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Introduction
Advances in genomics and proteomics have delivered an amazing 
collection of new biological information and new therapeutic targets 
for the biopharmaceutical industry. Biologic drugs based on proteins, 
RNA, DNA, and cells have the broad target range necessary to 
translate the potential of the genome era into effective therapeutics 
and individualized medicines. Biologic drugs currently comprise 
approximately 20–30% of clinically utilized drugs, and they represent 
the fastest growing segment since they address needs for safety, 
specificity and individualized medicine. The biologics category is 
dominated by monoclonal antibodies for the treatment of oncology 
and inflammatory diseases and by vaccines for the treatment of 
infectious diseases. However, the number of nucleic acid and protein 
therapeutic biologics is still limited, and their larger potential impact 
still remains unrealized due to limitations in drug delivery. The crossing 
of biological barriers at the circulatory, tissue, and cellular level remains 
the key to ultimate efficacy and one that, in broad terms, continues to 
stymie the field of biologic drug delivery. 

Pathogens display the highest level of success now known for 
the delivery of DNA, RNA, and proteins. Viruses and pathogenic 
organisms such as Diphtheria have evolved highly effective systems 
for delivery of nucleic acids and proteins to intracellular locations 
and targets.1 These organisms feature remarkable molecular 
machines that enhance transport of DNA, RNA, or proteins across the 

endosomal membrane. The key functional property of these proteins 
is a membrane-destabilizing activity that is closely coupled to a 
pH-sensing mechanism. At physiological pH (7.4), the proteins are in 
a “stealth” conformation until they are brought into the intracellular 
endosomes via receptor-mediated endocytosis. As the pH of these 
compartments drops during endosomal development to values of 5.5 
or lower, a conformational change is triggered to expose a membrane-
destabilizing domain in viral proteins such as hemagluttinin, or 
pathogenic proteins such as diphtheria toxin.1 

We have developed polymeric carriers based on this biological design, 
incorporating pH-sensing moieties that trigger membrane destabilizing 
activity at a defined lower pH value typical of endosomes.2–7 These 
polymers are prepared using the Reversible Addition-Fragmentation 
chain Transfer (RAFT) polymerization technique.8–10 Initial designs 
were directed toward gene (plasmid), antisense oligonucleotide, and 
RNA delivery. A representative design exploited a polyampholyte 
segment composed of dimethylaminoethyl methacrylate (DMAEMA), 
propylacrylic acid (PAA), and a hydrophobizing monomer butyl 
methacrylate (BMA).7 The pH-responsive DMAEMA and PAA were 
incorporated at equimolar ratios, leading to a charge-neutralized 
and hydrophobized block segment. At neutral pH, this block is core-
forming when combined with a hydrophilic block segment, but it 
transitions into the endosomal pH range as the DMAEMA is protonated 
to become more positively charged and the PAA is protonated to 
neutrality. The corresponding micelle destabilization leads to exposure 
of the core segments and the carriers become sharply membrane-
destabilizing at endosomal pH values. We characterized the structure–
activity relationships that connected intrinsic membrane-destabilizing 
activity with siRNA delivery activity. A series of seven diblock 
copolymers were synthesized where the BMA hydrophobizing content 
was varied from 0–50% in the second block.  It was shown that as BMA 
content increased, while DMAEMA and PAA were kept at equimolar but 
decreasing mole fraction, membrane-destabilizing activity and gene 
and protein knockdown increased (Figures 1A–B). This work provided 
initial confirmation of carrier activity and guided further development 
of active compositional designs.4–6
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