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Abstract

Polymeric biomaterials have been used in a variety of applications, like cargo delivery and tissue 

scaffolding, because they are easily synthesized and can be adapted to many systems. However, 

there is still a need to further enhance and improve their functions to progress their use in the 

biomedical field. A promising solution is to modify the polymer surfaces with peptides that can 

increase biocompatibility, cellular interactions, and receptor targeting. In recent years, peptide 

modifications have been used to overcome many challenges to polymer biomaterial development. 

This review discusses recent progress in developing peptide-modified polymers for therapeutic 

applications including cell-specific targeting and tissue engineering. Furthermore, we will explore 

some of the most frequently studied base components of these biomaterials.
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1. INTRODUCTION

Polymers are long-chain molecules formed with repeating units and are commonly used as 

plastics (such as polypropylene) and fibers (such as nylon).1 They are extremely versatile 

materials that also have a wide range of applications in the biomedical field. They are 

extremely adaptable, are easy to synthesize and functionalize, and can be biodegradable and 

biocompatible.1–5 Polymers have a long history in the biomedical field, and their 

applications have been constantly changing and evolving. The first polymer biomaterial used 

was poly(methyl methacrylate), which was used for tooth fillings in the 1930s.6 Specific 

applications of polymer biomaterials from the 30s through the mid-90s are thoroughly 

covered in the review by Moukwa.6 Polymer nanoparticles were first studied in 1969 by Dr. 

Speiser for biopharmaceutical applications.7 This represented a new era of polymer 

biomaterials, as they were now being studied for drug delivery and targeted therapeutic 

purposes. Ten years later, the first reports surfaced of polymer nanoparticles being used for 

cancer therapy, indicating further developments in this area.8 Taking polymers in another 

direction, the first biologically active polymer scaffold was created in 1974, utilizing 

collagen for tissue engineering.9

Despite all of these achievements, the use of polymers has been limited by difficulties with 

stability, aggregation, toxicity, and minimal cellular interaction.1–5 Peptide-modification of 

surfaces is one method that can alleviate many of the challenges associated with a given 

polymer by enhancing biocompatibility, targeting capabilities, cellular interactions, and 

more. Thanks to advances from researchers such as Robert Merrifield, who first 

demonstrated solid-phase peptide synthesis,10 and George Smith, who pioneered phage 

display technology,11 peptide-modified polymers became a significant research focus in the 

mid 1990s and have since blossomed into an extremely fruitful field. Advances made in this 

area have demonstrated how these peptide modifications can both overcome challenges with 

and add new capabilities to polymer biomaterials.

Peptide-modified polymers are extremely versatile tools in biomaterial design, making them 

of great interest to researchers in all areas of the field. Figure 1 depicts a timeline showing 

the evolution and merging of research into polymer and peptide biomedical applications. 

This area of research began just a few decades ago and has already produced fascinating and 

promising results.8–11 In this review, we first discuss the basic components to formulating 

peptide-modified polymer biomaterials. We then discuss recent applications of these 

biomaterials from the past decade as well as how peptides have been used to overcome 

challenges and enhance the properties of biopolymers in these applications.

2. BASIC COMPONENTS

Polymers and peptides are the building blocks of the biomaterials discussed in this review. It 

is essential to understand the most important characteristics of frequently used polymers as 

well as which peptides are commonly used and how they are derived. In this section, an 

overview of the basic components will be given to prepare the reader for the applications 

which are described in section 3.
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2.1. Polymers.

Polymers are extremely versatile and have a vast array of properties.1–5 Developments in 

medicine have provided us with a plethora of therapies which can be used to treat a variety 

of diseases, and polymer biomaterials have assumed an integral role in the construction of 

delivery vesicles for these therapies.1–5 Polymer scaffolding is also frequently used as 

implant material in tissue engineering to aid in cell growth and proliferation.33 Table 1 

summarizes some advantages and disadvantages of various polymers and depicts their 

structures. Here, we briefly describe some of the most commonly used polymers and their 

important properties. Each polymer overview will also guide the reader to focused reviews 

on these materials as they have been covered thoroughly in the literature.

2.1.2. Polyethylene Glycol (PEG).—PEG is one of the most frequently utilized 

polymers and is one of the few polymers that has been FDA approved in drug and 

pharmaceutical applications.34 PEG molecules are hydrophilic and will self-assemble into 

amphiphilic molecules when joined to hydrophobic polymers.12 The molecular weights used 

are generally 400–40 000 g/mol.35 While it can be used as the primary polymer to form a 

biomaterial, it is most frequently used as a modifying polymer. Polymeric and lipid 

nanoparticles can be coated with PEG in a process known as PEGylation, a process that 

results in materials of increased stability, reduced aggregation, and increased 

biocompatibility and is thus frequently used in designing delivery vesicles.12 PEG is also 

often combined with other polymers to form copolymers which take advantage of the 

properties of both PEG and the other polymer.36,37 Because of the hydroxyl groups at either 

end of the PEG molecule, it is easy to modify it so it can be attached to almost any other 

molecule. The PEGylation process has been reviewed extensively by Suk et al.12

2.1.3. Poly(lactic-co-glycolic acid) (PLGA).—PLGA polymers are negatively 

charged copolymers made of glycolic acid and lactic acid. PLGA is often used in 

biomaterials because it is biodegradable, biocompatible, and can protect cargo from 

degradation.30 PLGA molecular weights are typically between 10 000 and 20 000 g/mol, but 

higher molecular weights can be obtained.38 The ratio of lactic acid to glycolic acid can be 

varied to alter properties like circulation time and degradation rate.31 PLGA is also FDA 

approved and has been studied extensively, resulting in numerous applications,31 and has 

been adapted as a biomaterial for delivery32 and tissue engineering applications.39 PLGA 

and its applications are extensively reviewed by Xu et al., Danhier et al., and Mir et al.30–32

2.1.4. Polyethylenimine (PEI).—PEI polymers are positively charged branched or 

linear polymers.40,41 They are most frequently used for gene delivery applications because 

their charge enables them to encapsulate nucleic acids and they are able to achieve high 

transfection efficiencies.42 PEI has a wide range of molecular weights, from as low as 600 

g/mol to as high as 800 000 g/mol and the effective range varies depending on the 

application.13 The amine groups enable it to be easily modified and functionalized. 

However, PEI is not very biocompatible, presenting a challenge for in vivo applications.41 

PEI biomaterials can benefit greatly from methods like peptide-modification or PEGylation 

to increase biocompatibility while still maintaining high transfection efficiency. Properties of 
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PEI and gene delivery applications were recently reviewed by Pandey et al. and Zou et al.
13,14

2.1.5. Polyamidoamine (PAMAM) Dendrimers.—Polyamidoamine dendrimers are 

highly monodisperse, branched structures made up of repeating layers, abundant surface 

amine or carboxylate groups, and internal cavities.15 PAMAM dendrimers use generation 

numbers to reflect the number of concentric layers of branched monomers, and the number 

of surface groups doubles with each additional layer. Whole numbers, such as G2 or G5, 

have surface amine groups, while half numbers, such as G1.5 or G2.5, have surface 

carboxylate groups.43 Regardless of the generation, their surfaces have many functional 

groups allowing for easy modification. Because of their extremely controlled structure and 

advantageous surface properties, they are frequently studied for biomedical applications. 

However, they have challenges associated with high cytotoxicity and low biocompatibility 

which have limited their progress in clinical applications.4,16 These challenges can be 

overcome with peptide-modifications. Zhong et al. and Labieniec-Watala et al. have recently 

reviewed the applications and properties of PAMAM dendrimers.15,16

2.1.6. Chitosan.—Chitosan is a natural polymer that is derived from the deacetylation of 

chitin.27 Chitin is naturally produced by organisms such as mollusks and insects, making it 

very abundant and, therefore, economical to obtain. Chitosan is nontoxic, biodegradable, and 

has antibacterial and antifungal properties.17,27 Additionally, it has a positive surface charge 

that enables electrostatic interactions to bind anionic cargo like DNA. For gene therapy 

applications, chitosan can protect DNA from nuclease degradation.44 Finally, the surface is 

very easily modifiable due to the extensive hydroxyl and amine groups, allowing for the 

binding of ligands such as peptides.45 Chitosan is generally characterized by its molecular 

weight and degree of acetylation, both of which have a major impact on applications.46 

Chitosan has been recently reviewed extensively by Ahsan et al., and Muxika et al., and 

Bellich et al. covered the physicochemical properties.17,18,46

2.1.7. Poly-L-lysine (PLL).—Poly-L-lysine is a natural, biodegradable, cationic 

polypeptide that is known to interact with and adhere to cells.47 Because of this, it has been 

studied in delivery applications for anionic cargo such as DNA. However, PLL does not 

release well from endosomes, resulting in low delivery and transfection efficiencies. PLL 

can also have adverse immunogenicity and toxicity, making modifications desirable.28 

Francoia et al. reviewed properties and applications of PLL polymers.19

2.1.8. Collagen.—Collagen is a protein that is found in the extracellular matrix and is 

the most abundant protein in the animal kingdom.48 This protein cross-links to form 

scaffolding, making it a highly biocompatible, biodegradable, natural polymer.49 Collagen is 

frequently cross-linked or blended with other materials, including other types of polymers, 

to enhance its mechanical properties.20 Some limitations of collagen include difficulty in 

controlling release and degradation rate.49 Collagen has been used in drug delivery, tissue 

engineering, injectables, and sponges for wounds.29,49 Applications of collagen have been 

reviewed recently by Dong et al. and An et al.20,21
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2.1.9. Other Natural Polymers.—There are many other natural polymers that could be 

adapted for targeted delivery and tissue engineering but have not yet been explored as 

thoroughly as the other polymers. Chitosan and collagen are the most heavily studied, and 

other natural polymers include gelatin, alginates, fibrin, and hyaluronic acid.50 Natural 

polymers have the benefits of being highly nontoxic, readily available, and cheaper than 

many synthetic polymers.22,50 However, unlike their synthetic counterparts, natural 

polymers can have batch to batch variations and are susceptible to microbial degradation.
22,24 Kulkarni et al., Garg et al. and Samadian et al. recently reviewed biomedical 

applications of natural polymers.22,24,25

2.2. Peptides.

Peptides are short chains of two to 50 amino acids linked by peptide bonds. Peptides encode 

a primary sequence that can fold into secondary structures supporting a diverse and complex 

array of functions. A variety of hybrid materials could be prepared by combining biological 

molecules such as peptides and proteins with polymers.51 However, challenges in 

controlling sites of protein modification and in maintaining protein structure have fueled 

continued interest in making peptide functionalized hybrid materials with polymers. 

Additionally, function of natural proteins could be mimicked by designing peptides that 

borrow from the specific secondary and tertiary structure of the protein. Self-assembling 

peptides have also been used in the development of functional hydrogels with exquisite 

biological, mechanical and material properties.52 Peptides can be designed to maintain 

selectivity, specificity, and dynamic responses to external stimuli at the molecular level. The 

versatility of chemical functionality available in peptides can be taken advantage of in 

chemical modification of polymers with peptides. Although the physical limitations of 

biomolecules, such as their sensitivity to temperature, pH, organic solvents, and degradation, 

is a problem, this is much less of an issue when using peptides compared to proteins. Peptide 

sequences can be designed such that they have secondary structure and can also form a 

desired tertiary structure. These peptide–polymer hybrid materials can be designed to 

contain novel structures and functions for a wide range of biomedical and nonbiomedical 

applications.

Modification of polymers with peptides impart many useful properties to polymers. For 

example, peptide-modifications enhance the biocompatibility of polymers and provide them 

with new characteristics and properties needed for bio-recognition.53 Peptides that interact 

with specific receptors and ligands can be identified through phage display, making them 

tunable for a desired biomedical application.53,54 Peptide-modifications can enhance 

polymers for drug and gene delivery applications and increase cell attachment in tissue 

applications.53,55 Compared to proteins, they have the benefits of being smaller in size and 

easier to synthesize, which allows for making hybrid materials with polymers that are stable 

and compact. Additionally, they can increase biocompatibility by decreasing cytotoxicity 

and immunogenicity of the polymeric carrier molecule.53–56 Peptides can be used to make 

hierarchical structures with controlled geometry on polymers that result in the creation of 

novel material. Peptide functionalization can impart hydrophilic characteristics to 

hydrophobic polymers improving the solubility of the hybrid material. In the subsections 
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below, we describe phage display method of selecting peptides as well as some common 

types of peptides employed in modification of polymers used in biomedical applications.

2.2.1. Identifying Peptides from Phage Display.—Phage display is a very common 

method of identifying peptides. Phages are bacterial viruses that can be engineered to carry 

foreign DNA inserts and display peptides on their surfaces.57 By developing a phage display 

library, peptides that have a high affinity for specific receptors can be selected and applied 

for the purpose of modifying a delivery system.57 Phages can display up to 10 billion 

peptides on their surface, making them extremely useful for identifying their binding targets.
58 Phage libraries can be injected into mice to determine which peptides have targeting 

capabilities.59 Some researchers even use phage display libraries to determine which 

peptides will specifically bind to their polymer. For example, one group used phage display 

techniques to identify a specific binding peptide for the polymer PPyCl.60 This enabled the 

identification of ligands that can bind other modifiers, like antibodies, without altering the 

polymer properties. This method of identifying which peptides can bind to a desired target is 

invaluable to researchers working on creating delivery biomaterials.

2.2.2. Cell-Penetrating Peptides (CPP).—Cell-penetrating peptides are short, 

cationic peptides that are commonly used by researchers because they aid in fast 

transportation of biomaterials across cell membranes. They have been used to deliver various 

cargo including drugs and genes.61 Some CPPs can be activated and controlled by 

temperature. This feature allows an optimized targeted delivery of drugs into specified 

tissues, like tumors that need focal intervention.62 CPPs can even transport macromolecules 

across strong membrane barriers like the blood brain barrier, gastro-intestinal mucosa, and 

skin dermis.63

The Tat peptide, derived from the trans-activating transcriptional activator encoded by 

HIV-1, is one of the most frequently studied and well characterized CPPs.64 An 11-amino 

acid sequence from Tat (YGRKKRRQRRR) was identified to be the shortest peptide 

capable of stimulating cellular and nuclear uptake, making this specific sequence the most 

frequently used. Another example of a CPP is penetratin (RQIKIWFQNRRMKWKK), 

which was derived from the natural protein Antennapedia homeodomain.65,66 CPPs often 

contain large amounts of positively charged amino acids, which are thought to enhance 

internalization by interacting with the anionic cell surface.67 CPPs aid in increasing cellular 

uptake, a major barrier for most delivery systems, by translocating across the plasma 

membrane and facilitating endocytosis.56 In one study, modifying a PLGA nanoparticle with 

various CPPs resulted in enhanced cellular internalization via clathrin-mediated endocytosis.
68 This and similar studies demonstrate how CPP modification can enhance cell 

internalization and therefore increase the efficacy of delivery biomaterials.

2.2.3. Arginine-Glycine-Aspartate (RGD)-Containing Peptides.—RGD-

containing peptide sequences are capable of binding integrin and are frequently used in 

tissue engineering applications because of their ability to promote cell attachment and 

proliferation.69 RGD is known to be the minimal sequence capable of interacting with cells, 

resulting in the use of RGD-containing peptides when designing polymeric scaffolds.70 One 

example of an RGD-containing peptide is internalizing RGD (iRGD, CRGDKGPDC).71 
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Modification with RGD peptides allows biomaterials to imitate extracellular matrix proteins, 

thus enhancing interactions with cells and decreasing any immunogenic responses.72 RGD-

containing peptides are used in many of the tissue engineering applications described later in 

this review.

2.2.4. Cell Targeting Peptides (CTP).—Cell targeting peptides are utilized for 

targeting of specific tissues mostly through the receptors. These peptides help facilitate 

specific targeting due to high affinity to a given cell and can enhance cellular uptake like 

CPPs.73 CTPs minimize off targeting effects, which can reduce adverse side effects, 

decrease the required dose, and enhance the therapeutic effect of cargo.55 While antibodies 

are used for specific targeting, CTPs are smaller and easier to synthesize.73 Antibodies also 

suffer from nonspecific uptake to the liver and reticuloendothelial system, making CTPs a 

more optimal targeting moiety.74

Tumor targeting peptides (TTPs) are a subset of CTPs. Researchers in nanomedicine have 

been exploring ways to reduce off targeting effects and increase efficacy of cancer 

treatments.75,76 Tumor targeting peptides function to increase specificity to cancer cells to 

minimize these adverse reactions.77 RGD peptides can also function as TTPs for cancer cells 

with elevated αvβ3 integrin receptors.75

CTPs and TTPs are often identified using phage display, as explained above, but can also be 

derived from known proteins and molecules. For example, some researchers will derive 

peptides by studying bacteria and how they interact with cells.78,79 R. Liu et al. extensively 

covered many ways to identify TTPs, and the methods they describe can be applied to all 

types of CTPs.77

2.3. Peptide–Polymer Conjugation Strategies.

There are many different approaches and methodologies for conjugating peptides to 

polymers and unfortunately there is no single optimal method that can be universally applied 

to all conjugations. One strategy that gives the best results can be completely inappropriate 

for another application. Each conjugation strategy needs to be considered carefully for the 

impact and the suitability of each technique and their impact on the production of the desired 

construct. Some factors need to be considered before the reaction is undertaken, such as the 

biorthogonality of the conjugation techniques to other conjugations schemes, reaction rates 

and the efficiencies of the selected reactions, cost of the chemicals as well as the surface 

orientation of the peptides on the polymeric nanomaterials all play a crucial role.80 

Therefore, these type of conjugation strategies has been a great interest for the scientific 

community and many different conjugation strategies have been developed. These 

conjugation strategies have been described in several excellent reviews.51,54,80–83

Briefly, these conjugation strategies can be split into covalent and noncovalent conjugations. 

Noncovalent conjugations are a set of tools used to establish a conjugation between the 

peptide of interest and the biopolymers. These conjugations consist of electrostatic 

interactions, peptidic binding sequences, self-assembling peptides, host–guest chemistries, 

biotin–streptavidin interactions, nucleic acids, and their hybridization products. For simple 

electrostatic interactions, a positively charged peptide can be attached to the positively 
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charged polymeric materials such as alginate gels84 or DNA molecules can be condensed on 

positively charged polymers.85

Another example of a noncovalent conjugation is the use of host–guest chemistries. For 

example, Boekhoven et al. utilized the interaction between the β-cyclodextrin (β-CD) 

modified alginate with naphtyl modified RGDS peptide to attach the RGDS peptide 

noncovalently to the alginate polymer and turn on or off the biological activity of the 

biopolymer by displacing the RGDS peptide with RGES peptide conjugated to an adamantyl 

group.86 Interactions between the adamantyl group and the β-CD moiety is about 30x 

stronger, therefore it can replace the naphtyl group thereby turning the biological activity of 

the RGDS peptide off. This is one of the main advantages of the noncovalent interactions 

where binding activity can be turned on or off depending of the binding partner used.

Another very commonly used noncovalent conjugation is the exploitation of the binding 

interactions between streptavidin and biotin. Biotin moiety is one of the most commonly 

used binding moiety because it is a small molecule and contains a carboxylic functional 

group which can be readily modified. Since the biotin–streptavidin interaction is one of the 

strongest interactions in nature, with dissociation constants in the range of 10–14–10–15 M, 

biotin–streptavidin interaction can be viewed as a covalent conjugation, a property which 

makes this interaction one of the most widely used one. Biotinylation of peptides can be 

achieved using the nonspecific lysine modifications,87 or the peptide modifying enzyme, 

biotin ligase, can be used to site-specifically biotinylate a specific peptide sequence. This 

peptide sequence, which is a short 15-amino acid sequence, commercially known as the 

AviTag enables efficient biotinylation of the peptide sequences.88

Many of the covalent conjugation strategies of peptides to the biopolymers are based on the 

more general chemical reactions that were developed for normal chemical synthesis. These 

covalent conjugations strategies can be divided into two broad categories: targeting a 

specific site for modification, and modifications that modify multiple groups promiscuously. 

This concept of selectivity is crucial for bioconjugation strategies since it has a profound 

effect on the biological activity of the final product. However, since the diversity of the 

chemical functionality is very limited in biomolecules, achieving desired selectivity can be 

extremely difficult.89 To achieve the desired selectivity, the following general strategies can 

be employed: targeting a single motif, among many others, by exploiting subtle differences 

in reactivities such as targeting the N-terminal amine groups, site-specific incorporation of 

unnatural functionalities, or incorporation of these unique reactivities through chemical 

synthesis.

Chemical conjugation strategies are among the most widely applied methods for creating 

peptide–polymer conjugates, and there are many reactive handles that one can employ and 

due to space constraints going into the details of each reaction is not possible. Therefore, the 

readers are referred to many excellent reviews on these modification strategies that have 

been published.54,89–92 Some of the most commonly employed covalent modification 

strategies, their selectivities, advantages and disadvantages, and some representative 

literature examples are summarized in Table 2.
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3. APPLICATIONS OF TARGETED PEPTIDE-MODIFIED POLYMERS

3.1. Targeted Delivery.

There are a wide variety of therapies used in medicine including gene and drug therapies. 

These therapies can often have their intended effects enhanced by using targeted delivery 

methods, in which the therapy is delivered to a specific tissue or organ. These targeted 

therapies can dramatically reduce nonspecific uptake that causes adverse side effects in 

traditional drug therapies.120

In targeted delivery, a cargo such as nucleic acids or small-molecule therapeutics is bound to 

a carrier molecule for safe delivery to the target. This is beneficial because it brings the 

cargo to the area of interest and protects it from premature degradation. Gene therapies 

benefit greatly from targeted, vehicle-based delivery because this method provides a secure 

way to transport the genetic material. As DNA degradation is a common issue with gene 

therapies, delivery vessels can protect the DNA from being degraded before reaching the 

target.3,121 Additionally, targeted delivery significantly reduces off-target effects that 

commonly lead to collateral damage. For example, targeted delivery of chemotherapeutic 

agents can reduce adverse side effects while proving to be as effective and even potentially 

more effective at tumor reduction than traditional chemotherapeutic treatments.76

There are two main types of targeted delivery: passive targeting and active targeting (Figure 

2). In passive targeting, the delivery molecules are injected directly into circulation or at the 

intended site and then accumulate by leveraging properties such as enhanced permeability 

and retention (EPR) effect. In this, a combination of high blood flow and poor lymphatic 

drainage sets up a choke point for macromolecular drugs and has been studied for 

applications like chemotherapeutic delivery to vascularized tumor tissues.122,123 Although 

the existence of such an effect is not universally accepted, passive targeting is still the most 

common method for delivery and persists in spite of issues such as bioavailability and off-

target effects. Conversely, active targeting relies on the incorporation of a targeting ligand 

modification on the delivery molecules that can often be specifically tailored to a surface 

receptor on a desired cell or tissue.124,125 Although this method requires more complex 

synthetic chemistry and the identification of specific, high-affinity targeting ligands, the 

increased number of applications as well as the reduction in off-target effects warrants 

continued research.

The process of targeting a specific cell or tissue begins with surface modification of a carrier 

with antibodies or recognition peptides, and this modification is frequently referred to as 

functionalization because it adds to or enhances a function of the carrier. This can be useful 

in delivery applications because it can also stimulate cellular uptake. Table 3 provides an 

overview of targeting/cell penetrating peptides and their targets, as discussed within this 

review.

3.2. Therapeutic Delivery to Specific Cells and Tissues.

Peptide-modification of cargo delivery vehicles presents a powerful method for introducing 

molecular and nucleic acid effectors to certain tissues in the body. These functionalized 

vehicles are interesting because by changing the cargo, they can be adapted to treat a variety 
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of diseases and disorders. The efficacy of a drug or gene therapy can be greatly enhanced by 

delivering it directly to the desired cell. Targeted polymer delivery vesicles have some major 

advantages over generalized delivery systems. Most importantly, they can greatly increase 

the efficacy of the delivered cargo. They can also minimize off targeting effects which can 

decrease adverse reactions and reduce the necessary dosage. For example, numerous studies 

have demonstrated that anticancer therapies can be made more effective with the use of 

specific targeting against tumor cells.126–129 Similarly, targeted delivery of antimalarial 

drugs was shown to improve the efficacy 10-fold when compared to generalized delivery.130 

A different study demonstrated a 40-fold reduction in dose for colitis treatment when using a 

colon-targeting system.131 These are some of many examples in which targeted delivery has 

greatly improved an existing therapy. Here, we discuss the various methods in which 

researchers have targeted specific cells using peptide-modified polymer systems. Some of 

these systems have been designed around a specific cargo, while others can be adapted for 

various payloads by simply changing the targeting peptide.

3.2.1. Brain Cells.—One of the most frequently studied delivery targets is the brain. 

Delivery to the brain is more difficult than to other tissues due to the need to cross the blood-

brain barrier (BBB).132 However, there are several treatments for central nervous system 

diseases which can benefit tremendously from gene and drug delivery. As such, researchers 

are utilizing peptides that can, in many cases, enhance targeting to the brain and facilitate 

transportation across the BBB. Fortunately, there are many known receptors which can aid in 

brain delivery, as discussed in the following examples.

One method for identifying peptides is to study the mechanisms of neuronal diseases and 

utilize them to formulate a delivery system. In one example, Kwon et al. identified the 

peptide Tet1, a 12-mer peptide that mirrors the binding characteristics of tetanus toxin, using 

phage display. Tetanus toxin binds to peripheral neurons, so a peptide with similar abilities 

would be useful for neuronal targeting. They also incorporated the HIV-1 gp41 (HGP) 

peptide to aid in endosomal escape. By observing luciferase activity, they determined that 

their dual peptide-modified polyplex increased transfection by almost 1000-fold when 

compared to the unmodified polymer, and a 9-fold and 2-fold increase compared to the 

HGP- and Tet1-modified polymers.133

Another approach is to focus on the mechanisms by which natural hormones and proteins 

enter the brain. One group derived the peptide leptin30 from the endogenic hormone leptin, 

which is known to be taken up into all regions of the brain with leptin receptors, making this 

an effective brain-targeting ligand. They utilized this 30-amino acid peptide to modify a 

poly-L-lysine dendrigraft carrier to facilitate delivery of pDNA to the brain. They used a 

luciferase assay to study their transfection efficiency and found that their polyplex 

performed as well as lipofectamine, a positive control for transfection.134 A similar strategy 

makes use of the transferrin receptor, a highly expressed ionic iron transporter found in 

blood brain barrier endothelial cells.135 To take advantage of this receptor, Z. Liu et al. used 

phage display to identify a peptide (B6) that has high affinity to the transferrin receptor. 

They created B6 peptide-modified poly(ethylene glycol)-poly(lactic acid) (PEG–PLA) block 

copolymers to deliver a secondary neuroprotective peptide in a mouse model of Alzheimer’s 

disease.136 Their delivery system exhibited high accumulation in the brain and had a longer 
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circulation time than unmodified PEG–PLA. Figure 3 shows how their B6 peptide 

modification enhanced accumulation in the brain and greatly reduced accumulation in the 

spleen and lungs.

An alternative method for brain delivery is to circumvent the BBB completely. This can be 

achieved by taking advantage of direct routes, like from the nose to the brain.137 To take 

advantage of this route, cell penetrating peptides are extremely useful. To leverage this, Yan 

et al. created poly(lactic-co-glycolic acid) (PLGA) nanoparticles modified with the cell-

penetrating peptide Tat to deliver insulin as an Alzheimer’s therapy.138 Similarly, another 

group used Tat to modify poly(ethylene glycol)-poly(caprolactone) (PEG–PCL) copolymers 

to deliver siRNA as a treatment for various neural disorders.139 Both of these “direct” 

delivery system designs are of special significance because they allow for the design and 

transport of larger molecules. By modifying delivery vehicles with the cell-penetrating 

peptide Tat, conventional transport barriers such as cellular penetration and intracellular 

transport along the nose-to-brain pathway were easily defeated.

3.2.2. Brain Cancer Cells.—Targeting tumors in the brain has similar challenges to 

targeting any brain tissue; the delivery system not only needs to be able to cross the BBB but 

also requires specific functionality to target tumor cells. Brain tumors are most often 

gliomas, and certain gliomas, like glioblastoma, have very poor survival.140 Targeting brain 

cancer cells requires overcoming similar challenges to targeting brain cells. In one of the 

previously described studies, a peptide was identified by studying the neuronal disease 

tetanus toxin.133 In a similar study, a gene delivery system was created to treat glioma using 

a dendrigraft poly-L-lysine polymer modified with a peptide derived from Streptococcus 
pneumonia, the organism responsible for bacterial meningitis.78 This peptide contains a 

critical sequence that enables the bacteria to bind to the laminin receptor and undergo 

mediated transport across the blood brain barrier. They compared their delivery system to a 

positive control system modified with a pentapeptide derived from laminin and found that 

their system better targeted brain tumors than the control.

In other studies, peptides are used because they have been previously identified to penetrate 

cells or the blood brain barrier. For example, Ran et al. used a quorum-sensing peptide 

derived from Clostridium acetobutylicum for their system that had previously been reported 

to cross the BBB. Their system used mPEG–PLA copolymer micelles modified with the D-

retroenantiomer of this bacteria-derived peptide to deliver the chemotherapeutic agent 

paclitaxel to glioma cells.79 They used the retro-inverso isomerization technique to develop 

their peptide because the D-retroenantiomer has enhanced stability and glioma-targeting 

properties, and their mouse model demonstrated successful targeting of brain tumors. In a 

similar approach that alternatively utilized a cell-penetrating peptide, Yao et al. used a 

dendrigraft poly-L-lysine and PEG copolymer and modified it with the nucleolar 

translocation signal sequence of the LIM Kinase 2 protein to deliver apoptosis-inducing 

therapeutic genes to glioma cells.141 This peptide enhanced BBB-crossing efficiency as well 

as transfection efficiency as a result of facilitated nuclear transport. These “dual 

functionality” peptides demonstrate that crossing the BBB and targeting a vehicle to glioma 

cells can be performed with a minimal system incorporating a single recognition element.
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Brain cancer therapies can also take advantage of the nose to brain pathway, like in the 

following study. Kanazawa et al. expanded on their previous research involving Tat-modified 

mPEG–PCL block copolymers by using their system to codeliver siRNA and camptothecin, 

a topoisomerase inhibitor, to glioma cells.142 Their peptide-modified delivery system was 

able to induce cell death in glioma cells in a rat model, indicating the potential for high 

therapeutic effect. To illustrate this effect, Figure 4 shows brain samples of treated and 

untreated rats, demonstrating how the drug-loaded polymer micelles provide the greatest 

reduction in tumor size. This system provides an excellent example of rational vehicle 

design and modification for brain cancer treatment applications.

3.2.3. Breast Cancer Cells.—Although not as complex as targeting the brain, targeting 

breast cells is of significant importance, as breast cancer is the most common type of cancer 

affecting women worldwide, with one in eight women in the United States being impacted.
143,144 To target breast cancer cells, Mathews et al. engineered two breast cancer-targeting 

peptides and used them to modify poly(ethylene oxide)-b-poly(caprolactone) (PEO-b-PCL) 

diblock polymeric micelles.145 The polymeric micelles are biocompatible, biodegradable, 

and capable of encapsulating hydrophobic anticancer drugs. In comparing their engineered 

peptides to previously known cancer targeting peptides, they found that their engineered 

peptide delivery system demonstrated better targeting and higher binding affinity to breast 

cancer cells than the controls. Although their system demonstrated some selectivity issues, 

as MDA-MB-435 has been demonstrated to be a melanoma cell line,146 this system proved 

to effectively target cancer cells; by loading a chemotherapeutic agent into the micelle core, 

it could be used as an effective cancer therapy. Similarly, Logie et al. created a 

biodegradable system loaded with the chemotherapeutic drug docetaxel to target breast 

cancer cells. They used poly(D,L-lactide-co-2-methyl-2-carboxytrimeethylene carbonate)-

graft-polyethylene glycol (P(LA-co-TMCC)-g-PEG) micelles modified with a novel taxane-

binding peptide and conjugated with the antibody 73JFab.147 Their peptide increased the 

drug loading 2-fold, indicating that their novel peptide can greatly enhance the capacity and, 

therefore, the efficacy of the delivery system. Interestingly, they found that the 73JFab 

antibody did not improve targeting, indicating that their system could benefit from a breast 

cancer targeting peptide to further enhance delivery.

Some research into breast cancer targeting involves targeting a known biomarker. Many 

researchers have exploited knowledge of these receptors to design their targeting systems. In 

one study, researchers modified a PAMAM–PLA polymer with a peptide to target epidermal 

growth factor receptor to treat triple negative breast cancer, which has EGFR amplification.
148 In another study, the annexin 1 biomarker was targeted for use in a therapy for multidrug 

resistant breast cancer.149 This system used a ligand isolated from phage display to bind 

annexin 1 and attached it to a block copolymer that included aldehyde PEG–PLA and 

mPEG–PLA and was loaded with paclitaxel. A final example involves targeting HER2, a 

very common biomarker associated with breast cancer, by using PEGylated PAMAM 

dendrimers.150 These studies all utilize known breast cancer cell receptors in their systems, 

and demonstrate an effective way to approach targeting challenges.
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3.2.4. Ocular Cells.—Most eye treatments are in the form of eye drops or injections into 

the eye. The need for specific targeting to the eye is minimal, as these methods tend to 

localize extremely well.151 Therefore, modification is used to enhance the intended effect or 

targeting within the eye. For example, Chu et al. designed a PEG–PLGA polymer 

nanoparticle modified with RGD and Tat peptides to target drug delivery to choroidal 

neovascularization (CNV).71 CNV is new, invasive blood vessel growth from the choroid 

and frequently indicates ophthalmic diseases such as macular degeneration, making it an 

ideal target for drug delivery.152 Their system used an RGD peptide to target CNV because 

it is bound by integrin αvβ3, a receptor expressed on blood vessels. The Tat peptide was 

included to penetrate the ocular barrier. On the basis of the dual recognition of RGD and Tat, 

this system was able to target CNV and penetrate vascular endothelial cells, indicating a 

promising tool for ocular drug delivery.

3.2.5. Pancreas Cancer Cells.—A combination therapy for pancreatic cancer 

involving the delivery of both siRNA and an anticancer drug was developed by Li et al. 

using branched PEG with G2 dendrimers (PSPG). This dendrimer vehicle was modified 

with a plectin-1 targeting peptide and condensed with paclitaxel and siRNA as a targeted 

therapeutic against pancreatic cancer cells.153 Plectin-1, a known biomarker for pancreatic 

cancer, was targeted to localize the delivery system to the pancreatic tumor, while this 

siRNA sequence silenced TR3 genes responsible for the expression of a protein involved in 

growth and survival of pancreatic tumor cells. Figure 5 demonstrates that codelivery of the 

chemotherapeutic agent and anti-TR3 siRNA was more effective at minimizing tumor 

volume than any other tested method.

3.2.6. Lung Cancer Cells.—As lung cancer has significant mortality and a large 

affected population, it presents an important target for tissue-selective therapeutics. To 

address this, an RGD-modified lipid-polymer nanoparticle decorated with PEG was 

synthesized and loaded with two chemotherapeutic drugs, paclitaxel and cisplatin, to target 

lung cancer cells.154 The lipid-polymer nanoparticles consist of a PLGA polymer core 

surrounded by a lipid-PEG shell. This system was tested in a mouse model and was able to 

significantly inhibit tumor growth when compared to the free drugs, demonstrating an 

effective and readily generalizable anticancer therapeutic. Another group developed O-

carboxymethyl chitosan nanoparticles and modified them with a peptide that targets CXCR4 

receptors to deliver docetaxel to lung cancer cells.155 Their targeted system performed 

significantly better than a nontargeted control at inducing apoptosis and causing cancer cell 

death. In a different lung cancer study, PEG-P(TMC-DTC)-PEI was modified with a tumor 

targeting peptide that had been determined to be effective for lung, colon, breast, liver, and 

leukemia cancer cells.156 This system was used to deliver methotrexate to lung cancer cells, 

where they determined their delivery system was able to lower the IC50 and inhibit tumor 

progression when compared to the untargeted and free drug. Their system represents a 

method of enhancing anticancer drug delivery and minimizing the required dose for efficacy, 

which are both critical aspects of cancer therapy development.

3.2.7. Stem Cells.—Stem cells have traditionally been difficult to compromise as they 

are poorly permissive to nontargeted polymer delivery systems. However, recognition 
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peptides have the potential to circumvent some of the shortcomings of passive delivery. 

Beloor et al. loaded pDNA onto a dendrimertype arginine-grafted polymer and modified it 

with a targeting peptide against the nicotinic acetylcholine receptor for targeted gene 

delivery to stem cells.157 This particular peptide was derived from Rabies virus glycoprotein 

and selectively binds human mesenchymal stem cells and human embryonic stem cells. The 

authors discovered that this functionality enabled the creation of a biocompatible gene 

delivery system that could transfect poorly permissive cells. They were able to transfect 60% 

of the mesenchymal stem cells and 50% of the embryonic stem cells, significantly more than 

the lipofectamine positive control. This study demonstrates an improvement to a slightly 

older study, in which PAMAM dendrimers were loaded with pDNA and modified with 

peptides having either a high affinity or low affinity toward mesenchymal stem cells.158 

Although this older study found that their high binding affinity peptide had a better 

transfection than both the low affinity peptides, their binding efficiency, at around 45%, was 

lower than the new study. This is an example of how researchers are continuously able to 

identify new targeting peptides. An interesting comparison could be made by using the same 

polymer carrier and modifying with the peptides from different studies to directly compare 

their efficacy.

Alternatively, stem cells themselves can be delivered to a specific tissue for wound healing 

and tissue repair. One example used the sE-sel peptide to target E-selectin, a ligand that is 

expressed on endothelial cells during injury. For this, PAMAM dendrimer nanoparticles 

were modified with sE-sel peptide and vascular endothelial growth factor (VEGF) to deliver 

bone marrow stem cells.159 These nanocarriers were able to target endothelial cells and 

attach to the endothelium, a process that resulted in extravasation to the site of injury for 

delivery of the therapeutic stem cells. Figure 6 shows the nanocarrier biodistribution in a 

mouse model, demonstrating how well the peptide-modified dendrimer was able to localize 

to the wound tissue. Not only was this system very effective at targeting injured tissue, it 

could also be modified with other therapeutic cells to adapt it to different applications.

3.2.8. Antigen Presenting Cells.—Systems are often designed with a specific disease 

in mind. For instance, Daftarian et al. wanted to focus on a therapy for leishmaniasis, a 

parasitic disease which affects macrophages. Leishmaniasis can be used as a model for 

studying diseases such as HIV and tuberculosis because they are all obligate intracellular 

diseases.160 By targeting antigen presenting cells (APCs), the diseased macrophages that are 

the source of the infection can be identified while stimulating other immune cells for 

enhanced immune response. For this, they developed a G5 PAMAM dendrimer modified 

with a Pan-DR-binding epitope (PADRE) peptide that targets the major histocompatibility 

complex (MHC) class II unique to professional APCs. This system was used to deliver 

liposomal amphotericin B (LAmB),160 which is an effective but highly toxic therapy against 

leishmaniasis. Their system was able to selectively target APCs and minimize both the 

effective dose and the toxicity of the drug, as shown in Figure 7. Additionally, they were 

able to induce T-cell responses and antiparasitic immunity. Although the mechanism 

responsible for the immune response enhancement was unclear, this study was able to 

leverage these two beneficial effects synergistically to provide a more effective treatment.
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3.2.9. Specific Receptors of Different Types of Cancer Cells.—There are plenty 

of studies designed around increasing the efficacy of anticancer treatments by targeting 

specific receptors on the surface of cancer cells. Although some previous studies attempted 

to find unique receptors to a specific cell, a newer focus is on receptors which are found on 

many cells but overexpressed on cancer cells. For instance, there are various types of tumor 

cells which overexpress the αvβ3 receptor given its crucial role in tumor angiogenesis, thus 

making this receptor a good target for solid tumor therapeutics.161,162 Some cancers that rely 

on rapid angiogenesis include lung cancer, glioblastoma, renal cell carcinoma, and thyroid 

cancer,163,164 and the fact that the RGD peptide binds to the αvβ3 receptor makes this an 

ideal candidate to target a broad range of cancer types. For instance, He et al. modified a G5 

PAMAM dendrimer with RGD via a PEG spacer for delivery of doxorubicin.165 The authors 

were able to demonstrate specific targeting of αvβ3 overexpressing cells as well as 

successful delivery of the chemotherapeutic cargo. Similarly, Li et al. created PEG–PLA 

polymer micelles loaded with docetaxel and modified them with the anti-αvβ3 receptor 

peptide C(RGDfK).166 These peptide-modified polymer micelles were shown to selectively 

inhibit cancer cells over nonfunctionalized micelles, with a 20% higher cytotoxicity in a 

Hela cell in vitro model.

Another popular target for cancer cells is the transferrin receptor (TfR), which is 

overexpressed in various types of tumor cells including breast, colon, liver, and lung cancers.
167 Xie et al. identified a transferrin receptor binding peptide via phage display and used it to 

modify branched PEI. The PEI vehicle was shown to transport siRNA and selectively target 

high TfR expressing cancer cells compared to low TfR expressing cancer cells.168 However, 

they discovered that they were only able to silence the reporter gene in the presence of 

transfection-enhancing chloroquine, indicating that TfR receptor binding may not be 

sufficient for uptake and a further modification for cell entry may be required.

An interesting target is CXCR4, which is overexpressed on some tumor cells including 

metastatic cancer cells and plays a critical role in tumor metastasis. Metastatic cancer cells 

travel away from their originating tissue and populate other tissue types; this represents the 

most severe stage of cancer.169 Targeting metastatic cancer can be more difficult because of 

the characteristic loss of surface marker expression that reduces the number of identifiable 

targets.170 X. Liu et al. modified chitosan micelles with a BKT-140 peptide to target 

metastatic cancer cells and deliver doxorubicin.171 The BKT-140 peptide inhibits CXCR4. 

The free doxorubicin drug has very high cytotoxicity, while the polymer system has lower 

cytotoxicity. The system they designed was able to selectively target CXCR4high cells and 

demonstrate a decrease in metastatic tumor sizes in the lungs of mice. Thus, the authors 

could deliver a chemotherapeutic drug to metastatic tumor cells without the high 

cytotoxicity found in the free drug.

3.2.10. Tumor-Associated Macrophages.—Tumor-associated macrophages (TAMs) 

are macrophages that create the immunosuppressive tumor microenvironment and promote 

tumor growth and metastasis.172 Pang et al. targeted TAMs by coating the surface of PLGA 

nanoparticles with a peptide which binds to M2-polarized macrophages and used it to 

deliver a tumor growth inhibitor.173 They found that their system was able to decrease the 

tumor size and tumor growth rate by 50% compared to the inhibitor alone. However, the 
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addition of the peptide did not significantly lower the tumor growth when compared to the 

unmodified nanoparticle, implying that the benefit of the peptide was minimal. System 

optimization could improve the function of the peptide and thus further reduce the tumor 

size, perhaps by enhancing the peptide attachment or adding another modifying peptide.

3.2.11. Cardiovascular Cells.—Targeting cardiovascular cells is, in many ways, very 

similar to targeting metastatic cancer cells because cardiovascular tissue is found throughout 

the body, meaning that even specific targeting to these tissues could result in systemic 

circulation. The most abundant cardiovascular cell types are cardiomyocytes (CMs) and 

endothelial cells (ECs). In particular, ECs line the interior surface of blood vessels and are a 

target for various treatments and therapies.174 For instance, many patients require artificial 

blood vessels, which can fail after implantation. To help promote vascular growth and 

proliferation, gene therapy techniques can be used.175,176 Duo et al. synthesized a gene 

delivery system by fusing an EC-targeting peptide (CAGW) onto a poly(D,L-lactide-co-

glycolide)-graft-PEI (PLGA-g-PEI) copolymer.177 This star-shaped polymer is 

biodegradable, with a low cytotoxicity and high transfection efficiency, while the CAGW 

peptide recognizes ECs with high selectivity and aids in rapid endothelialization. Another 

group also targeted ECs by using trimethyl chitosan modified with the REDV peptide for 

miRNA delivery.178 As this peptide is specific to ECs and mediates the adhesion and 

migration of these cells, it was applied to the delivery of miRNA for promotion of rapid 

endothelialization. Although the methods were different, both of these delivery systems were 

shown to provide the same benefit of preventing engraftment failure.

Cardiomyocytes are responsible for muscle contractions in the heart, and the death of these 

cells is associated with heart failure,179 making them an important target for delivery-based 

therapies. Nam et al. designed a bioreducible polymer, cystamine bis(acrylamide)-

diaminohexane (CBA-DAH), that was modified with a novel, primary cardiomyocyte-

specific peptide and the cell-penetrating peptide Tat to deliver siRNA to cardiomyocytes.180 

The incorporation of Tat helped facilitate cellular uptake of their carrier system. The 20 

amino acid cardiomyocyte targeting peptide, when used as part of a delivery system, 

specifically recognizes primary cardiomyocytes for improved transfection efficiency.181 This 

combination of peptide modifications could then enhance the recognition and uptake of a 

gene delivery system for targeted inhibition of cardiomyocyte cell death.

3.2.12. Bone Cells.—Similar to cardiovascular cells, osteoblasts are found throughout 

the body and serve, in the form of bone tissue, not only as a scaffold for muscle attachment 

but also as reservoirs for hematopoietic production and differentiation;182 therapeutic 

targeting to the bones could see utility in a vast array of diseases such as osteoporosis and 

cancer. Sun et al. used polyurethane nanomicelles modified with an osteoblast-targeting 

peptide, SDSSD, to deliver an antiosteoporosis gene for increased bone formation.183 Their 

peptide-modified polymer was identified via phage display and was able to target osteoblasts 

in vitro and in vivo in both mice and humans. Their system demonstrated an excellent proof-

of-concept for future targeted therapies of various bone diseases.

3.2.13. Skeletal Muscle Cells.—Skeletal muscle cells are also found throughout the 

body and can be susceptible to a variety of diseases including the different types of muscular 
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dystrophy. To target these cells for gene delivery therapies, Jativa et al. modified G5 

PAMAM dendrimers with a skeletal muscle targeting peptide (SMTP). They also used a 

DLC8-binding peptide to utilize the dynein motor protein complex for intracellular 

trafficking.85 They found that SMTP was able to selectively target skeletal muscle cells both 

in vitro and in vivo in mouse models, causing a 3-fold increase in transfection efficiency 

when compared to unmodified dendrimer. Additionally, the DLC8-binding peptide was able 

to further enhance the transfection efficiency of their system, resulting in an 18-fold increase 

when compared to the unmodified dendrimer. This system demonstrated the concept of 

stacking functionality from multiple peptides to achieve a variety of enhancements in a 

delivery system.

4. TISSUE ENGINEERING APPLICATIONS

There are many applications involving the use of polymers for tissue engineering, especially 

as implant scaffolds and for promoting tissue growth.33 The design process can be quite 

different than previously described targeting studies, as there is no requirement that the 

peptides are specific for a certain cell type. Instead, the peptides used will often interact with 

components found in all cell types to increase or enhance interactions with cells, as seen in 

many of the studies described in the next subsection. These peptide modifications allow 

them to create polymer scaffolds which can be used both in vitro and in vivo.

4.1. Tissue Scaffolding Applications.

Earlier work in this area focused on hydrogel characterization under conditions of peptide 

addition. Drury et al. examined the mechanical integrity of alginate polymers that were 

embedded with C2C12 cells and modified with RGDSP-containing peptides.184 They 

discovered that a synergistic increase in mechanical integrity existed between the 

encapsulated cells and increasing densities of embedded peptides. This indicated the 

possibility of increased alginate polymer cross-linking due to cell–peptide interactions. 

These results can also be applied to other polymer systems for use in a diversity of tissue 

engineering applications.

A follow-up goal was the design of adaptive materials which could conform to a wide array 

of tissue types or could change properties in situ to enable adaptation to environmental 

changes. For example, Garty et al. designed a polyethylene-oxide and polypropylene-oxide 

block copolymer thermoresponsive gel modified with RGD peptides. Under ambient 

temperature conditions, the gel exhibited the low-viscosity properties of a liquid that allowed 

direct injection at the site of damage. Increasing temperature induced polymerization, 

enabling the formation of a rigid, supportive matrix for restoring function to damaged tissues 

or organs via previously embedded engineered stem cells.185 Similarly, Jones et al. 

developed a PEGylated polyamino acid hydrogel modified with lysine- and glutamine-

containing peptides.186 This system functioned by directing the enzymatic coupling of the 

synthetic polymer molecules to cartilage and provided a generalizable method for structural 

enhancement of various other tissues such as those lining the oral cavity, gastro-intestinal 

tract, and those exposed during invasive surgery.
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Furthermore, many studies have focused on trying to mimic the extracellular matrix to 

promote cell adhesion. These platforms focus on leveraging peptides known to influence cell 

adhesion, attachment, and spreading such as integrin-binding, ECM-derived RGD peptides 

and heparin-binding peptides.187 A significant research focus has been on the development 

of biodegradable ECM analogs for use as in vivo scaffolds. For example, a mixture of PLGA 

and PLGA–PEG block copolymer was used to make a nanofiber mesh, and this mesh was 

modified with a GRGDY peptide to create a biodegradable and biocompatible scaffold.188 

The addition of the RGD-containing peptide was found to significantly increase cell 

attachment, spreading, and proliferation, making this nanofiber scaffold very effective for 

tissue generation. Cell adhesion and proliferation was enhanced on the RGD-modified 

nanofiber mesh relative to the bare mesh, indicating the potential for broad usage in a variety 

of tissue engineering applications.

Another method of mimicking the ECM is by creating a thermoresponsive hydrogel 

modified with peptide nanofibrils. Cao et al. achieved this by using the thermoresponsive 

polymer poly(N-isopropylacrylamide) and adding it to I3K fibrillar nanostructures.189 These 

peptides have drug carrying properties, so their incorporation not only helps with the three-

dimensional structure through cross-linking but also enables the hydrogel to have therapeutic 

applications. They tested their design by releasing an antibacterial peptide and found the 

hydrogel displayed a controlled, linear release over time. Their results indicate their 

thermoresponsive hydrogel could be used as an injectable hydrogel for drug delivery 

applications.

Recently, Desseaux et al. used poly(2-hydroxyethyl methacrylate) polymer brushes modified 

with RGD and PHSRN peptides to study cell–substrate interactions with respect to adhesion, 

spreading, and focal contact formation.190 The PHSRN peptide is derived from fibronectin 

and acts synergistically with RGD. They found that these functionalized polymer brushes 

could be used to study the effects of copresentation of PHSRN and RGD and that 

copresentation enhances cell adhesion. This effect was most significant when the peptides 

had equal surface concentrations. These results, and similar experiments, can be used to 

adapt biomaterials for tissue regeneration and improve their function as scaffold materials. 

In another study, Wisse et al. used thermoplastic elastomers functionalized with one of 8 

different peptides containing 2-ureido-4-pyrimidinone (Upy) groups to generate 

biocompatible and bioactive polymer nanofibers that represent the ECM.191 The Upy 

modification aids in lateral stacking interactions when urea or urethane are added and 

facilitates the formation of the nanofibers. By modifying biologically relevant peptides with 

the Upy group and incorporating them into polymers, the resulting nanofibers can be used in 

many in vivo applications because they have both morphological and functional 

characteristics of the natural ECM.

4.2. Promoting Growth for Specific Tissues.

Although many of the applications in this field are designed with peptides that can work 

with many cell types, there are projects which aim to promote the growth of a specific tissue 

to counter selective damage within an organ. This area of research is much more limited 

than research into nonspecific tissue growth and presents an exciting new direction for 
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researchers to explore. For instance, Reis et al. used a chitosan-collagen hydrogel modified 

with an angiopoietin-1-derived peptide to aid in cardiomyocyte growth in patients with 

myocardial infarction.192 This angiopoietin-1-derived peptide promotes adhesion, survival, 

and maturation of remaining cardiomyocytes following smooth muscle destruction during 

myocardial infarction. They found that their hydrogel was able to localize at the infarction 

site and that increased peptide concentrations within the gel resulted in a higher success rate 

of in vitro cardiomyocyte activation. Cross-striated cardiomyocytes were more commonly 

found in the hydrogel with a high concentration of peptide, and even the low-concentration 

hydrogel outperformed the control.

In bone tissue, Barber et al. surrounded titanium implants with an interpenetrating polymer 

network modified with an RGD-containing peptide to promote cell growth and enhance 

bone formation around titanium implants.193 As this peptide was known to promote cell 

growth, they hypothesized they would see enhanced bone formation and interfacial bond 

strength. Interestingly, although their peptide-modified polymer coated implants had greater 

bone-implant contact than the positive control implants, only the positive control implants 

supported significant interfacial shear strength. The peptide-modification facilitated cell 

growth, as indicated by the increased bone/implant contact, but they discovered that this 

growth was not the primary mode of implant fixation. Studies such as this open up new 

avenues of basic research, as fundamental assumptions about the proper application of a 

technology can be challenged and redirected by observing its interaction with intact 

biological processes.

5. OTHER APPLICATIONS

There are many other technologies that have benefited from peptide-modified polymers. 

Although much of the work described here has been focused on therapeutic applications, 

this field can also aid the progress of basic research. In the following unique applications, 

peptide modifications aid researchers in sample analysis. These samples can be biological, 

like cells, enabling researchers to study cellular reactions to drugs and other molecules, or 

they can be environmental, providing researchers with a useful methodology for reliable 

field testing.

One example application involves a method for more easily studying cell cultures by 

designing a polymeric substrate for cell growth to determine how drugs and chemicals affect 

cell viability and morphology. Oyman et al. used RGD peptides to functionalize 3-(2,5-

di(thiophen-2-yl)-1H-pyrrol-1-yl)aniline polymers for this purpose.194 They examined 

numerous cell lines (monkey kidney epithelial, human neuroblastoma, and human 

immortalized skin keratinocyte) on a control surface, an unmodified polymer-coated surface, 

and a peptide-modified polymer-coated surface. Their results (as shown in Figure 8) 

demonstrated that their RGD-modified polymer surface had the best cell adhesion and 

proliferation, with about 50% more cells than the control surface for all three cell lines. They 

were, therefore, able to create a novel, bifunctional substrate which could be used for cell 

studies or even adapted for cell-culture-on-a-chip applications.
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Another application involved the deployment of peptide-modified polymers as chemical 

sensors for applications like soil and water analysis. Aguilar et al. used nanoelectrodes 

separated by peptide-modified polyanilines to form nano-junctions. The peptides specifically 

bound to copper and nickel; when bound, a conformational change was induced in the 

polymer that resulted in a change in conductance.195 This enabled real-time detection of 

these metal ions and achieved an impressive detection limit in the parts-per-trillion range. 

This nanojunction sensor could be easily adapted to test drinking water for heavy metal 

contamination.

Tumor imaging presents another interesting application, as this has become an important 

part of diagnosing and monitoring cancer. For example, mammograms, which use X-rays, 

are the most common tool for diagnosing breast cancer but are qualitative and prone to false 

negatives, leading to the need for an enhanced-sensitivity technique such as MRI. To aid in 

imaging breast cancer tumors, Jie et al. synthesized MRI contrast agents using PEGylated 

chitosan magnetic nanoparticles modified with a HER2 homing peptide to target HER2+ 

breast cancer.196 This modifying peptide was found to facilitate selective targeting to HER2 

overexpressing tumor cells, providing a potential route for imaging and diagnosis of HER2 

positive breast cancer.

A similar system was designed for gastric cancer diagnosis. Cheng et al. utilized a peptide 

which recognizes GRP78, a gastric cancer biomarker, in polymeric micelles that were 

coupled with a radioisotope to target and identify gastric cancers using computer 

tomography.197 They compared their peptide-modified system with an unmodified system in 

mice with gastric cancer xenografts and determined that the peptide modification 

significantly increased radioactive signal.197 Although their system presents a promising 

method of locating and diagnosing gastric cancer, they did note there was some 

accumulation in the liver and spleen and therefore identification of a higher affinity peptide 

may help to further enhance their system.

Peptide modifications can also serve to diagnosis other maladies such as food poisoning. 

One group used poly-D-lysine-based polymers and modified them with peptides that were 

identified using phage display to have high affinity for either Salmonella enteritidis or 

Salmonella typhimurium. They conjugated their system to a fluorescent dye to use it to 

detect Salmonella.198 They were able to obtain a detection of as low as 102 colony-forming 

units per mL, which is on par with other Salmonella detection methods.198 They have 

designed a system which has the potential to rapidly detect Salmonella and could outperform 

other methods with further enhancement of their design by identifying new, effective 

peptides.

6. CHALLENGES AND LIMITATIONS

While peptide modifications have enabled researchers to make great strides in polymer 

biomaterial applications, there are still some significant challenges left to overcome. Some 

of these challenges relate to the peptides themselves. While techniques like phage display 

have helped researchers to identify specific peptides, it is often still difficult to discover 

multirole peptides or isolate multiple interactors for a single peptide. Researchers can 
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encounter difficulties related to peptide stability that may stem from aggregation, 

hydrophobicity/hydrophilicity, charge distributions, or the effects of ambient conditions.199 

There are also challenges regarding the different conformations of the peptides and the 

possibility of secondary structures, which may interfere with conjugation and function.53,199 

A related challenge is the modification of the polymer material, for which it can be difficult 

to create multifunctionalized structures that have the cargo and ligands in precise 

proportions and binding sites.200 This can cause a need for optimizing peptide conjugations 

to ensure both the peptide and the cargo maintain their original functionality.

Additional challenges address the applications of these polymer biomaterials. For tissue 

engineering applications, the peptides used often do not promote growth of a specific cell 

type, meaning any cell type could be stimulated. This is evident by the numerous studies 

demonstrating enhanced cell growth, but the lack of studies focusing on specific tissues. For 

delivery applications, some of the receptors targeted can be found on various cell types, a 

situation that can reduce the specific targeting capabilities. Additionally, specific receptors 

still need to be identified for certain therapeutic targets to enable targeted delivery. To 

address these limitations, further work must be done studying peptide–cell interactions.

7. CONCLUSIONS AND FUTURE PERSPECTIVES

Polymer-based biomaterials can be used in a wide variety of biomedical applications 

because they are easy to modify and can be biocompatible. Their applications are vast and 

include everything from delivery systems to tissue scaffolding. As research into polymer 

biomaterials has progressed, peptide modifications have been found to greatly enhance their 

intended effects and even add additional functionality. Researchers have utilized peptide 

modifications to target polymeric delivery systems to specific cell types and enhance cellular 

uptake, modifications that have vastly improved the selectivity and efficiency of therapeutic 

cargo delivery. For tissue applications, some groups have used peptide modifications to 

make their polymers more “life-like” for better compatibility and effectiveness in tissue 

engineering applications. Peptide modifications have thus expanded the field of polymer 

biomaterials and enabled researchers to utilize these in more biomedical applications.

Although peptide modifications have significantly enhanced the utility of polymers, there is 

still room for development. There are many barriers to overcome to take the greatest 

advantage of this tool, and the advancement of this field relies heavily on the identification 

of peptides relevant to a desired function. Plenty of future work can be devoted just to 

peptide identification technologies that provide for the creation of rapid and selective high 

throughput peptide libraries, as improving these methods will greatly improve the actual 

biomedical applications of the polymers. Some of the challenges directly associated with the 

applications, like improving the targeting efficiency of the peptides or enhancing growth of 

specific cell types, can be overcome by identifying the “best” peptide for the particular 

application. This draws a heavy focus on the development of peptide identification 

techniques. Related future work can involve utilizing these newly identified peptides for 

enhancing growth of specific cell types to make these biomaterials more useful in in vivo 
tissue engineering applications.
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A related focus for future work is on the design of chemical methods for the facile and 

efficient attachment of the peptides to the polymers. Identification and utilization of 

biorthogonal chemical conjugation methods that maintain the binding ability of the peptides 

while creating reproducible and uniform peptide–polymer conjugate will also be highly 

useful. By overcoming all of the aforementioned challenges, these biomaterials could 

dramatically reshape the landscape of precision medicine, making them a very promising 

tool for future work.
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Figure 1. 
Timeline depicting some major discoveries made regarding polymer and peptide 

development for biomedical applications.
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Figure 2. 
Passive and active targeting mechanisms. (a) Drug (yellow) loaded nanoparticles entering 

tumor cells through leaky vasculature. (b) Drug loaded nanoparticles entering tumor cells 

using receptor mediated targeting.
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Figure 3. 
Distribution of nanoparticles with and without a B6 brain-targeting peptide modification (A) 

following tail vein IV administration in a mouse model and (B) in specific organs 1 h after 

administration. The bare nanoparticle does not localize as well to the brain and instead 

collects in the spleen and lungs. The modified nanoparticle accumulates only in the brain 

and the liver, where it is excreted. Reprinted with permission from reference.136 Copyright 

2013 American Chemical Society.
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Figure 4. 
Brain tissue slices for (A) untreated rats and rats treated with (B) naked siRaf-1, (C) CPT-

loaded MPEG-PCL-Tat/siControl, (D) MPEG-PCL-Tat/siRaf-1, and (E) CPT-loaded MPEG-

PCL-Tat/siRaf-1. The greatest reduction in tumor size was seen with the peptide modified 

polymer micelle loaded with both drug and gene therapeutics. Reprinted with permission 

from reference.142 Copyright 2014 American Chemical Society.
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Figure 5. 
Tumor growth and dissected tumor tissues from mouse models 18 days after initial treatment 

with various combinations of the peptide-modified polymer (PSPGP), the chemotherapeutic 

drug paclitaxel (PTX), and small interfering RNA (siTR3). The first row of images shows 

the tumors on the mice, and the second row shows the PET scans of these tumors. The final 

image shows the dissected tumor tissues. The smallest tumor size was found with a peptide-

modified polymer delivering both paclitaxel and siRNA. Reprinted with permission from ref 

153. Copyright 2016 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.
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Figure 6. 
Localization of the modified nanocarriers to wound tissues. (A) Modified nanocarrier (Ac-

G5-sE-sel/MSC) localized much better than the uncoated cells (MSC) or the unmodified 

nanocarrier (Ac-G5-BSA/MSC). (B) Quantitative plot of the bioluminescence from panel A. 

(C) Distribution of the modified nanocarrier (Ac-G5-sE-sel/MSC) in various organs, 

demonstrating how well it localized to the wound tissue. Reprinted with permission from ref 

159. Copyright 2016 Liu et al. This is an open access article distributed under the terms of 

the Creative Commons Attribution License.
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Figure 7. 
Peptide-modified nanocarriers were able to lower the effective dosage and the toxicity of the 

drug AmB. (A) Change in mouse lesion size over time for the following treatments: 

untreated (none), low dose of AmB drug (AmB6.25), low doses of AmB drug encapsulated 

in an unmodified nanoparticle (AmB6.25/ScrDR), full (high) dose AmB drug (AmB37.5), 

and low dose of AmB drug in the modified nanoparticle (AmB/PDD). From this graph, it 

can be seen that the low dose in the modified nanoparticle was the most effective at reducing 

lesion size. (B) Drug delivered in the modified nanoparticle has the highest percent 

inhibition, despite using a lower dose. (C) When encapsulated by the modified nanoparticle, 

the cytotoxicity of the drug is much lower. Reprinted with permission from ref 160. 

Copyright 2013 Oxford University Press.
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Figure 8. 
Proliferation of (a) Vero, (b) HaCaT, and (c) SH-SY5Y cells on a control polystyrene (PS) 

surface, unmodified glass (ITO/SNS-mNH2) surface, and peptide-modified (ITO/SNS-

mNH2/RGD) surface. All three cell lines had the highest growth on the peptide-modified 

surface, indicating that the RGD peptide aided in cellular proliferation. Reprinted with 

permission from ref 194. Copyright 2014 The Royal Society of Chemistry.
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Table 1.

Summary of Different Types of Polymers Used, Written in Their Common Abbreviations, in Biomedical 

Applications4,12–32
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Table 2.
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Key Covalent Conjugation Methods: Their Advantages, Disadvantages, Selectivities, and Some Representative 

References
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Table 3.

Some Peptide Sequences and Their Targets

peptide sequence polymer used in study target cell type ref

EPRNEEK PLL Laminin receptor Brain cells 78

SYPGWSW mPEG–PLA Blood brain barrier Brain cells 79

ASSLNIA PAMAM Skeletal muscle cells Skeletal muscle cells 85

Tet1 (HLNILSTLWKYRC) PEI, other polycations Peripheral neurons Brain cells 133

YQQVLTSLPSQNVLQI-
ANDLENLRDLLHLL

PLL Leptin receptor Brain cells 134

CGHKAKGPRK PEG–PLA Transferrin receptor Brain, cancer cells 136

RGDPAYQGRFL PEO-b-PCL Breast cancer cells Breast cancer cells l45

WXEAAYQRFL PEO-b-PCL Breast cancer cells Breast cancer cells l45

PGFAPLTSRGSQQYAA P(LA-co-TMCC)-g-PEG Taxane chemotherapeutic 
agents

Drug loading 147

YHWYGYTPQNVIGGGGC PAMAM–PLA–OH EGFR receptor Triple negative breast cancer 148

IFLLWQR Aldehyde–PEG-PLA and 
mPEG–PLA

Annexin 1 Breast cancer 149

YLFFVFER PEG–PAMAM HER2 Breast cancer cells 150

KTLLPTP PEGylated PEI Plectin-1 Pancreatic cancer cells 153

D-Tyr-Arg-Arg-2-Nal-Gly Chitosan CXCR4 Lung cancer, CXCR4 
overexpressing cancer cells

155

RLWMRWYSPRTRAYGC PEG-P(TMC-DTC)-PEI Tumor cells Lung, colon, breast, liver, 
leukemia cancers

156

YTIWMPENPRPGTPCDI-
FTNSRGKRASNG

PAM-ABP Nicotinic acetylcholine 
receptor

Stem cell 157

SGHQLLLNKMPNGGGSC PAMAM Mesenchymal stem cells Stem cell 158

aKXVAAWTLKAAaZC PAMAM Major histocompatibility 
complex class II

Antigen presenting cells 160

HAIYPRH PEI Transferrin receptor Breast, colon, liver, and lung 
cancer cells

168

CAGW PLGA-g-PEI Endothelial cells Cardiovascular cells 177

REDV Chitosan Endothelial cells Cardiovascular cells 178

WLSEAGPVVTVRALR-GTGSW CBA-DAH Primary cardiomyocytes Cardiovascular cells 180

SDSSD Polyurethane Osteoblasts Bone cells 183

QHREDGS Chitosan, collagen Angiopoietin-1 Cardiomyocytes 192

LTVSPWY Chitosan HER2 Breast cancer cells 196
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