial 
junctions

• more hydrophilic, charged surface– reduced 
ability to cross cellular membranes (lipophilic, 
no passive diffusion for highly hydrophilic 
molecules)

3 mucus barrier prevents drug penetration and absorption, 
short residence time

1 non-invasive

2 ease of administration

pulmonary 1 irritation of lung tissue

2 possible immunogenicity (macrophages and IgG 
antibodies)

3 mucus barrier can prevent drug penetration and absorption

1 ease of administration

2 potential for high absorption rate

3 high bioavailability

4 rapid onset of action

5 avoidance of oral administration 
problems

transdermal 1 tight epithelial junction

2 skin irritation

1 ease of administration

2 avoidance of oral administration 
problems

nasal 1 low membrane permeability for protein and peptide drugs

2 poor tolerability of absorption enhancers in nasal cavity

3 allergy/nasal related diseases can affect the efficiency of 
nasal drug delivery

4 mucus barrier prevents drug penetration and absorption

1 rich vascular supply and the large 
surface area for absorption

2 avoids metabolism and other 
problems with oral administration

3 non-invasive nature
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Table 2.

Benefits and limitations of commonly accepted drug delivery systems

Benefits Limitations

Encapsulation 1. flexible to tune physical properties 
(size, shape)

1 hydrophobic polymer: requires 
hydrophilic polymer to increase 
bioactivity of protein

2 toxicity of solvent and stabilizers, 
emulsifiers, other additives

3 high energy mechanical mixer or 
homogenizer needed

4 high cost of particle production

5 some sterilization methods require 
high temperature (glass transition 
temperature 40–60°C)

Delivery 1 FDA approved

2 biocompatible

3 low level of 
immunogenicity and 
toxicity

1 sensitivity to pH

2 water penetration leads to denaturation 
of protein drugs

3 surface modification important for 
eluding immune system

4 uptake in reticuloendothelial system 
(RES) system

5 not mucoadhesive

Release 1 rate of degradation 
dependent on 
crystallinity and polymer 
grafting

2 selective release at high 
pH

1 acidic degradation products denature 
proteins

Encapsulation 1 hydrophobicity and drug 
encapsulation tuned by 
glycolic and lactic acid 
content

1 solvent, stabilizers, emulsifiers, other 
additives toxicity concerns

2 high energy mechanical mixing and 
homogenization

3 low drug encapsulation capacity

4 high cost of particle production

5 sterilization

6 thermal processing (glass transition 
temperature 40–60°C)

7 not mucoadhesive

8 initial burst release in acidic pH

Delivery 1 mechanical stability 1 surface functionalized of PLGA 
particles will compromise mechanical 
strength

2 sensitivity to pH

Release 1 crystallinity tuned by 
copolymer composition

1 degradation products glycolic and lactic 
acids, decrease the bioactivity of protein 
drugs
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Benefits Limitations

2 bulk erosion of polymer - entire volume, 
less controlled

Encapsulation 1 chemical and thermal 
stability

2 non-ionic surfactant 
as stabilizing agent, 
viscosity modifier

3 excellent flow properties 
and high compressibility

4 hydrophilic – higher 
encapsulation capacity

1 difficult to process as insoluble in most 
organic solvents and high viscosity

2 soluble in water only when heated

3 chemical/physical crosslinking required

Delivery 1 biocompatible 1 low stability in aqueous media

2 particle swelling

3 not mucoadhesive

Release 1 biodegradable 1 degradation product acidic, harmful for 
protein drugs

2 less controlled release due to bulk 
erosion, swelling controlled release
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Table 3.

Advantages of peptide/protein-based drug delivery using silk-based systems.

Aspects Silk

Encapsulation • prepared and processed under ambient aqueous conditions to avoid loss of bioactivity

• different material formats: ability to regulate structure and morphology of silk

• stabilization due to binding interactions with silk protein subunits

• compatible with most sterilization methods

Delivery • biocompatible

• less inflammatory than other common biodegradable polymers

• mechanically durable

Release • degradation rate can be controlled by the crystalline state during processing to regulate release profile of 
bioactive molecules

• control - degradation is by surface digestion by proteases vs bulk digestion for polyester via chemical 
hydrolysis
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