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Abstract

Introduction: Gene delivery technologies are being developed for an increasing number of 

biomedical applications, with delivery vehicles including viruses and non-viral materials. Among 

biomaterials used for non-viral gene delivery, poly(beta-amino ester)s (PBAEs), a class of 

synthetic, biodegradable polymers, have risen as a leading gene delivery vehicle that has been used 

for multiple applications in vitro and in vivo.

Areas covered: This review summarizes the key properties of PBAEs and their development, 

including a discussion of the advantages and disadvantages of PBAEs for gene delivery 

applications. The use of PBAEs to improve the properties of other drug delivery vehicles is also 

summarized.

Expert opinion: PBAEs are designed to have multiple characteristics that are ideal for gene 

delivery, including their reversible positive charge, which promotes binding to nucleic acids as 

well as imparting high buffering capacity, and their rapid degradability under mild conditions. 

Simultaneously, some of their properties also lead to nanoparticle instability and low transfection 

efficiency in physiological environments. The ease with which PBAEs can be chemically modified 
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as well as non-covalently blended with other materials, however, allows them to be customized 

specifically to overcome delivery barriers for varied applications.
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1. Introduction

Gene therapy has the potential to treat a variety of diseases, including inherited genetic 

disorders, cancer, and infectious diseases, and ongoing research seeks to develop better viral 

and non-viral vehicles to safely and efficiently deliver genetic material into cells. Viral 

vectors are the most widely explored gene delivery vehicles because of their natural ability 

to efficiently deliver genetic material intracellularly [1]. Viral gene therapies have been used 

for decades and are beginning to enter the marketplace, including for ex vivo engineering of 

patient cells for chimeric antigen receptor (CAR) T-cell therapy [2] and for in vivo 
programming, a direct subretinal in vivo injection of adeno-associated vectors (AAVs) to 

treat an inherited retinal mutation [3]. However, several key limitations still hamper the 

translation of other viral therapies to the clinic, including safety concerns, such as 

immunogenicity, potential side effects, and insertional mutagenesis, as well as other hurdles, 

such as complex manufacturing processes, limited cargo capacity, and difficulty reaching 

certain cells and tissues [4].

Non-viral delivery systems are typically less efficient than viral vectors but generally are 

safer, more cost-effective, less immunogenic, and can carry larger genetic cargo [5]. A broad 

range of biomaterials have been developed for gene delivery, including lipid-based systems 

[6], cyclodextrins [7], dendrimers [8], peptides [9–11], and a variety of polymers [12]. 

Cationic polymers are particularly suitable as gene delivery vehicles due to their ability to 

electrostatically interact with negatively charged nucleic acids, forming nanoparticles that 

can be efficiently internalized by cells. Early studies on polymeric gene delivery used 

materials such as poly(L-lysine) (PLL), a polypeptide with high positive charge, and 

polyethylenimine (PEI). Both of these on their own are hampered by the inability to 

overcome certain delivery barriers or by toxicity [13,14], challenges that will be discussed 

further below, although chemically modified versions of these materials, including catechol-

modified PLL, have been successful in gene delivery [15]. Synthetic poly(amido amine)s 

(PAMAMs), frequently used as dendrimers, have been developed to improve transfection 

efficacy via their branching chemical structure and high charge density, though they must 

also be chemically modified to address delivery issues, including toxicity [16,17]. Other 

polymers used for gene delivery include those based on polysaccharides, such as cationic 

chitosan [18], a natural material that is generally low in toxicity, though it is limited by 

certain chemical properties, such as low solubility in water.

This review focuses on poly(beta-amino ester)s (PBAEs), a class of cationic, biodegradable 

polymers that have been engineered for their ability to overcome gene delivery hurdles 

(Figure 1). As will be described in more detail in the sections below, PBAEs can compact 

nucleic acids into nanoscale particles that can be internalized into cells due to the positive 
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charge of the polymer; they facilitate escape from the endolysosomal compartment once 

inside cells; and they can release their nucleic acid cargo into the appropriate cellular 

compartment for gene delivery via a variety of targeted degradation mechanisms [19,20]. An 

important feature of PBAEs is their vast potential for structural diversity, which was 

explored in early work through the synthesis of a combinatorial library of PBAEs in order to 

evaluate their properties for gene delivery [21]. Chemical properties like the molecular 

weight, hydrophobicity, degradability, and the linear or branched structure of PBAEs can be 

exploited to address the unique challenges of delivering different nucleic acids, including 

plasmid DNA, mRNA, siRNA, immunostimulatory RNA (isRNA), and cyclic dinucleotides 

(CDN) [22]. In this review we discuss the benefits and limitations of PBAE nanoparticles for 

gene delivery and how these challenges can be addressed to develop more efficient delivery 

vehicles. In addition, although non-viral gene delivery has been slow to enter clinical use, 

we will also briefly discuss currently approved non-viral gene delivery technologies and the 

steps that must be undertaken in order for PBAEs to be translated to the clinic.

2. Benefits and limitations of PBAE nanocarriers for nucleic acid delivery

2.1. Properties of PBAEs and PBAE-based nanocarriers

2.1.1 PBAE synthesis—PBAEs are generally prepared via either step-growth 

polymerization, e.g., Michael addition (MA) reaction, or ring opening polymerization (ROP) 

(Figure 2A–B). Both allow step-economical synthesis of either one or two steps, with 

stoichiometry used to control polymer size. The MA reaction is most commonly used, being 

relative simple and versatile, in which linear PBAEs are synthesized by conjugation of 

primary amines or secondary diamines of the side chain monomer(s) to the bis(acrylate 

ester) backbone monomer to form a base polymer with acrylate termini. In subsequent 

synthesis step, an excess of end-capping monomer is added for which amines are conjugated 

to the acrylate groups of the base polymer. Through this synthesis route, libraries of 

monomers can be combined to form PBAEs with desired chemical properties. High-

throughput testing of combinatorial libraries can then be used to identify polymers that 

deliver nucleic acids with high efficiency and low toxicity (Figure 2C) [21,23,24]. Kowalski 

et al. used tertiary amino-alcohols to initiate ROP of lactones to obtain PBAEs with diverse 

chemical properties to explore tissue- and cell-specific delivery of mRNA as payload [25]. 

Similarly, Eltoukhy et al. also used high-throughput testing of PBAEs to demonstrate that 

the molecular weight strongly influenced DNA transfection in HeLa cells, in which an 

intermediate polymer length mediated the greatest transfection [26].

The ease with which PBAEs can be synthesized with diverse chemical properties allows the 

preparation of PBAE libraries in a time-efficient manner to explore the chemical properties 

that are essential for efficient nucleic acid delivery to a target cell type. Polymer end-groups 

have shown to regulate cell-type specificity of PBAE vehicles for nucleic acid delivery. 

Sunshine et al. explored DNA delivery using PBAE nanocarriers to a wide range of cells, 

including cancer cells, immune cells, and human stem cells [27]. Although the mechanism 

of cell-type specificity was not elucidated in this study, the authors showed that end-group 

modification using the same base polymer modulated the gene delivery efficiency, with 
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some polymer end-caps highly effective for one cell line while being rather poor at delivery 

to another.

Studies have also demonstrated that PBAEs can have intrinsic properties that facilitate 

preferential delivery to cancerous cells over healthy cells. Polymer library screens have been 

used to identify PBAE structures that preferentially deliver DNA to a range of human and 

rodent hepatocellular carcinoma (HCC) cells over healthy hepatocytes in vitro [28,29]. 

Kozielski et al. found PBAE structure that facilitated tumor-specific siRNA delivery [30], 

with near-complete siRNA-mediated knockdown achieved in patient-derived glioblastoma 

(GBM) cells and below 25% knockdown in non-cancerous counterparts. Preferential 

delivery of DNA to brain tumor cells was also demonstrated by Tzeng et al. [31], who 

showed preferential gene delivery to the GBM cells over non-cancerous brain cells.

2.1.2 Nanoparticle manufacture—In vivo studies have demonstrated the promise of 

using PBAEs for effective and safe delivery of nucleic acid therapeutics. The polymers can 

be quickly synthesized with diverse chemical properties to function as nanocarriers for 

intracellular delivery to different cells. The formation of PBAE/nucleic acid nanoparticles is 

based on self-assembly between cationic PBAEs and the anionic nucleic acid into nanoscale 

particles. The ratio between the PBAE and the nucleic acid in nanoparticles, an important 

parameter that is discussed below, is reported as the mass ratio of polymer to nucleic acid 

(w/w). Simultaneously, however, PBAEs are also associated with a number of challenges, 

some of which are tied to their intrinsic beneficial properties. In this section, we discuss 

beneficial properties that allow PBAEs to be used as vehicles for nucleic acid therapeutics, 

as well as some of the hurdles facing research on PBAEs and some of the strategies that 

have been employed to overcome them (summarized in Table 1).

Non-viral gene delivery systems in general, including cationic polymers and lipid-based 

materials, may face storage, transport, and shelf-stability challenges [32]. For PBAEs, these 

include aggregation after formation of soft polyplexes and degradation. Pre-clinically, some 

of these hurdles can be circumvented by simply avoiding long-term storage and instead 

forming nanoparticles directly before use, but this may be impractical for widespread 

clinical use. A potential solution to this problem is lyophilization of nanoparticles. This was 

done for PBAE/DNA nanoparticles using sucrose as a cryo- and lyoprotectant [31] with no 

loss in transfection efficacy after at least two years of cold storage [33]. This strategy was 

studied in detail using oligopeptide-modified PBAEs for delivery of plasmid DNA as well as 

mRNA, with the finding the sucrose as well as the pH buffer HEPES were optimal 

protectants for lyophilization [34]. This method has since been used for the delivery of DNA 

for in situ CAR T-cell generation [35], siRNA for direct cancer killing [36], 

immunostimulatory nucleic acids for tumor immunotherapy [37], and mRNA for protein 

production in the lung after nanoparticle inhalation [38], raising the potential of this type of 

technology to be translated to a range of useful clinical products.

2.2. Overcoming intracellular barriers to nucleic acid delivery

2.2.1. Encapsulation and binding efficiency—The binding between the PBAE 

vehicle and nucleic acid payload is important for the self-assembly into small and stable 
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nanoparticles, which prevents the nucleic acid from being degraded following administration 

and ensures high cellular uptake efficiency. PBAEs, while cationic, have lower charge 

density than some other polymers used traditionally for gene delivery, including PEI and 

PLL, and thus PBAEs must often be used in higher amounts to achieve the same degree of 

nucleic acid binding as other polymers. This was explored by Sunshine et al. [39], who 

found that, compared to PEI, a greater mass of PBAE was needed to achieve the same DNA 

binding and the same buffering capacity; however, due to the lower toxicity of the PBAEs 

tested, greater transfection efficacy was still achieved by the PBAE groups than by PEI. 

Other researchers combined a PBAE with PEI and synthesized a hybrid material that would 

have the advantages of PBAEs as well as improved DNA binding due to the higher charge 

density from PEI [40]. Though they found this novel material to be more effective at 

transfecting cells in vitro, it should be noted that, as discussed above, increased charge 

density may not be advantageous in an in vivo setting.

The relatively low binding strength of PBAEs is more apparent when delivering smaller 

cargo, such as oligonucleotides, which may suffer from lower binding avidity than larger 

nucleic acids. Higher PBAE-to-nucleic acid w/w is typically required for oligonucleotides 

[41], with some studies using 100 w/w or higher PBAE-to-siRNA [30] or -miRNA [42]. As 

described above, these PBAEs can be engineered to degrade rapidly upon entry into the 

cytoplasm, reducing concerns about toxicity; however, increasing the polymer-to-nucleic 

acid mass ratio does reduce the amount of active ingredient that can be injected per mass of 

polymer. In cases where the injection volume is limited, polymer solubility may limit the 

dose of nucleic acid that can be administered.

The binding strength between PBAE and nucleic acid can also be adjusted by using different 

end-caps on the PBAE structure [41,43]. Secondary amines in the end-caps have been 

demonstrated to improve gene delivery, and a greater number of amine-containing end-caps 

generally condense the nucleic acid payload more tightly and forms smaller nanoparticles 

[21], which can be beneficial for cell uptake. Anderson et al. used a library screen to 

elucidate structure-function relationship of PBAE nanoparticles for DNA delivery to the 

fibroblast-like cell line COS-7, showing that the greatest transfection was achieved by 

particles smaller than 150 nm [44]. End-cap modification may also alter both the overall 

transfection efficacy in vivo as well as the biodistribution [45].

Researchers have overcome the low binding efficiency by engineering nucleic acid 

dendrimers, with branching siRNA architectures showing higher binding to PBAEs than 

small linear siRNAs due to an increase in avidity [46]. Alternatively, branched PBAEs have 

been synthesized to improve nucleic acid binding [47] by using triacrylate in addition to 

diacrylate monomers to generate polymer backbones (Figure 3A–C). The increase in the 

number of tertiary amines afforded by branching PBAE structure leads to more protonation 

in low-pH buffer, resulting in better condensation of DNA, while the greater number of end-

groups also leads to more chemical flexibility (Figure 3C) and strong effects on transfection 

efficacy [48,49] (Figure 3D–E). Because, as discussed above, nucleic acid release is crucial 

to successful transfection as well as binding, PBAEs have also been further modified to have 

branching structure that promotes tight initial binding as well as reducible linkages 

throughout the backbone to allow triggered release of the cargo once inside the cytoplasm of 
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the cell [49], resulting in better siRNA-mediated knockdown. Patel et al. reported a 

hyperbranched PBAE vehicle for safe and effective mRNA in vivo delivery to lung 

epithelium following inhalation [38]. In contrast to the linear PBAEs, the hyperbranched 

PBAE nanoparticles remained stable in size at high mRNA doses, and a lower polymer:RNA 

ratio was required for encapsulation. Another reason for the improved efficacy of the 

hyperbranched PBAE was the higher isoelectric point, which ensured greater positive charge 

at physiological pH than the linear versions.

The binding strength can also be controlled by changing the polymer:nucleic acid ratio of 

the nanoparticle formulation. This was critical for the delivery of the nucleic acid-based 

adjuvant CpG [50]. CpG needs to be internalized by immune cells and agonize Toll-like 

receptor 9 (TLR9) to trigger an immune response, thus requiring binding that is tight enough 

for internalization but weak enough to release CpG subsequently. Wilson et al. used PBAE 

as nanocarrier for cyclic dinucleotides (CDN) as adjuvants to induce an anti-tumor response 

[37]. Due to the small size of the CDN payload, a high w/w ratio of PBAE to CDN (500 

w/w) was used to form stable nanoparticles. Despite the high polymer content, the 

formulation was safely tolerated, while nanoparticle-mediated cytosolic delivery of CDN 

generated the same immunogenicity as 100-fold higher extracellular concentration of CDN 

without nanocarrier [37]. An assay developed by Bhise et al. using nanoparticle tracking 

analysis (NTA) can be used to assess the encapsulation efficiency of PBAE nanoparticles 

carrying DNA [51]. This study demonstrated that both the polymer structure and the 

polymer:DNA w/w ratio can be modulated to control plasmid loading.

In addition to electrostatic interactions, hydrophobic components in the PBAE structure can 

be incorporated to improve nanoparticle stability in physiological conditions. Eltoukhy et al. 

included alkyl side chains in their PBAE design and demonstrated that polyplexes in which 

greater than 20 mol% alkylamine was incorporated in the PBAE structure maintained their 

nanoparticle size over 1 h, whereas polyplexes formed by PBAEs lacking alkyl side chains 

increased in size by about 50% [52].

2.2.2. Cationic surface charge—The cationic nature of PBAE/nucleic acids, while an 

advantage during nucleic acid encapsulation and cellular uptake, can also lead to additional 

challenges. First, as the formation of nanoparticles is driven largely by electrostatic 

interactions, PBAEs are generally limited to the delivery of anionic cargo. While this lends 

itself well to the delivery of nucleic acids, which are highly negatively charged, it can be 

limiting for applications that require co-delivery of another type of cargo. For example, 

CRISPR-Cas9 systems generally require the delivery of, minimally, sequence-specific small 

guide RNA (sgRNA) and either the Cas9 ribonucleoprotein (RNP) or genes encoding the 

Cas9 RNP. While PBAEs can be used for gene editing by delivering multiple plasmids [53], 

to sidestep some of the hurdles involved in delivery of Cas9 RNP as a gene, Rui et al. 

developed PBAEs end-terminated with carboxylates that were able to co-encapsulate the 

anionic sgRNA through electrostatic interactions and the Cas9 RNP through hydrogen 

bonding and hydrophobic effects [54]. As a proof of principle, they showed that this 

carboxylated PBAE could deliver not only Cas9 but also a variety of other proteins with 

differing charges, greatly expanding the utility of this type of platform for delivery.
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Excessive positive charge can also contribute to cytotoxicity by disrupting cell membranes. 

Fields et al. addressed this by blending PBAE with a solid polymer, poly(lactic-co-glycolic 

acid) (PLGA), and coating the surface of the PBAE/PLGA/DNA nanoparticles with a cell-

penetrating peptide (CPP) [55]. This caused the overall surface charge to become less 

positive, improving the safety of this tool, while using the CPP to preserve its ability to enter 

cells, normally mediated in part by the positive surface charge. Cationic surfaces can also 

limit the movement of nanoparticles through tissue due to electrostatic interactions with both 

cells and matrix proteins. For instance, highly cationic polymers like PEI and PLL are 

immobilized in mucus after delivery to the lung [56], and a study on using the related 

polymer type PAA to deliver a gene encoding an antigen for a dermal vaccine also found 

that the high positive charge of the PAA/DNA nanoparticle inhibited antigen expression, 

which the authors attributed to low mobility of the cationic nanoparticles within the 

extracellular matrix [57]. In many cases, the authors have modified nanoparticles with 

polyethylene glycol (PEG) to reduce the surface charge and improve mobility, a strategy that 

will be discussed further below.

Although synthetic materials are generally thought to be less immunogenic than biological 

vectors like viruses, it has been found that cationic PBAE nanoparticles, as a biomaterial, 

may also have immunomodulatory properties. The Jewell group has reported that, while free 

PBAE in solution is immunologically inert, PBAEs complexed with a polyanion to form 

nanoparticles can cause activation of antigen-presenting cells (APCs) [58]. Moreover, the 

degree to which PBAE particles exert immunological activity is dependent on the polymer 

molecular weight, such that their stimulatory effect decreases as the polymer degrades by 

hydrolysis, and a macrophage activation pathway independent of Toll-like receptor (TLR) or 

NF-κB signaling pathways was found [59]. However, for some applications, such as genetic 

vaccines or gene therapies that require immune activation, these properties of PBAEs can be 

used as an advantage [60].

2.2.3 Endosomal escape—The limiting factor for many delivery materials is 

insufficient endosomal escape, leading to degradation of the nucleic acid in the late 

endosomes/lysosomes or recycling of the cargo out of the cell [61–64]. PBAEs enable 

endosomal escape by undergoing protonation at the lower pH of the endosomal 

compartment, leading to osmotic pressure buildup due buffering, which causes endosomal 

disruption. High-throughput combinatorial library screens of PBAEs for nucleic acid 

delivery have shown that the presence of tertiary amines improves buffering capacity at low 

pH and facilitate endosomal escape [21]. A direct comparison between particles using 

poly(lactide-co-glycolide) (PLGA) and PBAE as nanocarriers for mRNA delivery showed 

that the PLGA nanoparticles were entrapped in the endosomes/lysosomes [65], whereas 

fluorescence imaging showed that PBAE nanoparticles had diffused throughout the cell. In a 

study by Vandenbroucke et al., it was hypothesized that sustained release of siRNA from 

PBAE polyplexes within endosomes due to this osmotic effect led to prolonged gene 

knockdown in human liver cells after in vitro transfection [66]. Kilchrist et al. recently 

developed an assay to study endosomal escape [67] in order to explore how the 

hydrophobicity of PBAE end-caps can be modulated for nanoparticle-mediated endosomal 

disruption [54] (Figure 4A). Wilson et al. used a high-throughput imaging assay (Figure 4B) 
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to demonstrate that the degree of branching for PBAE polymers also influences endosomal 

escape [49] (Figure 4C), as the increased number of secondary- and tertiary amines in the 

PBAE structure increased the buffering capacity of the PBAE, and the efficiency with which 

PBAEs overcome intracellular delivery hurdles is highly sensitive to the effective pKa of 

polymers [68].

2.2.4 Nucleic acid release—The ester bonds in the backbone structure of PBAEs 

undergo hydrolysis in aqueous conditions, making PBAEs less toxic than other non-

degradable cationic polymers, such as PEI, which has been broadly investigated as a nucleic 

acid delivery vehicle [19]. The relatively low toxicity of PBAEs allows a higher amount 

polymer to be used in the nanoparticle formulation compared to non-biodegradable 

polymers without concerns of toxicity. The hydrolytic degradation of ester bonds also 

facilitates fast release of the payload. There are different features of the PBAE structure that 

can be tuned to control the rate of degradation, including polymer molecular weight (Mw) 

and hydrophobicity [39,69]. PBAEs are also pH sensitive: they undergo protonation of the 

amine backbone as the pH is lowered, allowing them to bind electrostatically to negatively 

charged nucleic acids at low pH while remaining closer to neutral at physiological pH. In 

addition to esters, ketal groups can be incorporated in the PBAE backbone for more pH-

dependent hydrolysis, as protonation of amines at pH 5 increases the uptake of water, 

leading to increased ketal hydrolysis [70]. This strategy results in triggered release at low 

pH. The reversible protonation of amines at low pH, therefore, can facilitate both initial 

binding, via charge interactions, and also cargo release, via polymer degradation due to 

increased hydrophilicity. The incorporation of ketal groups, however, may necessitate an 

additional hydrophobic spacer to balance hydrophobic and hydrophilic properties to ensure 

nanoparticle stability at physiological pH [70].

While hydrolysis of PBAEs can cause degradation with a half-life of several hours [39,41], 

release of nucleic acids due to hydrolysis alone is relatively slow and uncontrolled compared 

to cargo release by viral gene delivery materials; this is believed to be one reason why non-

viral gene delivery materials in general still lag behind viral methods in delivery efficiency, 

particularly in an in vivo setting [5], To solve this problem, researchers have chemically 

manipulated PBAEs to promote quick, triggered release of the nucleic acid cargo once inside 

the cell. These strategies result in rapid degradation of the nanoparticle in response to a 

stimulus or environmental change, which allows the cargo to be released as well as reducing 

potential toxicity as the Mw of the polymer decreases, a trend that has been observed for 

other cationic polymers [71]. Deng et al. introduced a light-sensitive 2-nitrobenzene moiety 

into the PBAE backbone that could be cleaved by ultraviolet (UV) radiation on a timescale 

of seconds to minutes [72]. This modified PBAE could then be used to electrostatically 

complex DNA and then release it quickly upon application of the external stimulus of brief 

UV exposure.

Another strategy to achieve triggered intracellular release from PBAE nanoparticles is to 

incorporate disulfide bonds, which can be cleaved and converted to thiol groups within 

minutes of exposure to the relatively reducing environment of the cytoplasm. Poly(amido 

amine)s, a class of polymers related to PBAEs but with much slower hydrolytic degradation, 

can be synthesized with disulfides in the backbone for quick release of DNA in the 
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cytoplasm [73]. Similar strategies have been employed for PBAEs, including the use of 

disulfide-containing end-groups for siRNA delivery [41,74]. Bioreducible PBAEs with 

disulfides within the backbone of the polymer have demonstrated efficient intracellular 

release of miRNA [42] or siRNA. Reducible disulfide-containing PBAEs promoted siRNA 

release in patient-derived glioblastoma cells with decreased toxicity compared to non-

reducible counterparts [30], allowing higher polymer:siRNA w/w ratio to be used to improve 

transfection while still ensuring safety. A high w/w ratio of bioreducible PBAE:siRNA was 

reported to promote colloidal nanoparticle stability and to enable a systemic siRNA delivery 

in an orthotopic brain tumor mouse model without any signs of systemic toxicity [75]. In 

addition, the increased polymer:siRNA ratio also reduced nanoparticle size to promote 

transendothelial crossing in a biomimetic blood-brain barrier (BBB) in vitro model. The 

possibility of increasing polymer concentration is also useful for encapsulating higher doses 

nucleic acid, and thus combinational cargos targeting different genes can be used [36].

While the use of reducible linkages can be applied to the delivery of many types of nucleic 

acid, it is particularly well suited for cargoes like siRNA, miRNA, and mRNA, whose site of 

action is the cytosol. Other nucleic acids, such as plasmid DNA, must first be trafficked into 

the nucleus, another major barrier to efficient gene delivery that must be overcome for some 

applications. For instance, Smith et al. found that, although a traditional, non-functionalized 

PBAE was poorly able to transfect T cells, PBAE/DNA nanoparticles functionalized with a 

T cell-targeting moiety and a nuclear localization signal (NLS) were able to achieve >80% 

transfection of T cells, demonstrating the importance of both uptake and nuclear trafficking 

of the nanoparticle [35].

2.3. Overcoming in vivo delivery barriers

2.3.1 PBAE nanoparticle stability—There are several factors known to influence the 

colloidal stability of nanoparticles, including surface charge, pH, ionic strength, and the 

presence of serum proteins. Unmodified PBAE-based nanoparticles tend to have low 

colloidal stability in physiological fluids. Early work showed that the in vivo transfection 

efficacy of PBAE/DNA nanoparticles was lower after intravenous (IV) injection than after 

intraperitoneal (IP) injection, while in vitro transfection was higher in serum-free conditions 

[45], demonstrating tat the presence of serum can negatively affect the properties of 

nanoparticles. An established approach to improving colloidal stability is the incorporation 

of a polymer shield of PEG or polyethylene oxide (PEO) around the particle, known as 

PEGylation [76], to promote nanoparthicle stability by reducing adsorption of serum 

proteins. One strategy is to end-cap the PBAE with PEG. Gale et al. showed that their 

nanoparticle formulation carrying the nucleic acid-based adjuvant polyinosinic-polycytidylic 

acid [poly(I:C)] had the highest immunogenicity after IP administration when using a 2 kDa 

PEG-PBAE end capped nanocarrier [77]. The shielding capability of PEGylated PBAEs can 

also be used to improve transfection in vitro and [78] the in vivo diffusivity of nanoparticles, 

improving their mobility within tissue. Kim et al. used thiol-PEG to end-cap PBAEs to 

improve penetration of brain tumors [78]. The engineered PEG-PBAE nanoparticles carried 

DNA encoding herpes simplex virus-thymidine kinase (HSV-tk) as a suicide gene, and PEG-

PBAE nanoparticles penetrated the tumor better than non-PEGylated PBAE nanoparticles. 

PEGylated PBAE nanoparticles can also help to overcome the mucus barrier, since mucin 
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fibers contain a high density of negatively charged glycans [79]. Mastorakos et al. 
demonstrated that PEG-end-capped PBAE nanoparticles carrying DNA efficiently 

penetrated the mucus and resulted in a high level of transfection throughout the mouse lungs 

[76].

As an alternative approach, PEG can also be incorporated non-covalently by being added 

after the self-assembly of PBAE and nucleic acid into nanoscale particles. PBAE 

terpolymers with hydrophobic components have since been developed in order to improve 

DNA or RNA binding via hydrophobic interactions as well as to non-covalently incorporate 

PEG shielding to prevent aggregation in serum [52,80]. Successful incorporation of PEG 

decreases the positive surface charge of PBAE nanoparticle formulations [24]. Kaczmarek et 

al. reported PEGylated PBAE nanoparticle formulations with high colloidal stability in 

presence of serum and potent mRNA delivery capacity in vivo [24,81].

Other methods of stabilizing PBAE via blending with other polymers will be discussed 

below in the section on PBAE-Based Hybrid Materials.

2.3.2 Functionalization for cell targeting—Another strategy for cell targeting is to 

functionalize PBAE nanoparticles with ligands targeting receptors of cellular membranes for 

cell type-specific delivery (Table 2). Various design strategies have been used to incorporate 

ligands into the nanoparticle design. One is covalent attachment of the ligand during 

polymer synthesis, either as a side-chain moiety or as an end-cap. For instance, PBAEs were 

synthesized with mannose as end-caps in order to target APCs. Jones et al. demonstrated that 

their mannosylated PBAEs carrying DNA transfected RAW264.7 better in vitro than non-

functionalized PBAEs [82]. Mannosylated PBAEs also elicited a higher antibody titers in 
vivo than non-functionalized PBAE, and this genetic vaccine also generated higher antibody 

titers than the standard protein-plus-adjuvant control. Fornaguera et al. reported that 

oligopeptide end-modified PBAEs enable targeted mRNA transfection APCs, in which the 

peptide sequence can be modulated to promote interactions with cell membranes and pH 

buffering capacity [83].

Alternatively, the ligand can be added post-nanoparticle formation either via electrostatic- or 

hydrophobic interactions. Green et al. electrostatically coated the cationic nanoparticle 

surface with the anionic polyglutamic acid (PGA) conjugated to an RGD peptide for 

endothelial cell (EC) targeting [84]. The RGD-coated nanoparticles caused receptor-

mediated gene delivery to ECs. PGA was also used by Smith et al. to electrostatically attach 

antibodies against CD3 to PBAE nanoparticles for selective binding of T lymphocytes [35]. 

The T cell-targeted PBAE nanoparticles carried DNA encoding a leukaemia-targeting CAR 

that reprogrammed circulating T cells to recognize and combat tumor cells for long-term 

disease remission. The Stephan lab has also used this nanoparticle design for targeted 

mRNA delivery to T cells [85] in order to (1) knock out genes in anti-cancer T cells, (2) 

transfect T cells with mRNA encoding a key transcription factor of memory formation, and 

(3) reprogram hematopoietic stem cells with improved self-renewal properties. In another 

study, they electrostatically functionalized PBAEs with mannose for macrophage targeting 

to reprogram tumor-associated macrophages to a M1 phenotype for an anti-tumor response 

[86].
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Functionalization of PBAEs can also be used to achieve improved accumulation of targeted 

organ. The incorporation of retinol into particles increases the adsorption of retinol binding 

protein (RBP) whose receptor is upregulated in the liver. Fornaguera et al. showed that 

PBAE nanoparticles modified with retinol effected increased mRNA transfection in the liver, 

and they reported that apolipoproteins in the corona directed the particles to the liver [83].

3. PBAE-Based Hybrid Materials

Hybrid delivery materials can be constructed to overcome challenges associated with PBAE 

particles including stability and toxicity, as well as provide further enhancements, such as 

superior transfection efficacy, additional functionalities, and control over gene expression 

kinetics. Three classes of hybrid gene delivery systems will be discussed: PBAE/polymer 

blends, lipid-coated PBAE particles, and PBAE coatings.

An emerging class of particles for gene delivery are composed of hybrid biodegradable 

polymer blends. Polyesters like poly(lactic-co-glycolic acid) (PLGA) are generally 

recognized as safe (GRAS) and have an extensive history of use as drug carriers. They 

typically have low transfection efficacy on their own, but their incorporation into PBAE 

particles increases particle rigidity, improves stability and shelf-life, and introduces a large 

degree of control over the particle size to exploit passive targeting to different tissues or 

phagocytic APC populations. Multiple groups have found that particles composed of 75–

85% PLGA and 15–25% PBAE are optimal for transfection of APCs in vitro and in vivo, 

while being relatively nontoxic to cells [55,87,88]. The particles themselves also have an 

immunostimulatory effect on APCs, making them useful for applications like genetic 

vaccines [87]. Hybrid particles also support surface functionalization with ligands for active 

targeting and cell entry. Fields et al. showed nanoparticles formed from a PLGA/PBAE 

blend could be surface-modified with PEG-lipids and cell-penetrating peptides, leading to 

more efficient DNA loading, internalization, and transfection efficacy compared to 

unmodified PLGA/PBAE particles and PLGA particles [55,88]. In addition to increasing the 

ratio of PBAE to other polymers, varying polymer properties such as lipophilicity has also 

been shown to enhance transfection [89]. PBAE/polyester particle blends have been used for 

delivery of other cargo, including small molecule drugs and biologics, exploiting favorable 

properties of PBAEs like pH-responsive triggered release and rapid degradation [90–93], 

and PBAE has also been explored as a porogen in PLGA-based scaffolds for the release of 

multiple agents on different timescales [94–96].

Liposomal transfection reagents are commercially available and have been investigated 

extensively, but they tend to be unstable and do not support sustained or stimuli-responsive 

cargo release [6]. When combined with a polymer core, lipid shells can facilitate targeting 

and binding of particles to cells of interest, which can be particularly advantageous for 

difficult-to-transfect cells, such as immune cells [65]. Persano et al. demonstrated that 

PBAE/mRNA polyplexes incased in a lipid bilayer led to 100% transfection in dendritic 

cell-like DC2.4 cells, while uncoated polyplexes did not detectably transfect DC2.4 cells 

[97]. Lipid-coated polyplexes were then used to deliver mRNA encoding ovalbumin 

subcutaneously to immune cells, causing stimulation, measured by IFN-β levels in the serum 

(Figure 5A) and activation of T cells and cells of the lymph nodes (Figure 5B–C) [97]. This 
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caused antigen-specific killing of B16F10 tumor cells in vitro (Figure 5D), inhibited 

ovalbumin-expressing B16F10 tumor metastasis to the lungs (Figure 5E), and activated 

antigen-specific CD8+ T cells in vivo (Figure 5F–G) [97]. Lipid coatings can also shield the 

cationic polymer core to reduce toxicity due to excessive positive charge, particularly for in 
vivo applications [81], and liposome-coated PBAE particles have been observed to be 

minimally toxic in vivo [81,98]. Finally, consideration must be given to the composition of 

the lipid coating. Lipid and PEG-lipid ratios are key factors influencing transfection efficacy 

in vivo, and optimization is necessary to maximize transfection efficacy [81].

PBAEs are useful not only as a nanoparticle core material but also as a coating for other 

gene delivery vehicles. This strategy leverages the advantages of PBAEs in overcoming gene 

delivery barriers like cellular internalization and endosomal escape, while an alternative core 

material can provide stability, theranostic capabilities, or enhanced nucleic acid loading. For 

example, the rigidity of siRNA compared to plasmid DNA may interfere with its ability to 

complex with PBAEs and induce gene knockdown, but Lee et al. showed that gold 

nanoparticles surface-conjugated with siRNA and coated with PBAE induced high levels of 

knockdown [99]. PBAEs have also been used to coat organic delivery vectors to enhance 

gene delivery. An interesting example is PBAE coated onto E. coli, with both vectors 

carrying plasmid DNA encoding ovalbumin [100]. E. coli is an efficient, easily manipulated 

gene carrier and promotes uptake by APCs via phagocytosis. Immunization with the hybrid 

vector led to increased anti-ovalbumin antibody titers compared to ovalbumin plasmid DNA 

or protein administered with an adjuvant. Potential drawbacks of this system include its 

complexity and potential immunogenicity [101], but it illustrates the potential for synergy 

between PBAEs and other vectors to deliver genes more effectively than either vector alone 

[100,102,103].

Cationic polymers like PBAEs can be useful components of layer-by-layer (LbL) coatings, 

formed through repeated layering of oppositely charged polyelectrolytes onto particles, 

films, scaffolds, or other structures. LbL coatings support efficient loading and release of 

one or more nucleic acids and kinetically controlled gene expression. Release of the nucleic 

acid is dependent on the degradability of polymers within the coating and their electrostatic 

interactions and can occur over a period of hours or days depending on the composition of 

the layers [104]. Two nucleic acids can also be loaded and released sequentially from LbL-

coated nanoparticles, leading to the expression of two genes on different timescales [105]. 

LbL techniques utilizing PBAE have also been employed to generate 3D surfaces for gene 

and protein delivery. Li et al. electrospun fibers from a blend of PBAE and PCL and used an 

LbL technique to coat the fibrous mat with layers of PBAE and DNA [106]. This created a 

scaffold that achieved sustained high-dosage release of DNA over a period of 10 hours and 

improved transfection of glioblastoma cells compared to LbL films based on PBAE alone 

[106]. PBAE-based multilayer coatings have also been applied to microneedles to deliver 

genetic vaccines. DeMuth et al. used LbL techniques to coat polymeric microneedles with 

DNA, isRNA, and PBAE to induce a robust immune response against a model HIV antigen 

[107]. These same properties also allow other biologics and small molecule drugs to be 

incorporated into PBAE-based LbL coatings for controlled release [108–110].

Karlsson et al. Page 12

Expert Opin Drug Deliv. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Additional materials can enhance the efficacy of PBAE-based vehicles for gene delivery. 

Incorporation of other polymers substantially alters the rigidity and size of PBAE particles, 

enhancing their stability and introducing possibilities for surface modification. Lipid 

bilayers may provide additional means to target particles to cells and help shield the PBAE 

particle to reduce toxicity. PBAE coatings can impart gene delivery capabilities to a variety 

of 3D substrates, and PBAE polyplexes can be dispersed throughout hydrogels to generate a 

3D gene delivery depot [111]. PBAE-based hybrid materials show significant promise for 

gene delivery, because one can exercise more freedom in design and exploit the strengths of 

different materials to achieve the desired therapeutic effect.

4. Conclusion

PBAEs have been designed over the past twenty years to have properties that promote 

successful delivery of nucleic acids. Their biodegradability improves their safety profile, 

though it also can limit the ability of PBAEs to sustain delivery over long timespans. Their 

positive charge allows them to bind well to nucleic acids, and the pH-sensitive amine groups 

in PBAEs allow them to buffer acidic environments; however, excessive positive charge can 

also cause toxicity and limit the movement of PBAE nanoparticles throughout tissue. 

Importantly, PBAEs contain many functional groups that can be used for chemical 

modifications, and several researchers have taken advantage of this to develop PBAEs that 

are tailored for delivery to specific cell types or optimized to overcome certain limitations of 

traditional PBAE structures. This ease of chemical modification allows the design of PBAEs 

to be continually improved for efficacy while maintaining a favorable safety profile, and the 

field is continuing to develop novel materials based on PBAEs that are increasingly suitable 

for gene delivery applications.

5. Expert opinion

Nucleic acid-based therapeutics have tremendous potential to be used for a wide range of 

unmet therapeutic needs and for personalized medicine. However, carriers are needed to 

enable nucleic acid delivery across biological barriers into cells, involving encapsulation, 

colloidal stability, cellular uptake, endosomal escape, intracellular release, and safety. We 

have in this review highlighted the use of PBAEs to facilitate efficient intracellular delivery, 

including current understanding of the structure-function relationships that are important for 

the design of PBAEs. A major advantage over many other delivery materials is that PBAEs 

are hydrolytically biodegradable in physiological conditions, and they can be synthesized to 

ensure that degradation byproducts are nontoxic. As described above, preclinical studies 

have demonstrated that PBAEs can be used for safe delivery.

Another major advantage is the ease of synthesis of PBAEs and that they can be synthesized 

with diverse chemical properties. This has allowed for high-throughput screens of PBAE 

nanocarriers for nucleic acid delivery that have identified formulations with effective 

intracellular delivery to a wide range of cell types while also allowing for cell-specific or 

environmentally triggered delivery, including cancer-specific delivery. Moreover, the 

possibility of forming PBAEs with diverse chemical properties has made it possible to form 

nanoparticle formulations for different types of nucleic acid molecules. The ease of 
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manufacture and potential for long-term storage stability is also beneficial for scaling up 

their production for future clinical use.

However, there are still challenges that must be overcome in order for PBAEs to enter a 

clinical setting. Previous studies have shown that a desired therapeutic outcome can be 

achieved by local administration of PBAE/nucleic acid nanoparticle formulations in a wide 

range of in vivo models, but local administration is limited to certain clinical settings. In 

order for PBAE-based nanoparticles to be more broadly applicable, they must often undergo 

modifications for effective systemic in vivo delivery to overcome hurdles like nanoparticle 

instability in physiological fluids. There have been important advancements in the 

development of technologies with which local nanoparticle administration might be 

combined, such as osmotic pump systems, microneedles, and implants with an inbuilt 

release, to further advance genetic medicine into clinic; at the same time, however, PBAE 

nanoparticles are increasingly being engineered for more accessible routes of administration. 

Accordingly, future studies must establish design criteria for achieving efficient delivery to 

target sites and cells of interest following intravenous administration, including serum 

stability, tissue diffusivity, and sufficient circulation time. Other factors that will need to be 

considered for eventual clinical translation include large-scale manufacture and studies on 

storage stability. Because PBAEs are hydrolytically degradable and are often designed to 

break down rapidly in order to facilitate nucleic acid release and biocompatibility, they may 

require production and storage considerations that would not apply to other nondegradable 

materials.

An important strategy for improving the translational potential of PBAE nanoparticles is to 

coat them with ligands for increased functionality. Added functionalities can lead to reduced 

interactions with serum proteins that might influence the stability of particles, prolonged 

circulation time, and cell-type targeted delivery. Functionalization with PEG reduces the 

interaction with serum proteins and blood clearance by the reticuloendothelial system (RES) 

as well as improving mobility through tissue. Moreover, a variety of materials are being 

explored in combination with PBAEs to form hybrid nanocarriers for improved delivery 

efficacy, including inorganic materials, other polymers, surface-active molecules, lipids, and 

bacteria. These hybrid delivery vectors have shown to add functionalities for improved cell 

transfection.

The recent approval of Onpattro, a lipid nanoparticle formulation of siRNA to treat liver 

disease, is a truly exciting breakthrough for the field of non-viral delivery of nucleic acid-

based drugs [112]. This opens the door for others in the clinical pipeline and also yields 

important insights for physicochemical properties of nanoparticles for clinical translation. 

PBAE nanocarriers have shown promise for realizing the broad potential of nucleic acid 

therapeutics for a wide range of diseases. Studies up to the present have shown that PBAEs 

can be synthesized with precise molecular organization and diverse chemical properties; 

controlled molecular weight; high payload capacity; efficient intracellular delivery and 

endosomal escape, biodegradability; and low toxicity and immunogenicity. With all this 

promise, there is great hope that we will see new novel nanoparticle formulations using 

biodegradable PBAE carriers in a not-too-distant future that will open new avenues of 

genetic medicine.
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Article highlights

• Materials for non-viral gene delivery must overcome many extracellular and 

intracellular barriers for successful transfection

• Poly(beta-amino ester)s (PBAEs) are cationic polymers designed to bind 

nucleic acids, promote cellular uptake and endosomal escape, and release 

polymers due to degradation

• PBAEs may be hampered by challenges, including their relative instability in 

physiological fluids and their potential to cause toxicity or immunogenicity 

due to excessive positive charge

• The ease with which PBAEs can be covalently and non-covalently modified 

allows them to be customized or blended with other materials to overcome 

delivery challenges and broadens their applicability
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Figure 1. 
Nucleic acids must overcome numerous hurdles for successful transfection by polymers like 

PBAEs (1). The cargo must be encapsulated and compacted into nanoparticles (2); the 

nanoparticles are internalized into the cells (3); the nanoparticles must escape the endosome 

(4); and the nucleic acid must be released and trafficked to the correct cellular compartment 

(5–6).
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Figure 2. 
Ring-opening polymerization (ROP) (A) or Michael addition (MA) chemistry can be used to 

synthesize PBAEs (B). Diacrylate monomers (lettered) and amine-containing monomers 

(numbered) can be used to generate a vast library of PBAEs with varying chemical structure 

via combinatorial chemistry using MA (C). (A) was adapted with permission from Kowalski 

et al. [25] (B)-(C) were adapted with permission from Green et al., “A Combinatorial 

Polymer Library Approach Yields Insight into Nonviral Gene Delivery,” Accounts of 
Chemical Research 41(6):749–759. Copyright (2008) American Chemical Society [21].
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Figure 3. 
Branched PBAEs can be synthesized using Michael addition of diacrylate and triacrylate 

monomers with amine-containing monomers (A) to generate a series of acrylate-terminated 

polymers in a one-pot synthesis (B). The resulting linear or branched polymers can be 

terminated with two or more end-caps, respectively (C). Under stringent transfection 

conditions, moderate branching, represented as the triacrylate mole fraction, leads to 

improved transfection of HEK293T cells (D) and hard-to-transfect ARPE-19 cells (E). 

Modified with permission from Wilson et al., “Differentially branched ester amine 

quadpolymers with amphiphilic and pH-sensitive properties for efficient plasmid DNA 

delivery,” Molecular pharmaceutics 16(2):655–668. Copyright (2019) American Chemical 

Society [49].
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Figure 4. 
A Gal8 recruitment assay shows PBAE nanoparticle-mediated endosomal disruption. (A) 

Gal8-GFP is dispersed throughout cells with intact endosomes. In disrupted endosomes, 

Gal8-GFP binds to endosomal glycans, resulting in punctate fluorescent dots. (B) Image-

based analysis of acquired microscope images as shown in (C) can be used to quantify 

endosomal disruption. Individual cells are identified through nuclear staining (left); Gal8-

GFP recruitment is visualized in the green fluorescence channel (middle); and punctate GFP
+ spots are identified and counted (red dots). (C) Representative images of Gal8-GFP+ B16 

cells left untreated (UT) or treated with carboxylated PBAE/BSA nanoparticles, where C1, 

C5, and C10 represent particles made using different polymers (scale bar: 50 μm). (D) 

Endosomal disruption is quantified by the number of Gal8-GFP spots per cell following 
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carboxylated nanoparticle treatment. Particles made from different polymers are listed on the 

y-axis, where UT is an untreated group. From [54]. Reproduced with permission from 

American Association for the Advancement of Science (AAAS).
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Figure 5. 
Immunization with lipopolyplexes containing ovalbumin mRNA increased IFN-β levels 

present in serum six hours after vaccination (A), increased T cell activation, measured as 

upregulation of CD69 (B), increased IFN-γ secretion by cells from the lymph nodes upon 

restimulation with OT-I cells (C), and promoted antigen-specific killing of B16-OVA 

melanoma cells in vitro (D). Vaccination also decreased the number of metastatic tumor 

nodules in the lungs of mice (E). Vaccination with lipopolyplexes containing mRNA for 

tumor antigen TRP2 increased IFN-γ production by peripheral blood mononuclear cells 

(PBMCs), suggesting immune activation (F), and increased the percentage of antigen-

specific CD8+ T cells in mice (G). Reprinted from Biomaterials, Vol. 125, Persano et al., 
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“Lipopolyplex potentiates anti-tumor immunity of mRNA-based vaccination,” pg. 81–89, 

Copyright Elsevier (2017) [97].
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Table 1.

Hurdles faced by PBAEs as gene delivery vehicles.

Disadvantages Strategies for Overcoming Challenge

Uncontrolled/off-target nucleic acid release Triggered release by external stimulus [72]

Triggered intracellular release by cleavage of disulfide bonds [30,36,41,42,49,73,74]

Nuclear localization signal (NLS) for DNA trafficking to nucleus [35]

Surface receptor ligand for nanoparticle accumulation at target cell type [35,82–86]

Encapsulation of anionic cargo only Addition of chemical groups to improve hydrogen bonding and hydrophobic 
interactions with other cargo [54]

Toxicity due to excessive positive charge Blending with anionic or less highly charged polymer [55,113]

Shielding of the surface with ligands, peptides, or PEG [55,76]

Poor transport through tissue due to excessive positive 
charge

Shielding of the surface with ligands, peptides, or PEG [52,57,76,80]

Immune response Selection of applications that require immune activation [60,87]

Low nucleic acid binding efficiency Incorporation of other polymers with high positive charge density [40]

Use of high ratios of PBAE to nucleic acid [30,39,41,42]

Engineering of branched nucleic acids with high avidity [46]

Synthesis of branched PBAEs with high avidity [47–49]

Low colloidal stability in physiological fluids Non-covalent functionalization with PEG [52,80]

Covalent functionalization with PEG [76]

Blending with anionic or less highly charged polymer [55,113]

Poor stability during storage or transport Lyophilization with lyoprotectants [31,33–38]
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Table 2.

PBAE nanoparticle functionalization strategies

Design Strategy of 
Ligand Incorporation

Added Functionality Ligand

Polyglutamic (PGA)-
coated nanoparticles for 
electrostatic incorporation

Cell-targeted DNA delivery to primary endothelial cells RGD peptide [84]

T cell-targeted DNA delivery Anti-CD3e f(ab´)2 [35]

Cell-targeted mRNA delivery to T cells and hematopoietic stem 
cells (HSCs)

Anti-CD3, anti-CD8, and anti-CD105 [85]

Macrophage-targeted mRNA delivery Mannose [86]

Covalently incorporated in 
PBAE structure

Targeted DNA delivery to APCs Mannose [82,100,103]

Targeted mRNA delivery to APCs Oligopeptide [83]

Improved mucus penetration and DNA transfection in the lungs PEG (5 kDa) [114]

Improved in vivo transfection of nucleic acid-based adjuvant after 
IP administration

PEG (2 kDa) [77]

Shielding to enhance tissue diffusivity PEG [78]

Ligand functionalized 
lipid incorporated via 
hydrophobic interactions

Improved cellular internalization and DNA transfection, reduced 
toxicity, and increased DNA loading

Cell-penetrating peptides (CPPs) mTAT, 
bPrPp, and MPG [115]

Minimized toxicity for safe and effective mRNA transfection of 
dendritic cells (DCs)

PEGylated lipid [65]

Shielding to improve colloidal stability and prevent aggregation in 
serum for potent mRNA transfection after systemic administration

PEGylated lipid [25,80,81,97,116]

Steric stabilization Pluronic F-108 [92]
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