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                Design of drug delivery systems 
 Many drugs fail to meet their therapeutic potential because 

they do not attain a suffi cient concentration in the tissue of 

interest without causing off target effects.  1 , 2   For this reason, 

there has been great interest in enhancing the delivery of 

drugs to the site of interest while reducing their concentration 

at off target sites.  3 – 5   Early approaches to do so included alter-

ing a drug’s solubility, plasma half-life (the time required for 

a drug’s concentration in the plasma to decrease by a factor 

of two), and biodistribution with liposomal nanoparticle drug 

formulations (amphiphilic lipids that can entrap drugs).  6 – 8   To 

gain further control over the behavior of drug delivery sys-

tems, researchers have incorporated ligands to target specifi c 

cells or materials that could sense changes in environment 

(pH, temperature, etc.) and unload their cargo at the site of 

interest.  9 – 13   While these approaches often lead to improved 

in vivo  performance, these systems have multiple components 

that must be separately synthesized and then combined into a 

delivery system, increasing the eventual cost and complexity 

of the resulting product. 

 An emerging alternative is to use genetically encoded 

polypeptides.  14 – 16   With this approach, most if not all of 

the desired functionality can be designed at the DNA level 

and then expressed as a fusion polypeptide that contains 

different structural and functional domains of interest, 

such as drug conjugation, cell targeting, environmental 

sensitivity, cell uptake, and intracellular traffi cking.  16 – 19 

In this review, we describe how drug delivery systems with 

these features can be produced using elastin-like polypep-

tides (ELPs).   

 Development of genetically encoded drug 
delivery systems 
 ELPs are a versatile platform technology for genetically 

encoded drug delivery systems.  20   Derived from the peptide 

sequence found in the hydrophobic domain of human tropo-

elastin (the precursor to the protein elastin found in connec-

tive tissue), they consist of repeats of the pentapeptide motif 

VPGXG, where X is any amino acid other than proline, V is 

valine, P is proline, and G is glycine.  20   ELPs exhibit lower 

critical solution temperature (LCST) phase behavior in aque-

ous solvents. For a given molecular weight (MW), composi-

tion (identity of X), concentration, and cosolutes, each ELP 

has a distinct cloud point temperature ( Tt ), below which the 

ELP is soluble, and above which it reversibly aggregates into 

a polymer rich coacervate phase.  20 , 21   The phase transition can 

also be triggered isothermally by increasing the concentration 

of salts;  20   the propensity of salts to trigger the phase transition 

follows the Hofmeister series, which is an ordering of ions 

according to their ability to precipitate proteins.  22   This envi-

ronmental sensitivity is critical to the utility of ELPs: their 

reversible responses ease protein purifi cation and confers 
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environmental sensitivity to ELP-based drug delivery systems. 

Because their physical properties—MW and composition—

can be precisely controlled at the genetic level, ELPs can 

be tuned to have a specifi c  T  t . Increasing the MW and the 

hydrophobicity of the X residue decreases  T  t . 
 23   At the same 

time, manipulating the MW and composition also affects 

the  in vivo  behavior of an ELP. For example, the MW can 

be manipulated to achieve the desired  in vivo  half-life.  24   

 ELPs can also be expressed as block copolymers to 

drive their self-assembly into nanoparticles and can be fused 

with peptides that confer site-specifi c reactivity that enables 

drugs or imaging agents to be attached at specifi ed sites along 

the polypeptide chain or that confer biological activity to 

the ELP, such as receptor targeting or cell uptake.  25 – 27   Their 

 T  t  can be tuned to be responsive in the temperature range 

of 39–42°C, triggering their transition into microscopic 

aggregates or nanoscopic micelles within the vasculature 

of tumors. This temperature range is critical because it has 

been applied to human patients in clinical hyperthermia 

treatments.  19 , 28   

 By using the tools of molecular biology, it is relatively 

simple to design and express an ELP fusion to meet many 

of the design criteria for nanocarriers, namely they (1) are 

easily produced in a scalable manner, (2) are composed 

of nontoxic materials, (3) self-assemble—

when designed to do so—into a monodis-

perse population of nanoparticles, (4) target 

the desired anatomical site and unload drugs 

with the appropriate kinetics at that site, and 

(5) are fl exible enough to deliver a wide array 

of drugs. Because of these attributes, ELPs 

provide a platform that, we believe, will pro-

mote the facile development of the next gener-

ation of genetically engineered drug delivery 

systems.  29 , 30     

 Expression and purifi cation of ELPs 
from  E. coli  
 ELPs are typically synthesized in  E. coli— though 

other organisms can, and have, been used to 

produce ELPs.  31   To do this, the DNA encoding 

of an ELP is cloned into an expression plas-

mid that contains genetic regions conferring 

antibiotic resistance and promoting transcrip-

tion.  E. coli  are induced to take up the DNA in 

a process called transformation, and colonies 

containing the foreign DNA are picked on 

the basis of antibiotic resistance. For reasons 

that are not totally clear,  E. coli  produces most 

ELPs with high yield, even in low-density 

shaker fl ask fermentation ( ∼ 50–500 mg/L of 

culture, depending on the construct). This high 

level of expression is important because some 

recombinant polypeptides are plagued by poor 

expression, which makes purifi cation of the 

molecule diffi cult and increases the cost of the fi nal product. 

Their thermal responsiveness is the second useful attribute 

that greatly facilitates their purifi cation. Their aggregation 

upon heating above  T  t  is completely reversible such that 

ELPs dissolve when the solution temperature is decreased 

below their  T  t . Importantly, this process occurs even in com-

plex mixtures such as  E. coli  lysate, which are cells that have 

been lysed open by sonication or other means. Thus, by trig-

gering the phase transition repeatedly with heat and/or salt, 

ELPs (along with the protein they are genetically fused to) 

can be purifi ed from cell lysate without chromatography, 

a process named inverse transition cycling (ITC). As shown 

in the SDS-PAGE (sodium dodecyl sulfate polyacrylamide 

gel electrophoresis) gel in   Figure 1  a, just two rounds of ITC 

yield a highly pure product.  32   Lane 1 shows the soluble 

proteins found in the  E. coli  lysate, including the desired ELP 

product in the dark band at a MW of  ∼ 55 kilodaltons (kDa) 

indicated by an arrow. The soluble lysate is heated, and salt is 

added in order to trigger the ELP phase transition. The dense 

ELP aggregate is then separated from soluble contaminating 

proteins by centrifugation. Lane 2 shows the supernatant, con-

taining contaminating proteins and only a trace of ELP prod-

uct, while Lane 3 is the pellet resolubilized in cool, low salt 

buffer, containing ELP product and no obvious contaminating 

  

 Figure 1.      Purifi cation and biodegradability of elastin-like polypeptides (ELPs). 

(a) Purifi cation of an ELP-thioredoxin fusion protein by inverse transition cycling. 

The purifi cation is followed by running samples from each step on a SDS-PAGE 

(sodium dodecyl sulfate polyacrylamide gel electrophoresis) gel. Lane 1: Soluble  E. coli  

lysate. The ELP-fusion protein is visible at approximately 55 kilodaltons (kDa), marked by an 

arrow. Lane 2: Supernatant from fi rst hot spin, demonstrating that most non-ELP proteins 

remained soluble. Lane 3: Resolubilized hot spin 1 pellet, where the ELP-thioredoxin 

fusion is the band near 55 kDa. Lane 4: Hot spin 2 supernatant, which is largely free of 

contaminating protein. Lane 5: Hot spin 2 with highly pure ELP-thioredoxin protein, with no 

detectable bands from contaminating proteins. This is the fi nal product of the purifi cation 

process. Lane 6: Molecular weight (MW) ladder, with bands labeled in kDa. (b)  In vitro  

biodegradability of ELP. Breakdown of  14 C-labeled ELP after incubation in fresh mouse 

serum at 37°C. The MW is indicated by the MW marker in the left lane shown in kDa. 

An arrow demarcating the approximate renal fi ltration cutoff (RFC) is included for reference. 

The incubation time is indicated above each sample. The distended appearance of the 

ELP band (top band) is due to the presence of serum albumin in plasma at a similar MW 

( ∼ 67 kDa). (c) After tail vein injection of mice bearing FaDu tumors (a cell line derived from 

human squamous cell carcinoma of the pharynx), percent degradation was calculated as 

measured by TCA (trichloroacetic acid) precipitation. Reproduced with permission from 

Reference 24, © 2006 Elsevier and Reference 32, © 1999 Nature Publishing Group.    
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protein bands. The process is repeated, where Lane 4 is the 

supernatant, and Lane 5 is the ELP pellet. Lane 6 contains 

MW standards, labeled in kilodaltons (kDa). This example 

is typical of ELP purifi cation, where 2–3 rounds of ITC 

remove all detectable contaminating proteins according to 

SDS-PAGE.       

 Biodegradability of ELPs 
 Many drug delivery systems are composed of synthetic mol-

ecules that are often not biodegradable.  30 , 33   To avoid mate-

rial accumulation, especially upon repeated administration, 

their molecular weight must be restricted to below the renal 

fi ltration cutoff ( ∼ 60 kDa or  ∼ 5–6 nm) such that they can 

be excreted through the kidneys.  30 , 34 – 36   While this size limit 

avoids toxicity because of unwanted accumulation in healthy 

organs, especially the kidney, liver, and spleen, which are the 

major organs involved in clearing materials out of the body, 

it also sets a limit to their performance as a drug delivery 

system. The main reason that macromolecular carriers out-

perform free drugs in the treatment of cancer is that they are 

designed to have a size above the renal fi ltration cutoff but 

well below the pore size (400–600 nm) in the leaky tumor 

vasculature in order to be passively taken up by a tumor.  37   

An advantage of genetically engineered polymers such as 

ELPs is that they are biodegradable. As shown in  Figure 1b , 

an ELP incubated in plasma broke down, leading to smaller 

MW bands that are below the renal fi ltration cutoff (RFC) 

appearing over time. In  Figure 1c , ELP injected intravenously 

broke down  in vivo  at a rate of  ∼ 2.5% per day. Because of 

this biodegradability, ELPs can be administered at a molecu-

lar weight above the renal fi ltration cutoff, circulate for an 

extended period of time, and are eventually broken down into 

smaller fragments that are cleared through the 

kidneys.  24     

 Finely tuned and reliably predicted 
ELP transition temperatures 
 A useful attribute of genetically encoded 

polymers such as ELPs is that their compo-

sition and MW can be precisely controlled 

at the gene level, leading to precise tuning 

of the  T  t  of an ELP.  23   However, the number 

of possible ELPs that  exhibit  a given  T  t  is 

enormous because of the large number of 

options in the choice of the X residue. To 

constrain the design space, McDaniel and 

Chilkoti systematically explored ELPs that 

were composed only of the amino acids ala-

nine and valine at the guest residue (Xaa, 

4th position) of the pentapeptide sequence.  23   

An analytical equation  (  Equation 1  )  that pre-

dicts  T  t  as a function of the fractional alanine 

content, the chain length of the ELP ( length ) 

and the ELP concentration ( conc ), was devel-

oped as follows:  23  

  [ ]
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alanine

t alanine
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e ln( ) ln( ) ,= + + −T
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 where  A – F  are non-zero constants, and  f  alanine  represents the 

ratio of alanines to the total number of guest residue posi-

tions. This analytical equation is useful because it enables 

 de novo  prediction of the amino acid sequence and chain 

length of ELPs that will display a desired  T  t  in a physiological 

buffer within a specifi ed concentration regime, thereby great-

ly facilitating the design of new ELPs. This family of ELPs 

covers a large range of transition temperatures ( ∼ 20–140°C) 

and MWs ( ∼ 10–65 kDa).   Figure 2  b shows that this model is 

highly robust, as it predicts the  T  t  of other ELPs, which were 

not included in the model. While this is a simplifi ed model, 

in that it only allows valine and alanine as the guest residues, 

this model can be extended to other families of ELPs with dif-

ferent residues at the guest position in the VPGXG repeat and 

clearly demonstrates how precise control of composition and 

MW can be used to design an ELP with the desired  T  t .       

 ELPs conjugate to hydrophobic molecules to 
form nanoscale micelles 
 ELPs can be expressed with cysteine (Cys) residues at desired 

locations in the protein in order to allow the attachment 

of small molecules by reaction with thiol-reactive moieties; 

other reactive residues such as lysine, tyrosine, serine, threo-

nine, aspartic, or glutamic acid can be similarly used. Mackay 

and co-workers designed a polymer that they termed a 

chimeric polypeptide (CP) that consists of two domains: 

a water soluble ELP with a  T  t  >> 37°C that is hence highly 

soluble at body temperature and does not contain any Cys 

residues, and a short “attachment segment” that consists of 

  

 Figure 2.      Elastin-like polypeptide (ELP) transition temperatures can be predicted by an 

analytical model. (a) Three-dimensional surface plot of  T  t  (cloud point temperature) versus 

 f  alanine  (fraction of alanines in guest residue positions) versus pentamer repeats at 25 μm in 

phosphate buffered saline. The cloud point temperature tends to increase with an increase 

in  f  alanine  and a decrease in the number of pentamer repeats. (b) Demonstration of model 

fi t (dotted line) by plotting observed versus predicted  T  t . Unfi lled data points were used in 

developing the model and led to a coeffi cient of determination ( R   2  ) value of 0.993. Colored 

points are ELPs made subsequent to the development of the model and fall very close 

to the model’s prediction ( R   2   = 0.999, slope = 0.95). The red circles (A[0.2]-20) contain 

20% alanine in the guest residue position, with 20 pentamer repeats. The orange squares 

(A[0.5]-120) contain 50% alanine in the guest residue position with 120 pentamer repeats. 

The blue triangles (A[0.8]-240) contain 80% alanine in the residue position, with 240 pentamer 

repeats. Adapted with permission from Reference 23.    
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a Cys[Glycine-Glycine-Cys] 7  segment at the 

carboxy terminus of the ELP.  38   McDaniel et al. 

attached a set of maleimide derivatives with a 

wide range of hydrophobicity to the CP and 

found that when the attached molecule is suf-

fi ciently hydrophobic, the CP self-assembles 

into spherical micelles with a diameter of 

40–60 nm. McDaniel et al. showed that the 

cutoff for micelle formation lies at 1.5 for the 

Log of the octanol-water distribution coeffi cient 

(Log( D )).  38   As shown in   Figure 3  a, molecules 

with a Log( D ) greater than 1.5 form micelles as 

visualized by cryogenic transmission electron 

microscopy (cryo-TEM) ( Figure 3b ).  38       

 The conjugation-triggered self-assembly 

of CPs was exploited to develop a nanoscale 

delivery vehicle for the cancer chemotherapeu-

tic doxorubicin (Dox).  17   To ensure intracellular 

release of the drug, doxorubicin was modifi ed 

by reaction with  N -beta-Maleimidopropionic 

acid hydrazide (BMPH) that contains an inter-

nal acid-labile hydrazone bond. The terminal 

maleimide moiety on the modifi ed drug was 

attached to the cysteine residues in the CP.  17   

As shown in the freeze fracture TEM image 

in  Figure 3c , the ELP-drug conjugate self-

assembles into near-monodisperse micelles 

approximately 50 nm in diameter. The use of 

the genetically engineered ELP has several 

advantages for this application. First, the attach-

ment sites can be precisely clustered on one 

end of the polymer, driving micelle formation. 

  

 Figure 3.      Elastin-like polypeptides (ELPs) self-assemble into micelles upon conjugation of hydrophobic molecules. (a) Schematic showing 

range of molecules tested and the cutoff for micelle formation. The compounds all share a functional group for conjugation to cysteine as a 

maleimide bond, shown outside the circle. The compounds begin at the top of the circle with relatively hydrophilic molecules that steadily 

increase in hydrophobicity as measured by the Log of the octanol-water distribution coeffi cient (Log( D )). The attachment of compounds with 

Log( D ) < 1.5 (shown in blue) did not trigger self-assembly of the chimeric polypeptide (CP), whereas compounds with Log( D ) > 1.5 (shown in pink) 

triggered self-assembly of the CP into nanoparticles. (b) Cryo-TEM (cryogenic transmission electron microscopy) images of CP conjugates, 

confi rming cutoff of 1.5 for Log( D ). Scale bars: 100 nm. (c) Freeze-fracture TEM of chimeric polypeptide-doxorubicin (CP-Dox) micelles, showing 

nanoparticles with a size of  ∼ 50 nm. Inset at top right of panel shows a schematic of star-like micelle, with hydrophobic doxorubicin (red) in 

the core and hydrophilic ELP (yellow) in the corona. Adapted from with permission from References 17 and 38.    

  

 Figure 4.      Conjugation of doxorubicin to elastin-like polypeptide (ELP) improves its 

effi cacy in comparison to free doxorubicin. (a) Pharmacokinetics of chimeric polypeptide-

doxorubicin (CP-Dox) and free doxorubicin demonstrating higher plasma levels and longer 

half-life of CP-Dox than free drug. The data closely follow the two-compartment model fi t 

applied to the CP-Dox data (Fit), and to the predicted pharmacokinetic model of free Dox 

in mice (Predicted). (b) Signifi cantly lower accumulation of doxorubicin in the heart for 

CP-Dox treated mice. (c) Signifi cantly higher accumulation of doxorubicin in a subcutaneous 

C26 tumor for CP-Dox mice (for b and c, * indicates  p  < 0.0005, where  p  is the result from 

any statistical test, which represents the probability that the results observed were due to 

random chance) (analysis of variance, Tukey’s Post-hoc test). (d) Signifi cantly improved 

survival of CP-Dox treated mice for subcutaneous C26 tumor bearing mice (** indicates 

 p  = 0.0001, 0.00004 for CP-Dox versus Dox and phosphate buffered saline (PBS, vehicle 

control), respectively (Kaplan–Meier)). (e) Mice were inoculated orthotopically with 4T1 

murine mammary tumor on Day 0. Mice treated with neoadjuvant and adjuvant CP-Dox 

treatment (Drug Tx-drug treatment, black arrows) along with surgery (gray arrow) had 

signifi cantly prolonged metastasis-free survival compared to free Dox mice (** indicates 

 p  < 0.01, Log-Rank test). Adapted from Reference 17.    
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Second, the number of attachment sites can be precisely 

controlled, enabling control of drug loading. This is advanta-

geous in comparison to synthetic polymers, which may have 

only one reactive group at the end of the polymer. Third, this 

approach decouples the loading and unloading process of 

the drug, so that drug release can be triggered by changes 

in its local  in vivo  environment. The particles taken up by 

endocytosis enter endosomes, which then fuse lysosomes, 

where the pH is acidifi ed to  ∼ 5, and this environment hydro-

lyzes the hydrazine bond, releasing the drug.   

 Enhanced effi  cacy of ELP-drug conjugates 
compared to free drug 
 The chimeric polypeptide-doxorubicin conjugate, termed 

CP-Dox, demonstrates greatly improved performance in syn-

geneic murine tumor models, which are tumors that can be 

transplanted and grown in inbred strains of mice with normal 

immune systems.  17   Compared to the free drug (Free Dox), 

CP-Dox micelles have a higher maximum tolerated dose 

(20 mg/kg versus 5 mg/kg), a longer plasma half-life, increased 

accumulation in the tumor, and decreased accumulation in 

the heart (the organ that experiences dose-limiting toxicity 

in doxorubicin treatment) (  Figure 4  a–c).  17   These improved 

performance metrics translate into a signifi cant improvement 

in survival in the C26 cell line, a syngeneic murine colon 

carcinoma model for the Balb/C strain of mice 

( Figure 4d ). A single dose of CP-Dox leads to 

complete tumor regression and cures in  ∼ 90% 

of mice.  17       

 Treatment with CP-Dox was also tested in 

mice bearing the 4T1 cell line, a syngeneic 

murine mammary (breast) carcinoma model 

for the Balb/C strain of mice that is known to 

be refractory to doxorubicin treatment.  39   When 

given as a neoadjuvant treatment one week 

before surgical removal of the primary tumor 

and again as an adjuvant treatment a week 

after surgery, CP-Dox signifi cantly improved 

metastasis free survival over free doxorubicin 

( p  < 0.01, Log-Rank test, where  p  is the result 

from the statistical test and represents the 

probability that the results observed were due 

to random chance,  Figure 4e ).   

 Design of CP-Dox nanoparticles that 
aggregate upon the application of 
mild hyperthermia 
 Mild hyperthermia in solid tumors, where 

the mean temperature is maintained at  ∼ 42°C, 

has been shown to be synergistic with external 

beam irradiation.  40   Because ELPs are thermally 

responsive, endowing CP-drug nanoparticles 

with thermal responsiveness in the proper 

temperature range—such that they aggregate 

in tumors that are heated to 42°C—potentially 

offers a means to thermally target them to tumors. However, 

the CP-Dox nanoparticles described previously are not thermal-

ly responsive in the relevant temperature range of 38–42°C. 

To develop the next generation of thermally targeted CP-

Dox nanoparticles, MacDaniel et al. re-engineered the 

composition and chain length of the ELP segment of the 

CP such that the CP-Dox nanoparticles aggregate in re-

sponse to mild hyperthermia.  41   This next-generation ther-

mally responsive CP-Dox conjugate forms  ∼ 40 nm diameter 

nanoparticles that are stable at body temperature and dis-

play a nanoparticle-to-aggregate phase transition between 

39–42°C in media, a temperature range suitable for mild 

hyperthermia of solid tumors (  Figure 5  a). The phase tran-

sition is tracked by an increase in optical density, because 

the insoluble ELP scatters light. The CP-Dox nanoparticle is 

stable upon dilution to low micromolar concentrations and is 

cytotoxic at both 37°C and 42°C ( Figure 5b–c ).     

 An additional fi nding, which is crucial for the appli-

cation of this system  in vivo , is that the  T  t  of CP-Dox 

micelles is far less dependent on concentration than that 

of ELP unimers (ELP molecules in solution that are not 

assembled into any nanostructure) ( Figure 5 d). This means 

that over a large concentration range (and therefore over a 

long period of time post-IV [intraveneous] injection), the 

 T  t  of the micelles remains within the narrow 37–42°C range, 

  

 Figure 5.      Doxorubicin nanoparticles that transition upon application of mild 

hyperthermia. (a) Chimeric polypeptide-doxorubicin (CP-Dox) nanoparticle is 

designed to transition sharply between 39°C and 42°C (the range relevant for clinical 

hyperthermia, shaded in gray), leading to an increase in the optical density (OD) 

as the temperature of the solution increases. Cytotoxicity of the drug conjugate 

is consistent whether cells were kept at (b) 37°C or (c) 42°C, as measured by 

viability (fraction viable compared to untreated control). (d) The formation of micelles 

keeps the local concentration of elastin-like polypeptide (ELP) relatively constant 

even for bulk changes in concentration, leading to near-independence of the  T  t  on 

bulk concentration. As shown by the horizontal lines on the graph, the transition 

temperature of the CP-Dox nanoparticle (red) remains in the relevant temperature 

range of 37–42°C over a concentration range spanning three orders of magnitude. 

In contrast, the same ELP without doxorubicin attached (CP4, blue) and another ELP 

(ELP5, green) in unimer form, show strong dependence of  T  t  (cloud point temperature) 

on concentration. Adapted from Reference 41.    
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such that the micelles remain thermally responsive upon 

dilution.  41         

 Micelle formation by self-assembly of ELP block 
copolymers 
 The unique properties of ELPs allow the genetically encoded 

synthesis of temperature-responsive micelles, even without 

the conjugation of a hydrophobic small molecule. This can be 

done by designing a diblock with a hydrophobic and hydro-

philic ELP segment.  26   Unlike most synthetic polymer amphi-

philes that consist of two segments with different monomers, 

both segments of diblock ELPs are composed of VPGXG 

repeats, with the only difference being the choice of the guest 

residue (X) in the two blocks. By selecting guest residues (X) 

with signifi cantly different hydrophobicities, a diblock ELP 

can be designed that is highly water soluble below a critical 

temperature but undergoes selective desolvation of the more 

hydrophobic block with an increase in temperature. Above 

this critical temperature—defi ned as the critical micellization 

temperature (CMT)—the ELP gains enough amphiphilicity to 

spontaneously self-assemble into spherical micelles as mea-

sured by dynamic light scattering  26   (  Figure 6 a ). With a further 

increase in temperature, the more hydrophobic block also 

desolvates, and at a critical temperature, the micelles transi-

tion to an insoluble aggregate.  26   

 This architecture has many strengths but also some limi-

tations. First, it allows one to design temperature responsive 

polymer amphiphiles with a CMT that can 

be varied across a range of temperatures. 

Unfortunately, although the  T  t  of each ELP seg-

ment in a diblock copolymer can be precisely 

predicted individually, the CMT for the fusion 

is much more diffi cult to predict. Despite this 

limitation, through trial-and-error, we have 

succeeded in designing diblock ELPs that dis-

play thermal responsiveness in different tem-

perature regimes of interest, as described later.   

 Ligand targeting with ELP micelles 
 Diblock ELPs can be expressed as fusions with 

peptide ligands. By appending the ligand on the 

terminus of the hydrophilic block (e.g., ligand-

hydrophilic-hydrophobic segment), the ligand 

is presented on the corona of the micelle. 

In a study by Simnick et al., an ELP diblock 

copolymer was fused with the NGR amino 

acid sequence (N-Asparagine, G-Glycine, 

R-Arginine), a ligand for CD13.  42   CD13 is 

upregulated on the membranes of endothe-

lial cells (the cells that line the lumen of blood 

vessels) that are angiogenic (producing new 

blood vessels). Fast-growing tumors continu-

ally grow new blood vessels to provide nutri-

ents, and therefore CD31 is overexpressed 

on the endothelial cells of many tumors.  43 , 44   

As shown in  Figure 6a , the incorporation of the NGR pep-

tide at the N-terminus of the ELP block copolymer does not 

disrupt their self-assembly, as both the NGR containing and 

ligand-free ELP block copolymer exist as 50–60 nm diam-

eter micelles at body temperature. When injected in mice 

bearing FaDu tumors (a cell line established from a human 

squamous cell carcinoma of the pharynx), the NGR function-

alized block copolymer (green,  Figure 6b ) shows greater accu-

mulation within the tumor than the control ELP that does not 

present the peptide. The NGR functionalized micelles co-localize 

with the endothelial cell marker CD31 (red).   

 Temperature triggered micelle formation to 
improve cell uptake 
 The CMT of ELP block copolymers can also be tuned to 

occur at temperatures relevant to applied hyperthermia (37°C < 

CMT < 42°C). If the transition takes place in this range, 

then the ELPs can be triggered to form micelles in any tissue 

that is externally heated to  ∼ 42°C. This approach opens up 

the possibility of new sets of ligands that do not bind tightly 

when presented in single form but are “activated” by being 

presented at high density.  45 , 46   

 Proof-of-principle of this approach was demonstrated 

by Simnick et al. in a study in which the arginine-glycine-

aspartate (RGD) peptide was displayed on the N-terminus of 

an ELP block copolymer that was designed to exhibit a CMT 

between 37°C and 42°C (  Figure 7  a). The RGD peptide binds 

  

 Figure 6.      Targeting tumor endothelial cells with NGR (Asparagine-Glycine-Arginine) 

presenting elastin-like polypeptide (ELP) micelles. (a) ELP block copolymers assemble to 

form  ∼ 50–60 nm diameter spherical micelles at body temperature without NGR peptide 

(top) and with NGR peptide (bottom), as measured by dynamic light scattering. (b) Confocal 

microscopy of tumor tissue after tail vein injection of fl uorophore-labeled micelle-forming 

ELP diblock copolymers. The NGR presenting micelles (NGR-ELP-64/90, bottom) are 

seen at a much higher density compared to the ELP control without ligand (top). The ELP 

(green) co-localizes with the CD31 antibody, which stains endothelial cells (red). Adapted 

from Reference 42.    
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to integrins, cell surface receptors that are important for cell 

adhesion. Integrins are commonly overexpressed on tumor 

cells and on the blood vessels of tumors and therefore have 

been the target of many drug delivery strategies to date.  47 – 49       

 Despite the overexpression of integrins in 

tumors, a single linear RGD peptide does not 

interact strongly enough with an integrin to 

signifi cantly enhance uptake of the peptide.  46   

However, if the ligand is presented in high den-

sity as on the corona—exterior—of a micelle, 

the interaction is much stronger because of 

multivalency, a phenomenon in which multi-

ple ligands simultaneously interact with many 

closely clustered receptors—integrins in this 

case—on the cell surface. These multiple inter-

actions lead to a greater overall affi nity than 

a single RGD-integrin interaction (the overall 

affi nity derived from multivalent interaction is 

termed “avidity”) and signifi cantly greater cell 

uptake. This is illustrated in  Figure 7b , where 

a micelle-forming ELP that presents a RGD 

peptide at its hydrophilic terminus—and a con-

trol ELP missing the RGD peptide—are tested 

for internalization at temperatures below and 

above their CMT. The RGD-containing ELP 

has slightly greater uptake compared to its 

RGD negative control. However, when the 

temperature is raised above the CMT, a drastic 

increase in cell uptake is achieved, presumably 

because of multivalent interactions between 

the RGD peptides presented by the micelle and 

integrins that are clustered on the cell mem-

brane ( Figure 7b , top right). 

 This system can also be extended to cell 

penetrating peptides (CPPs), a class of argi-

nine-rich peptides that, rather than targeting a 

specifi c ligand, improve cell uptake by non-

specifi cally interacting with the negatively 

charged phospholipids (lipids with negatively 

charged phosphate groups) and proteoglycan 

components (heavily glycosylated proteins) 

that are present on all cell membranes.  27   An 

advantage of this approach is that CPPs can 

theoretically target any tumor type since they 

do not rely on overexpression of a specifi c 

receptor. On the other hand, this lack of speci-

fi city could mean drastic off-target uptake by 

normal tissues. 

 To solve this problem, MacEwan and 

Chilkoti relied on the observation that the CPP 

activity of oligoarginine peptides is highly 

dependent on the number of arginine (Arg) 

residues—when the number of Arg residues is 

fi ve or less, little cell uptake is seen, whereas 

six or more sequential Arg results in high cell 

uptake.  50   Building off this observation, MacEwan built a 

temperature-triggered cell penetrating nanoparticle that con-

sists of a diblock ELP that presents an Arg5 peptide (fi ve 

arginines) on the end of its hydrophilic block. The ELP was 

  

 Figure 7.      Intracellular targeting with temperature triggered elastin-like polypeptide (ELP) 

micelles. (a) Dynamic light scattering data showing a sharp transition from unimer to 

micelle (critical micellization temperature [CMT] between 33°C and 34°C) for ELPs with and 

without the RGD (Arg-Gly-Asp) ligand. (b) Cell uptake, indicated by increased intracellular 

green signal, is triggered by incubation above the CMT with micelles that are decorated 

with RGD ligand (top right). Uptake is poor for temperatures below the CMT (left) and for 

ELP without RGD ligand (bottom). (c) Schematic demonstrating the high ligand density 

triggered by micelle formation when the temperature is increased above the CMT. (d) ELP 

signal (green) is observed intracellularly for Arg5 (ELP containing 5 arginines on the end 

of the polymer), micelle forming ELP above the CMT (iv and inset), but there is negligible 

signal for all samples below CMT (37°C, (i)–(iii) top), ELP without Arg5 ((ii) and (v) middle), 

and ELP that does not form micelles ((iii) and (vi) right). Scale bars are 25  μ m. Adapted 

from References 45 and 27. Note:  T -temperature; BC, block copolymer; Arg, arginine; 

Gly, glycine; Asp, aspartate.    

  

 Figure 8.      (a) Phase diagram of the triple-responsive (temperature, pH, and transition 

metal) micelles. Note that data in the absence of ZnCl 2  are plotted at 1  μ M ZnCl 2  to enable 

presentation on a log scale. The different colored regions of the 3D plot represent the 

ranges of stimulus combinations (temperature, pH, and Zn 2+  concentration) at which the 

histidine-rich diblock elastin-like polypeptide (ELP) exists as a unimer (blue), micelle (red), 

or aggregate (black). (b) pH triggered ELP self-assembly and disassembly. The left vertical 

axis shows the hydrodynamic radius ( R  h ), as measured by dynamic light scattering, while 

the right vertical axis shows the solution pH. The ELP repeatedly responds to cycles in 

pH by assembling into micelles ( R  h  of about 30 nm) at higher pH, and disassembling into 

unimers ( R  h  of 7–8 nm) at lower pH. (c) Triple responsive diblock ELPs self-assemble into 

spherical micelles as visualized by tapping mode atomic force microscopy in buffer.    
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designed through an iterative trial-and-error process to have a 

CMT of between 38–40°C. The hypothesis of this study was 

that at 37°C, micelle self-assembly cannot occur. The Arg5 

presented by an ELP unimer would be insuffi cient to promote 

cell uptake, whereas at 42°C, a temperature above the CMT, 

the self-assembly of the ELP into spherical micelles would 

present a much higher local density of Arg residues that 

would confer CPP-like activity to the micelles, leading to 

signifi cantly enhanced cell uptake ( Figure 7c ). Indeed, this 

hypothesis was proven to be correct, as shown in  Figure 7d ; 

raising the temperature from 37°C to 42°C drastically increased 

the cell uptake of the Arg5-ELP micelles (green, (i) and (iv)), 

but not for ELP micelles lacking the CPP segment ((ii) and 

(v)) or a single domain ELP that presents Arg5 but cannot 

undergo micellization because of its lack of amphiphilicity 

((iii) and (vi)).   

 Triple responsive ELP micelles 
 The low tumor extracellular pH (6.2–6.9) is an interesting 

trigger that can be exploited to induce a material response 

solely in the tumor site for delivery of drugs and imaging 

agents.  51 , 52   Motivated by the prospect of ELP micelles that 

would respond to a pH trigger—the decrease in pH from the 

physiological pH of 7.4 to  ∼ 6.4—Callahan et al. synthesized 

an amphiphilic diblock ELP with histidine residues embedded 

in the hydrophobic ELP block.  53   They demonstrated that these 

ELPs are responsive to three stimuli: temperature, pH, and 

transition metals (  Figure 8  a). The histidine-rich hydropho-

bic segment results in the self-assembly of stable micelles at 

 ∼ 30°C at pH 7.4 that persist up to 40°C—beyond 40°C the 

micelles aggregate—such that they can be reversibly assem-

bled by a thermal stimulus. They respond independently to 

pH, as lowering the pH from 7.4 to 6.4 ionizes the histidine 

residues, increasing the hydrophilicity of the core, abolishing 

the amphiphilicity of the polymer that drives the disassem-

bly of the micelles into unimers ( Figure 8b ).  53   The transition 

metal coordination by histidine residues is the third trigger—

coordination of Zn 2+ , an ion that is present at micromolar 

concentrations in blood, stabilizes the micelles, as seen by 

the wider range of temperature over which the ELP remains 

assembled as micelles. This stabilization also decreases the 

concentration required to trigger micelle formation.       

 Next steps 
 The work reviewed herein shows the great potential of geneti-

cally engineered delivery systems. Using elastin-like poly-

peptides (ELPs) as an example, we show that such systems 

can meet the design criteria of scalability, biodegradability, 

monodispersity, targeting capability, and fl exibility for a wide 

array of drugs. A great deal of functionality can be encoded 

into these systems at the genetic level such that complex and 

advanced capabilities are designed using simple and well-

established DNA manipulation techniques. 

 While most functions—targeting, drug release, intracellu-

lar release, and traffi cking—have genetically encodable parts 

available, the conjugation of drug to a genetically encodable 

peptide polymer carrier remains an exercise in organic and 

bioconjugate chemistry. This is because many cancer drugs 

are small and often hydrophobic small molecules, and our design 

strategy to create a nanoscale delivery system capitalizes on 

this feature to drive self-assembly of ELPs by conjugation of 

multiple copies of a hydrophobic drug site specifi cally to one 

end of the ELP (chimeric polypeptide-doxorubicin). The next 

crucial step is to eliminate this fi nal drug conjugation step by 

exploiting the power of synthetic and chemical biology to encode 

the drug at the gene level. This development will allow us to 

create multifunctional nanoparticles by a “simplest to manu-

facture” purely genetically encoded design that is applicable 

to a range of small molecule drugs at a scale, cost, and repro-

ducibility that will ease their translation to the clinic.    
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