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1. Introduction 

Nanomedicine encompasses the creation and manipulation of 

nanometer-sized materials (in the 1-500 nm range) for either diagnostic, 

therapeutic, or multifunctional applications (theranostics).1,2 Therapeutic 

nanocarriers are expected to protect and confine active drugs in a suitable 

chemical environment, increase their circulation time, and improve their 

delivery and accumulation at the target organ/tissue. For the formulation and 

production of the optimal nanomedicine, a number of important features should 

be considered, such as biodegradation and biocompatibility, stability in 

biological fluids such as the bloodstream, and controlled drug release.3,4 This 

also includes reproducible upscaling with low production costs. Clinical 

practices count today approximately fifty nanotherapeutics, most of them being 

nano-formulations of previously approved drugs, while a greater number of 

investigational drug nanocarriers are undergoing clinical investigation for a 

variety of indications 5. Some of the more recent approved nanomedicines are 

ONPATTRO (siRNA-lipid nanoparticles for Transthyretin (TTR)‐mediated 

amyloidosis) and NBTXR3 (Hafnium oxide nanoparticles for locally advanced 

squamous cell carcinoma).6 When it comes to designing the nanocarrier, size, 

shape, surface charge, and material (composition) are the main parameters 

that determine particle fate and treatment efficacy.  Size controls the efficiency 

of the cellular uptake. Nanoparticles with average diameters of 100 nm have a 

significantly higher uptake compared to smaller and larger diameter particles.7,8 
9,10 The shape of the nanoparticles also controls their performance in vivo, 

including cellular internalization, blood circulation, and biodistribution. Although 

traditionally spherical nanoparticles are employed, there are several studies 

reporting specific advantages of the use of rod-like, sheet-like, worm-like, or 

disc-like structures in nanomedicine.11–14 

Moreover, the nanoparticle composition should enable their 

biocompatibility and biodegradability, which ensures no acute and chronic 

toxicity upon in vivo application.15,16 Especially regarding the latter features, 

protein-based carriers offer advantages for drug delivery in vivo. Protein-based 

building blocks are composed of naturally occurring amino acids, which limits 

issues with regard to biocompatibility and facilitates their (enzyme-catalysed) 

degradation. Protein-based polymers include naturally occurring proteins, 

engineered proteins, and synthetic polypeptides.17 Using engineered proteins, 

in particular, provides a number of benefits such as; i) full control over the 

composition, ii) materials of high purity without the need for toxic organic 

solvents during synthesis and purification, and iii) ease of control over the 
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assembly, surface functionalization, and drug encapsulation.18 Proteins have 

structural and functional versatility allowing them to assemble into ordered 

complexes, especially proteins with repetitive domains are known to form 

nanostructures with predictable structures.19 One of the most applied and 

versatile classes of engineered protein-based polymers are elastin-like 

polypeptides, or ELPs. In this chapter, we provide an overview of elastin-like 

polypeptides, their structures, and properties, as well as their use as 

competent biomaterials in protein engineering and drug delivery applications.  

2. Elastin-like polypeptides  

Elastin-like polypeptides (ELPs) are derived from repetitive sequences 

found in the natural human elastin.20 Elastin is an extracellular matrix protein 

providing the required elasticity to many tissues such as lungs, skin, and large 

blood vessels. Tropoelastin is the precursor of elastin and consists of well-

conserved sequences, including a hydrophobic domain mainly composed of 

glycine(G), valine (V), alanine (A), and proline (P), alternating with hydrophilic 

regions rich in lysine (K) and interspersed with alanine.21 The hydrophilic 

domain is used to cross-link tropoelastin into an elastin network that is insoluble 

in aqueous conditions and very robust, with an estimated half-life of 70 years.22 

The hydrophobic domain introduces elasticity to the network. ELPs are 

composed of multimeric repeats of the hydrophobic domains and were first 

developed by Urry and co-workers as a model system to study elastin-related 

diseases. They chemically synthesized VPGVG pentapeptide repeats, which 

exhibited similar coacervate behavior as tropoelastin.23 ELPs are considered 

as intrinsically disordered proteins (IDPs). They show lower critical solution 

temperature (LCST) behavior, meaning that the polypeptide switches between 

a soluble, hydrated state at lower temperatures, and an aggregated 

coacervate state at elevated temperatures (Figure 1). This is the result of an 

entropically driven conformational transition; the ELPs vary their conformation 

from a random coil below the transition temperature (Tt) to structured -turns 

above Tt releasing hydrating water molecules.24,25 This behavior is fully 

reversible. The presence of consecutive type-II -turns leads to what is known 

as a -spiral.26,27 It was found that glycine and proline are crucial in maintaining 

the -turn conformation. The other two residues can be substituted by any 

natural and unnatural amino acid except proline, as it will cause ELPs to lose 

the reversibility of the LCST behavior. The most common motif is VPGXG, 

where X is named the guest residue. ELPs are typically denoted as ELP-[XiYjZk-

n], where X, Y and Z refer to the guest residues, and i:j:k are their ratio within 

the ELP monomer while “n”  is the number of pentapeptide repeats. For 
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example, the ELP block [IH4-60] comprises of 60 pentapeptide repeats 

containing isoleucine and histidine as guest residues in a ratio of 1 to 4. This 

block has thus a sequence of 300 residues. Altering the guest residue allows 

to tune the LCST behavior of the ELP. 

Figure 1. Illustration of the LCST behavior of the ELPs. Reprinted with permission from 

reference28.  

2.1. Effect of LCST on the behavior of elastin-like polypeptides  

Several characteristics can be controlled to predict and manipulate 

the phase transition behavior of ELPs. The sequence composition, mainly the 

guest residue, is the most known factor. More hydrophilic residues shift the Tt 

higher, while more hydrophobic ones lower the Tt. Charged amino acids will 

add pH-sensitivity to the coacervation behavior. Basic guest residues are 

neutral above their pKa, increasing the hydrophobicity of the polypeptide and 

resulting in lowering the Tt. In addition, deprotonation of acidic guest residues 

above their pKa leads to changing the charge of the polypeptide and, hence 

increasing the Tt .
29 Another important parameter is chain length. The longer 

the polypeptide, the lower the Tt. This effect is more pronounced with lower 

molecular weight ELPs.30 Moreover, the transition temperature Tt is dependent 

on external parameters such as polymer concentration and salt concentration; 
31 in both cases an increase leads to lower Tt. The type of electrolyte plays an 

important role in determining the phase transition of the ELP in solution. 

Kosmotropic anions have stabilizing and salting-out effects on proteins 

decreasing protein solubility and thus affecting the LCST behavior. The higher 

the salt concentration, the lower the Tt (Figure 2). 
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Figure 2. A)  ELP sequence-specific transition temperature as a function of polymer 

length.  The more hydrophobic sequences reach a plateau level relatively earlier 

compared to the hydrophilic sequences. B) ELP concentration plotted against transition 

temperature. The transition temperature follows a logarithmic decrease in protein 

concentration. The more hydrophilic the sequence is, the larger the slope of the change 

in transition temperature. Reprinted with permission from reference.32 

2.2. Biological applications of elastin-like polypeptides  

ELPs have a range of attractive features for their use in biomaterial-

based constructs and composites. ELPs are biocompatible and do not trigger 

the immune system. Furthermore, ELPs are degradable by proteolysis, which 

reduces their adverse side effect due to long-term accumulation in the body. 

In addition, the molecular weight of ELPs can be tuned to be larger than the 

renal threshold, and therefore they experience longer blood circulation, hence 

increasing their plasma half-lives. These advantages represent ELPs as 

interesting building blocks for drug delivery nanocarriers that can be 

manipulated in size, morphology, and functional possibilities either alone or as 

a hybrid system. In this section, we will describe the most common biological 

applications of ELPs; i) as protein tag for purification and manipulation of the 

fused functional proteins, and ii) as nanoparticles for drug delivery (Table 1 and 

2). 

2.3. Applications of elastin-like polypeptides as protein fusion tags  

One of the first applications of the highly controlled phase transition of 

ELPs was in the purification of recombinantly produced ELPs.33  The ELPs were 

purified from microbial proteins and residue by inverse-transition cycling (ITC). 

ITC involves heating up or adding salt to reversibly precipitate ELPs, which may 

then be collected by centrifugation or filtration. After solubilization of the ELP 

by cooling or dialysis against low-salt buffers, irreversibly aggregated 

contaminants can be simply removed. Repeating the ITC sequence for 2-4 

times yields purified ELPs. Figure 3 shows the purification method of using ITC.  
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Figure 3. Overview of the inverse transition cycling (ITC) method. After cell pellet 

collection followed by cell lysis, the ELPs (or ELP-fusion proteins) are aggregated by the 

addition of salt with hot centrifugation. The supernatant (containing the E. coli soluble 

protein contaminants) is removed while the pellet containing the ELP is re-suspended 

in cold buffer and insoluble contaminants removed by cold centrifugation. This cycle is 

repeated until the protein reaches the desired purity. Adapted from reference.34 

Elastin-like polypeptides have been found as an effective method for 

purification of recombinant proteins to overcome the limitations related to the 

immobilized metal ion affinity chromatography (IMAC) techniques 35 as well as 

being cost- and time-effective with the ability to scale up. Given that the ELP 

can retain its phase transition characteristics when fused to other proteins, the 

fusion protein can be purified using the thermosensitivity of the ELP. 

Subsequently, ELPs can be used as a protein tag to enhance the expression 

of the target proteins and to facilitate the purification. Meyer and Chilkoti were 

the first to employ the ITC method to purify thioredoxin- and tendamistat-ELP 

fusion proteins.36 Since then, other pharmaceuticals and functional proteins 

were successfully fused to ELP and produced in different expression systems 

such as E.coli, mammalian cells, and plants 34. Joensuu et al. expressed ELP 

fused to a variable antibody fragment (scFv) recognizing Foot-and-mouth 

disease virus (FMDV).37 The fusion of the ELP to the scFV increased the scFV 

expression compared to scFV alone. The authors found that fusion of the 

protein to ELP did not hinder the scFv-antiserum recognition.  Recently, Zhou 

et al expressed β-glucosidase (Bgluc) fused to an ELP tag [VPGCG-60].38 

Bgluc is an essential enzyme in cellulosic biomass degradation. Expression and 

activity of Bgluc-tagged ELP was higher compared to Bgluc-tagged His. The 

purification by ITC was equivalent to or better than that of using a Ni-NTA resin. 
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In addition, the ELP tag improved the stability of the Bgluc 2-fold compared to 

the His-tagged protein. ELPs seem therefore to have favorable effects on both 

yield and purity of recombinant proteins by protecting the protein of interest 

from proteolytic degradation. Hu et al. fused different sized ELPs [V5A2G3-n] 

to an antimicrobial peptide Halocidin18 (Hal18).39 The Hal18-ELP yielded twice 

the protein per liter in comparison with using the polyhistidine purification tag. 

ELPs were also found to outperform oligohistidine tags in such aspects as the 

retention of functional activity, better solubility, and significantly easier scale-

up.40 This study also proved that ELP tags could reduce cell toxicity when 

expressing toxic proteins such as antimicrobial peptides. Other antimicrobial 

peptides such as cecropin AD and human defensins were also expressed and 

purified as ELP-fusion proteins.41,42 These antimicrobial peptides exhibited poor 

activity when fused to large ELP unimers resulting in non-toxic expression in E. 

coli cells. The peptides regained their antimicrobial activity upon cleavage of 

the ELP tag.  

Removal of the ELP tag from its peptide or protein partner can be 

achieved by several methods such as the inclusion of a cleavable peptide linker 

that is susceptible to enzymes (e.g., enterokinase) 41 or chemical agents (e.g., 

hydroxylamine) 39 as well as the use of self-cleaving inteins.42  However, ELP 

tags can also be retained as a structural element and used as a 

macromolecular drug carrier for in vivo applications, providing longer 

circulation times to their protein partners 43. Sarangthem et al. showed that 

fusion of ELP with a targeting peptide improved targeting cancer cells 

(increased avidity) with longer circulation times. In this study, the ELP [VGVPG] 

was functionalized with a bladder tumor-targeting peptide Bld-1.44 The 

multivalent presentation of the bladder tumor-targeting peptide along the ELP 

backbone increased cellular uptake compared to monovalent Bld-1 peptide 

and the non-targeted ELP control. In addition, the BLD1-ELP complexes had 

higher accumulation in tumor tissues and were retained for over 24 hrs. 

Similarly, glucagon-like peptide-1 (GLP-1) exhibited a more than a hundredfold 

increased circulation time in mice when fused to ELP, compared to the native 

peptide.45 Udo et al. produced therapeutic proteins fused to ELP from 

transgenic tobacco plants (Nicotiana tabacum).46  A single‐domain monoclonal 

antibody (VHH), which recognizes TNF, was fused with ELP. The ELPylated 

TNF‐VHH possessed a substantially longer serum half-life (24 fold longer) 

compared to the non-ELPylated antibody. Mahdi et al developed an ELP fusion 

with vascular endothelial growth factor (VEGF) and kidney-targeting peptide 

(KTP). They demonstrated its therapeutic efficacy in translational swine models 

of renovascular disease and chronic kidney disease.47 While keeping the fused 
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protein’s biological activity, in vivo pharmacology studies showed the ELP-tag 

slowed down the VEGF clearance and enhanced the binding to target 

molecules.  Some therapeutic ELP-fused proteins are now in clinical trials, such 

as peptide vasoactive intestinal peptide (VIP). VIP-ELP has significantly better 

circulation compared to the native VIP which is eliminated from the body within 

minutes. VIP-ELP is now under evaluation in a Phase-2 clinical trial.48 

ELP-fusion proteins were also found to be effective in ocular drug 

delivery. Interestingly, Wang et al. employed ELPs to drive the reversible 

adsorption of therapeutic proteins on commercially available contact lenses.49 

The authors found out that ELP [VPGVG-96][VPGSG-96] fused to model 

ocular drug, lacritin, can significantly attach to the contact lens and 

dramatically extend the ocular drug release time. The absorption of the ELP on 

the contact lens was due to the hydrogen bonding between ELP coacervates 

and organic phosphates present at the lens surface. Although ELP fusions did 

not display zero-order release (consistent release over time), they were able to 

retain the drug up to 80% after the initial release. The versatility of the ELP 

system is opening the door for more “drug refillable systems” enabling the 

patients to refill the drug on their contact lenses. 

2.4. ELP-based nanoparticles   

ELPs can form nanoparticles by employing ELP diblock copolymers. 

By fusing two ELP blocks with different guest residues, each block will display 

a singular phase transition. When the more hydrophobic block (lower Tt) 

reaches its phase transition temperature, it will aggregate, leaving the 

hydrophilic block (higher Tt) in a soluble state. This turns the ELP diblock 

polypeptide in an amphiphilic block copolymer which, upon careful design has 

the ability to form nanoparticles. This behavior can be further tuned by the salt 

concentration. The first core-corona (micellar) nanoparticle was fabricated by 

Lee et al.50 Since then, different ELP-based nanoparticles with different 

structures have been designed, such as micelles, vesicles, and rod-like 

structures.51–54 These nanoparticles have been employed as carriers for 

different therapeutics such as hydrophobic drugs, sensitive molecules such as 

siRNA for gene therapy, antibody fragments for immunotherapy, and imaging 

agents. 

ELP-based nanoparticles can be functionalized in many ways. For 

example, ELPs can be made suitable for gene delivery due to their amino acid 

composition by incorporating residues that can interact with the nucleic acids, 

leading to better encapsulation and protection from the external environment. 
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Moreover, the size and the structure of the ELPs can be modified to enhance 

the stability of the nucleic acids while increasing their plasma half-life. Recently, 

Yi et al. produced various ELPs [VPGFG] functionalized with HIV 

transactivation of transcription (TAT) peptide for enhanced cell uptake and 

AP1-ligand to target IL-4R expressing tumor cells.55 The TAT-AP1-ELP was 

able to form coacervates of different sizes between 30-78 nm. The coacervates 

were able to deliver anti-luciferase siRNA to 4T1-Luc cells suppressing 

luciferase expression with no evidence of cytotoxicity. When applied in vivo, 

the labeled, functionalized siRNA-ELPs were able to silence the luciferase gene 

in a 4T1-Luc-allograft murine model. Furthermore, they were shown to increase 

intracellular localization siRNA/ELP complexes within the tumor tissues 

compared to free siRNA and non-functionalized ELPs.  

ELP tagged antibody fragments were used to functionalize the surface of ELP-

based nanoparticles. Pille et al. fabricated ELP nanoparticles based on [A3G2-

60] as a hydrophilic block and [I5-60] as a hydrophobic block.56 The hydrophilic 

block was functionalized with variable heavy chain fragment (7D12, VVH) to 

target the epidermal growth factor receptor (EGFR). Another ELP [I5-60]-

[A3G2-60] diblock was N-terminally modified with photosensitizer 

IRDye700DX (PS) to enable targeted photoimmunotherapy. A particle 

composed of the PS-modified diblock and 7D12- ELP actively killed EGFR-

expressing cells A431 cells in a light-dependent and 7D12-specific manner 

with no effect on non-EGFR-expressing E98 cells (Figure 4).  

 

Figure 4. Schematic representation of multifunctional ELP nanoparticles for 

photodynamic therapy. Adapted from Reference56.  

A study by Aluri et al. used a single-chain antibody (scFV), derived 

from anti-CD-20 rituximab, fused to the ELP [A-192].57 The scFv formed the 
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core of the nanoparticles and mediated the self-assembly of the hydrophilic 

ELP. The scFv-A192 fusion protein formed nanoparticles whose secondary 

structure was stabilized by renaturation using guanidine refolding. The 

renaturation resulted in formation of nano-worm morphologies with a length of 

56.2 nm and width of 17.9 nm. In vitro, the scFV-ELP nano-worms were 

recognized by CD20+ B-cell lymphomas and showed a concentration-

dependent reduction in cell viability by inducing apoptosis. In a Raji xenograft 

mouse model, the scFV-ELP particles significantly reduced tumor growth when 

compared to the Rituximab control group.  

Mingnan Chen’s lab fabricated several novel ELP sequences that do 

not evoke any response in the immune system, termed iTEPs.58 They designed 

these sequences to study the effect of ELP nanoparticles to deliver antibodies 

and antigens to enhance the T-helper cells. For example, Zhao et al 59 fused 

the scFV fragment of the antibody αPD-1, which suppresses the programmed 

cell death protein 1 (PD-1) to ELP diblock [GAGVPG-70]-[GVLPGVP-56]-

(GC)4. The PD1 protein is involved in two functions; it masks cancer cells from 

the immune system and prevents autoimmune reactions in healthy tissues. The 

fusion scFv-ELP formed cross-linked micelles, employing the tetra-cysteine 

domain, with a hydrodynamic of 45 nm, as determined by DLS. In vitro, PD-1 

positive EL4 cells showed higher binding with cross-linked micelles when 

compared to free scFv or the soluble fusion of scFv-ELP. In vivo, no significant 

difference in PD-1 inhibition was seen in non-obese diabetic female 

NOD/ShiLtJ mice between the scFv-ELP nanoparticle and its non-crosslinked 

counterpart. More information on immunotherapy applications of immune 

tolerant iTEPs can be found in references.60–62 

The addition of charged amino acids as guest residues provides ELPs 

with interesting features to engage in interactions with nucleic acids or to 

confer pH-sensitivity to the nanoparticles. Charged amino acids such as 

histidine, lysine, and glutamic acid provide a pH-sensitive behavior of the 

nanoparticles. Glutamic acid and histidine are often chosen as the ionizable 

residues of interest because their pKa values (4.3 and 6.1, respectively) are 

closest to the physiologically relevant range.29 Callahan et al. reported the first 

histidine-rich ELP diblock, [VG7A8-80]-[VH4-100] that forms spherical 

micelles of a hydrodynamic radius of ~35 nm at physiological conditions at 

37°C. This ELP-polymer is a triple-responsive polymer that responds to 

temperature, pH, and transition metal ions. The resulting pH-sensitive particles 

were stabilized by the addition of zinc ions (Zn2+) and disassembled when the 

pH dropped from 7.4 to 6.4.63 This is especially relevant as cancerous tissue 
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often shows a decreased extracellular pH due to aerobic glycolysis (Warburg 

effect) 64, ranging from 6.2 to 6.9.   Injection of particles into nude mice bearing 

human colorectal adenocarcinoma-derived tumors showed a more 

homogenous distribution within tumor sections four hours after injection, as 

well as greater penetration to the tumor center, compared to the pH-insensitive 

control ELP particles.  

2.5. ELP-based hybrid systems 

Integrating elastin-like polypeptides with other sequences or polymers 

can modify the performance of the nanoparticles. These hybrid nanoparticles 

include fusions of ELPs with poly(aspartic acid), small hydrophobic drugs, 

protein receptors, single-stranded DNA, virus coat proteins, silk-based 

polypeptides, and synthetic polymers.65 Surface coating of the nanoparticles 

with synthetic polymers such as polyethylene glycol (PEG) can prevent 

agglomeration 66. PEG is often used as the hydrophilic stealth component of 

amphiphilic block copolymers. In an aqueous solution, PEGylated ELPs formed 

micelles by collapsing the insoluble hydrophobic block into a central core 

surrounded by a hydrophilic shell.67 For example, Van Eldijk et al. fused PEG to 

ELP blocks with different lengths via strain-promoted alkyne−azide 

cycloaddition (SPAAC) (Figure 5).68 This conjugation resulted in stimulus-

responsive amphiphilic block copolymers that self-assembled into micelles 

upon inducing the ELP phase transition. In addition, a fluorescent dye was 

easily encapsulated, indicating the ability of these hybrid polymers to 

encapsulate hydrophobic drugs. 

 

 

 

 

 

 

 

 

 

 



 

 

12 

 

 

 

 

 

 

 

 

 

 

Figure 5. Schematic illustration of the synthesis of a PEGylated-ELP hybrid system. 

Reprinted with permission from reference 68. 

Recently, Kim et al. fabricated α- elastin polypeptides derived from 

human adipose tissue and functionalized it with methoxy-poly(ethylene glycol) 

(mPEG).69 The formed conjugates (PhENPs) self-assembled into 330 nm 

spherical nanoparticles in water at 32 C. DLS and SEM characterization data 

suggested that the increased mPEG molar ratio prevented particle aggregation 

over time and increased particle stability. PhENPs were tested for their ability 

to encapsulate proteins such as insulin and BSA. When insulin-loaded PhENPs 

were studied for their biological activity in vitro, they were capable of inducing 

the translocation of the insulin-regulated glucose transporter (GLUT4) in 

mouse cells comparable to commercial insulin-treated cells, as shown by 

confocal microscopy. This approach is considered as a good example of 

injectable protein delivery systems. Moreover, PEGylated-ELP nanoparticles 

were evaluated for their anti-cancer drug nuclear localization. pH-responsive 

PEG-ELP/DOX micelles were generated in which doxorubicin was 

encapsulated in the ELP hydrophobic core.70 The hybrid polymers, PEG-

ELP[VH4-70] self-assembled into nanoparticles with a size of 114 nm at pH 7.4 

and disassembled when the pH decreased to 5.6. This facilitated doxorubicin 

release in the lysosomal acidic environment. PEG-ELP/DOX nanoparticles 

showed in vitro biocompatibility with 85% cell viability. In vivo fluorescence 

images showed tumor reduction in a mouse model upon intravenous injection 

with PEG-ELP[VH4-70]/DOX with no noticeable toxicity to murine liver cells.  

Chilkoti’s group rationally designed and produced the first chimeric 

polypeptides (CPs) that self-assemble into nanoparticles upon doxorubicin 

encapsulation, and showed in vivo efficacy in a murine tumor model. 71 The 

system was composed of two segments, a hydrophilic ELP with the guest 
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residues being Val/Ala/Gly in [1:8:7] ratios, and a shorter (Gly-Gly-Cys)8 at the 

C-terminal side for doxorubicin attachment through a pH-labile linker. TEM and 

DLS measurements confirmed near-monodisperse CP-DOX nanoparticles with 

hydrodynamic radius of 21 nm. Laser-scanning confocal microscopy images 

confirmed doxorubicin localization into the cell nucleus after 30 min of exposure 

to CP-DOX, indicating cell uptake of CP-DOX, the release of doxorubicin and 

subsequent trafficking of the drug to the nucleus. Locally administrated CP-

DOX had about 3.5-fold higher drug accumulation in tumor tissue compared 

to the free drug, with decreased drug concentrations in healthy tissues such 

as lung and heart. CP-DOX outperformed free drug exhibiting significant anti-

tumor efficacy when administrated to mice with eight-day-old C26 tumors as it 

increased animal survival up to 66 days compared to 27 days with free DOX. 

Interestingly, the authors studied genome array data to investigate the 

molecular mechanism of CP-DOX nanoparticles. They found out that among 

DNA repair genes, a specific gene, uracil-DNA glycosylase (Ung), was 

exclusively down-regulated by CP-DOX treatment compared to free DOX 

treatment. This gene is involved in chemotherapeutic resistance. This supports 

the hypothesis that CP nanoparticles can overcome drug resistance, as also 

suggested for other drug delivery systems.72 

Addition of poly(aspartic acid) can induce ELP self-assembly into 

nanoparticles. Kobatake’s group previously produced genetically engineered 

ELPs with fused poly (aspartic acid) tails (ELP-D) displaying epidermal growth 

factor (EGF). However, this system exhibited a problem of steric hindrance of 

the fused proteins.73 They overcame this problem by using de novo-designed 

peptides with a coiled-coil structure to allow noncovalent tethering of growth 

factors to protein nanoparticles. The nanoparticles were formed with as 

building blocks a fusion of ELP with a poly (aspartic acid) sequence and with 

half of the coiled coil at its C-terminus. The surface of the nanoparticles was 

decorated with growth factor, and paclitaxel was encapsulated in the core. 

EGF-decorated nanoparticles were recognized by the VEGF receptor and thus 

were uptaken by HeLa cells. Paclitaxel-loaded growth factor-tethered ELP-Ds 

were effective against cancer cells by inducing cell apoptosis.74 Another 

approach to fabricating hybrid ELP-based delivery systems is to fuse protein 

receptors to ELPs. This was illustrated by a study in which an ELP with 

sequence ELP [VH4-40] was genetically fused to Tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL) and the RGD peptide. The RGD-TRAIL-ELP 

complex was able to self-assemble, forming nanoparticles under physiological 

conditions (37 °C).75 DLS and freeze-fracture TEM images showed the 

formation of ~190 nm particles at body temperature. Compared to RGD-TRAIL 
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alone, RGD-TRAIL-ELP nanoparticles exhibited longer half-life and systemic 

circulation in a mouse model and more accumulation at the tumor site. 

2.6. Silk-elastin-like nanoparticles  

Integrating the high strength mechanical properties of silk blocks with 

other protein polymers has been used to construct smart materials with a wide 

range of physical and biological properties, such as in thermosensitive, pH-

dependent hydrogels.76,77 In particular, the recombinant production of silk-

elastin-like polypeptides (SELPs) has been intensively explored.78 The beta-

sheets of the silk blocks provide thermal and chemical stability as well as cross-

linking sites for the SELP system, whereas elastin-like polypeptides display 

stimulus-sensitivity.79 SELP nanoparticles can be fabricated via different 

approaches, including directed self-assembly of block copolymers and 

triggered self-assembly using gold nanoparticles or hydrophobic drugs. The 

formation of SELP nanoparticles depends on the hydrophobicity difference 

between the silk and elastin blocks, the ratio between these two blocks as well 

as the hydrogen bonding between silk domains.80   

Kaplan’s group genetically engineered three SELPs with varying silk to 

elastin ratios named SE8Y, S2E8Y, and S4E8Y. They found out that the higher 

the silk to elastin ratio, the more uniform particles were formed as detected by 

SEM and DLS. The formed SELPs behaved differently upon heating, and 

various nanostructures, including nanoparticles, hydrogels, or nanofibers were 

formed either reversibly or irreversibly. Using the same SELP constructs as 

mentioned above, doxorubicin was used as the hydrophobic core to form 

micellar-like nanoparticles upon thermal triggering. When these nanoparticles 

were tested on HeLa cells, no toxicity was observed. The DOX-SE8Y particles 

(Rh 50 ± 10 nm) showed higher drug loading and better cell uptake. Long 

exposure of these nanoparticles with HeLa cells led to doxorubicin diffusion 

into the nuclei.81 Lin et al. fabricated and characterized gold/SELP core/shell 

nanoparticles. Below the transition temperature, the size of the nanoparticles 

was about 30 nm with the Au core surrounded by a uniform silk-elastin shell. 

Heating above the transition temperature led to aggregation in larger particles. 

Particle characterization using DLS and TEM confirmed that the elastin blocks 

triggered the thermal response of the Au-SELPs NPs while the silk-sheet 

structure served to stabilize the packed aggregates.82 

Despite the interesting and promising properties of SELPs as drug 

carriers, there is no in vivo data published yet. More studies are to be done to 

show the full potential of these protein-based nanoparticle structures 
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Table 1. Applications of elastin-like polypeptides as fusion tags 

Components Application 
Targeting / 

active compound 

Method of 

application/ 

Main findings 

Ref. 

scFv-ELP Cancer Anti-FMDV scFv 
Increased the scFv 

expression 
37 

Bgluc-ELP 

Enzymatic 

conversion of 

biomass 

 

β-Glucosidase 

 

Protected and 

improved the 

stability of the 

Bgluc 2-fold 

compared to the 

His-tagged protein 

38 

Hal18-ELP Antimicrobial Halocidin18 

Increased yield and 

retained activity 

and solubility/ non-

toxic expression 

39 

Bld-1-ELP Cancer 
Bladder tumor-

targeting peptide 

Increased avidity/ 

longer circulation 
44 

VHH-ELP Cancer TNF‐VHH 
Longer serum half-

life 
46 

KTP-ELP 
Renovascular 

disease 
VEGF-KTP 

Slower clearance/ 

enhanced binding 
47 

VIP-ELP 

Pulmonary 

Arterial 

Hypertension 

 

Vasoactive intestinal 

peptide 

Better circulation 

compared to the 

native VIP/ in clinic 

48 

Glycoprotein-

ELP 
Ocular Lacritin 

High absorption in 

contact lens /slow 

drug release 

49 
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Table 2. Characteristics and applications of nanocarriers based on elastin-like 

polypeptides 

Components Size 

Morphology 

/ 

Zeta 

potential 

Application 
Targeting / 

active 

compound 

Method of 

application / 

Main findings 

Synthesis / 

Preparation Ref. 

Elastin-like 

polypeptides ~30 nm Spherical, 

7.3±6.21 Cancer 

siRNA/AP1 

ligand to 

target IL-4R 

expressing 

tumor cells 

Improved tumor 

cell targeting and 

enhanced gene 

silencing 

Recombinant 

fusion 

protein 

55 

Elastin-like 

polypeptides 
24.6 ± 

0.6 Micellar Cancer Anti-GFER-

nanobody 

7D12-ELP with 

photosensitizer 

induced EGFR-

specific light-

induced cell 

killing 

Recombinant 

fusion 

protein 

83 

Elastin-like 

polypeptides 

60 nm 

by 20 

nm 
Rod-shape Cancer 

Anti-CD-20 

single-chain 

antibody 

Reduced tumor 

growth 

compared to full-

length Anti-CD-

20 

Recombinant 

fusion 

protein, 

renaturation 

57 

Elastin-like 

polypeptides 20 nm 

Micellar, 

crosslinked 

by internal 

disulfide 

bridges 

Cancer 
αPD-1 

single-chain 

antibody 

In vitro, avidity 

effect was 

observed. In 

vivo, no 

difference could 

be seen between 

cross- and non-

crosslinked 

particles 

Recombinant 

fusion 

protein 

58 

α- elastin+ 

PEG 330 nm Spherical Protein 

delivery - 

In vitro insulin 

delivery- GLUT4 

translocation in 

C2C12 cells 

treated with the 

nanoparticles 

Mixing in 

water 
84 

ELP+PEG 

114 nm 

in pH 

7.4 and 

20 nm 

in pH 

5.6 

Micelles, 

0.189mV in 

pH 7.4 and 

12.65 mV in 

pH 5.6 

Cancer Doxorubicin 

pH-responsive 

and 4.8-fold 

suppressed 

effect relative to 

the free drug 

after intravenous 

injection in vivo 

ELP coupled 

with 20 kDa 

Mal-PEG. 

85 

DOX-ELP 21.1 ± 

1.5 nm Spherical Cancer Doxorubicin 

Higher anti-

tumor activity 

can overcome 

drug resistance 

Dox was 

linked to 

chimeric 

polypeptides 

through pH-

responsive 

linker 

86 
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ELP+poly 

(aspartic acid) 

35nm 

(without 

EGF or 

Pax) 

Spherical-

shaped 

granulations 
Cancer 

Epidermal 

growth 

factor 

(EGF)/ 

Paclitaxel 

PTX-loaded ELP-

D-VEGF showed 

higher apoptotic 

activity 

compared to 

control 

protein 

nanoparticle 

was formed 

via coiled-

coil 

formation 

74 

RGD+TRAIL+E

LP 

~190 

nm at 

37 °C 
-- Cancer RGD/TRAIL 

Intraperitoneal 

injection RGD-

TRAIL-ELP 3-fold 

enhanced 

apoptosis-

inducing 

capacity than 

RGD-TRAIL with 

no liver toxicity 

ELP 

sequence 

fused to 

RGD-TRAIL 

via Gly linker 

75 
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3. Aim of this thesis  

In this thesis, we have fabricated and characterized ELP-based well-

defined micellar nanoparticles for the delivery of small interfering RNA (siRNA). 

Furthermore, targeting capacity was installed by the conjugation of antibody 

fragments.  

In Chapter two, we describe the design strategy and fabrication of the 

elastin-like polypeptide copolymers used in the thesis. To achieve assembly in 

micelles, a diblock ELP was constructed composed of one hydrophobic block 

to form the core and another hydrophilic block as the surrounding corona. We 

synthesized the ELP-encoding plasmids and cloned them using the recursive 

directional ligation method. These plasmids were transformed and expressed 

in Escherichia coli cells. We purified the ELPs using the inverse transition cycle 

(ITC) protocol. The purified polypeptides were characterized and their 

assembly into nanoparticles was studied with a range of light scattering 

techniques. Moreover, we explored different strategies to stabilize the 

nanoparticles. First, we studied the effect of metal ions on stabilizing the 

formation of the nanoparticles. Secondly, we explored co-assembly as an 

efficient method to stabilize His-rich ELP diblocks. A previously studied ELP 

diblock [A3G2-60][I-60] was used to form stable mixed micelles without the 

need to add metal ions. This allows the assembly of multifunctional particles 

that ca not be achieved using only one ELP diblock. The in vitro biocompatibility 

of the ELP nanoparticles was evaluated. Cell uptake of Rhodamine-B-

functionalized nanoparticles (RhB-NPs) was also assessed. 

Chapter three is dedicated to the modification of the ELP diblock for 

the delivery of small interfering RNA (siRNA). For this purpose, ten lysine 

residues were ligated to the N-terminus of the hydrophobic block. 

Physicochemical characterization was performed to examine the RNA 

encapsulation and stability. In vitro, we evaluated the delivery of anti-luciferase 

siRNA (siLuc) using ELP nanoparticles to luciferase expressing-HeLa cells. Cell 

transfection of HeLa luciferase cells was performed, followed by a luciferase 

assay to evaluate the luciferase downregulation. Based on the successful 

delivery of luciferase siRNA, in chapter four we tested the delivery of siRNA with 

actual therapeutic relevance. For this purpose, ELP-NPs were created which 

were loaded with synthetic lethal siRNA to target selectively Low-Grade 

Ovarian Serous Carcinoma. We performed our studies on patient-derived cells.  

To further improve the nanoparticle targeting capacity, we 

functionalized the surface of our nanoparticles with antibody fragments, as 
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described in chapter five. We biosynthesized the single-chain variable fragment 

(scFv) of anti-HER2 antibody (trastuzumab) and fused it to the ELP gene. The 

antiHer2-scFv-ELP plasmid was transformed into E. coli cells, and the 

periplasmic expression of the scFv-ELP fusion protein was performed. The 

immunoactivity of the purified protein was measured with surface plasmon 

resonance (SPR). The cell binding and the cellular uptake of the scFv-ELP 

conjugates were evaluated in vitro on breast cancer cells such as SK-BR-3 with 

overexpressed HER2 compared to the HER2-negative cell line SW-620. We 

evaluated the stability of coassemblies where the scFV-ELP was mixed with the 

His-ELP diblock. Finally, the thesis ends with a final chapter that provides a 

general summary and an outlook on how the field of peptide-based, and in 

particular ELP-based, nanomedicine, can or should develop in the near future 

to overcome some of the challenges in biomedical applications. 
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1. Introduction  

Nano-based drug delivery systems are developed to transport hard-to-

deliver molecules in a controlled and efficient manner to the target tissue. As 

described in Chapter 1, assemblies of elastin-like polypeptides (ELPs) are an 

interesting class of nanoparticles (NPs) in this regard, as they provide many 

benefits such as biocompatibility and biodegradability.1 Moreover, ELP-based 

nanoparticles are reported to show improved systemic circulation, and 

biodistribution.2 ELPs are derived from human tropoelastin, the precursor of 

elastin, an essential protein that provides the required elasticity to connective 

tissues. Tropoelastin consists of well-conserved sequences, including a 

hydrophobic domain of Val-Pro-Gly-Val-Gly (VPGVP). ELPs are composed of 

multimeric repeats of these domains and were first developed by Urry and 

coworkers as a model system to study elastin-related diseases.3 Since then, a 

large variety of ELP sequences have been designed based on repeats of the 

pentapeptide VPGXG where X, named the guest residue, can be any amino acid 

except proline. ELPs are considered as intrinsically disordered proteins (IDPs). 

Such kinds of proteins have repetitive low complexity sequences rich in proline 

and glycine with flexibility, enabling them to undergo phase transitions when 

exposed to different stimuli such as temperature.4,5 ELPs show lower critical 

solution temperature (LCST) behavior, which means that the polypeptides 

reversibly switch between a hydrophilic state at lower and an aggregated state 

at elevated temperatures. Changing the fourth residue alters the transition 

temperature (Tt), giving flexibility in the polypeptide design.  

As aforementioned, ELPs are produced by genetic engineering and the 

corresponding genes are constructed using recombinant DNA techniques. 

Since ELPs have a highly repetitive character, traditional cloning methods ca not 

be used efficiently to construct ELP-encoding plasmids. The most employed 

method is recursive directional ligation by plasmid reconstruction (PRe-RDL), in 

which Type II restriction enzymes are used to create complementary cuts in 

plasmids which contain fragments of the desired ELP genes. Each plasmid is cut 

by two restriction enzymes; one enzyme (ER1) has a unique restriction site 

upstream of the start codon while the second one (ER 3) cuts downstream of 

the stop codon at a remote site in the plasmid. The second plasmid contains two 

restriction sites of which the first allows a restriction enzyme to cleave the 

plasmid at the other side of the ELP encoding region (ER 2), and of which the 

second one is recognized by the ER 3 enzyme. The two fragments can now be 

ligated together to create an in-frame combination of the ELP domains. This 
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method can be used to double the length of the same ELP gene or to insert a 

different ELP gene encoding di- or tri-blocks6 (Figure 1). This allows us to 

produce fusion polypeptides with much freedom in amino acid composition, 

which can be used to tune the size and polarity of the ELP constructs.7 To obtain 

protein sequences with amphiphilic features, the DNA sequence should encode 

two distinct peptide blocks of different polarities depending on the guest 

residues. This will result in a block copolymer undergoing self-assembly into 

spherical micelles with a dehydrated hydrophobic core and soluble hydrophilic 

corona. In order to have stable micellar nanoparticles for biomedical 

applications, there should be a temperature difference between the hydrophobic 

block transition and the bulk transition of the hydrophilic block of around 10°C. 
8,9 In addition, charged amino acids such as histidine, lysine, and glutamic acid 

can be used to install pH-sensitive behavior in the nanoparticles. Glutamic acid 

and histidine are often chosen as the ionizable residues of interest because their 

pKa values (4.3 and 6.1, respectively) are closest to the physiologically relevant 

range.10 

 

Figure 1. Overview of the recursive directional ligation method (RDL) by plasmid 

reconstruction. Reprinted from reference.11 

The tumor microenvironment (TME) is being intensively explored to 

enhance the therapeutic efficacy of nanomedicines. TME exhibits a lower pH of 

6.2 to 6.9 compared to healthy tissue (pH 7.4 to 6.4).12,13 This allows the design 

of pH-responsive ELP-based nanoparticles which can undergo programmed 

disassembly within a tumor when, due to protonation of ELP residues, the 

increase in polarity leads to a decrease in transition temperature. This would 

lead to a more enhanced accumulation of the particles and the bioactive 
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ingredients they transport in the tumor cells, accompanied with greater tumor 

penetration. Studies showed that [VH4]-based block copolymer ELPs adopt a 

hydrophobic, aggregated state at physiological pH, which is switched to a 

hydrophilic state in acidic environments due to the protonation of the histidine 

residues. Another interesting feature of [VH4]-based ELPs is the metal chelating 

features of the histidine residues. Imidazoles are known to interact with many 

divalent metal ions. This interaction can also be used to tailor the responsiveness 

and stability of ELP based micelles. Indeed, it has been shown that [VH4]-based 

ELPs can form nanoparticles at 37 ºC, which decrease in size and become more 

stable when Zn2+ ions are added.14,15 Although histidine-rich ELP sequences 

showed interesting results in vitro and in vivo 14,16, they have not yet been 

extensively studied.  

An important development in the field of peptide-based nanoparticle 

design is to include multiple functionalities and physicochemical characteristics 

via the co-assembly of different building blocks.17-9 Pandeeswar and Ehud 

reviewed peptide supramolecular co-assembly to form ordered architectures 

with controlled physical characteristics upon combination of two or more peptide 

building blocks.18 To promote peptide co-assembly, different strategies have 

been adopted such as aromatic interactions, electrostatic interactions, chemical 

and electrochemical stimuli, and enzymatic action. An interesting example is the 

work by De Vries et al., who mixed a protein building block with capsid protein 

assembly features and a polylysine tail with  mRNA to form rod-shaped virus-like 

particles that were able to transfect HEK-293 cells.19 Co-assembly has also 

recently been applied to ELP building blocks. By mixing ELPs with different 

surface functionalization, we can attain multifunctional nanoparticles that 

combine their drug loading capacity with targeting and imaging properties. For 

example, when two ELP diblocks (ELP-1 and ELP-2) with the same hydrophobic 

sequence and a different hydrophilic corona are mixed, co-assembled micelles 

are formed at the Tt of the more hydrophobic block. Upon further heating, the 

less hydrophilic block of the ELPs constituting the corona collapses, exposing 

more effectively the most hydrophilic ELP sequence. This concept was 

demonstrated by Soon et al. who developed mixed micelles based on two 

diblocks [A-80][I-60] and [P-40][I-60]. Collapse of the same hydrophobic block 

[I-60] resulted in formation of micelles followed by a sequential collapse of the 

outer blocks [P-40] and [A-80] respectively.20 To prove the control over 

accessibility of a targeting ligand, this structure was used to display fibrinogen-

binding tetrapeptide (GPRP) on the surface of diblock [A-80][I-60]. GPRP was 

exposed at the surface at ambient conditions (below Tt-A) and hidden within the 
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outer shell upon collapse of the [A-80] (above Tt-A). Another study performed by 

our group recently showed that fast heating can overrule a difference in 

transition temperature between hydrophobic blocks, leading to kinetically 

trapped stable particles composed of both building blocks. Furthermore, this 

method was also used to form co-assembly coacervates of ELP monoblocks and 

diblocks with the potential for encapsulation of bioactive macromolecular cargo. 

Until now, this research was performed with hydrophobic blocks that were not 

susceptible to any other trigger than temperature. In this chapter, we 

investigated whether the presence of additional stimulus-responsive units in the 

hydrophobic part of mixtures of two ELP diblock copolymers could affect their 

assembly behavior (Figure 2). 

 

 

 

Figure 2. Schematic overview of the synthesis of multi stimuli-responsive ELP block 

copolymer [I1H4-60][A3G2-60], its stimulus-responsive assembly (top) and co-assembly 

with different ELP diblocks (bottom). 

First, the expression of the His-containing diblock ELP [I1H4-60][A3G2-

60] was optimized and its stimulus-responsive character and assembly behavior 

were investigated. Secondly, the co-assembly of [I1H4-60][A3G2-60] with [A3G2-

60][I-60] was studied in presence and absence of zinc ions and as a function of 

pH. In addition, the biocompatibility and the cellular uptake of the nanoparticles 

were examined. This investigation demonstrates the versatility of the ELP 

platform as a responsive nanocarrier system in drug delivery applications, which 

will be further applied for delivery of small interference RNA (siRNA) and single-

chain fragment antibodies (scFv-Abs) in subsequent chapters. 
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2. Results & discussion  

2.1. Design, cloning and expression of ELP constructs 

Our ELP block copolymer design was based on developing a hydrophilic 

polymer with stimulus-responsive features other than temperature that could be 

used to induce amphiphilic properties. This responsive character would allow 

the formation of stable nanoparticles upon interacting with either metal ions, 

changes in pH or co-assembly with other ELP diblocks. The block co-

polypeptide was designed to be hydrophilic enough to prevent undesired 

aggregation, without prohibiting purification protocols that rely on the 

aggregation of micelles by saturated salts. By exploiting other stimuli for 

assembly than mere temperature, particle stability should be achieved over 

larger temperature windows, which should be beneficial for characterization and 

formulation. It would also lead to an increase in shelf-life of the protein particles 

and their potential cargos that are vulnerable to degradation, such as siRNA 

molecules. Previous studies reported the use of His-rich ELP with valine as 

additional guest residues (VH4). These ELP diblocks  formed micelles at 37 °C 

which responded upon interacting with metal ions by shrinking in size.14,15 In our 

design, isoleucine was chosen as aliphatic amino acid, which is less hydrophilic 

than valine, next to the stimulus-responsive histidine as guest residues for the 

hydrophobic core block in a ratio of 1 to 4.21 We selected a ratio of alanine and 

glycine of 3 to 2 as guest residues for the hydrophilic block, forming the corona 

of the micellar structure. Both blocks had equal lengths of 60 pentapeptides. We 

set the hydrophilic:hydrophobic block length ratio in the range of 1:1 as previous 

studies showed that this block ratio led to formation of micelles with 

hydrodynamic radii around 20-40 nm.22–24 We utilized the recursive directional 

ligation method (RDL) to create recombinant plasmids harboring the ELP-

encoding genes (as shown in Figure 1).   

The plasmids were digested with either type II restriction enzymes AcuI 

or BseRI, which generate the same overhang but cut on different sites of the 

gene, and BglI (Appendix A.3). The generated fragments were then ligated to 

obtain a fusion of both reading frames. The ligation product was transformed into 

E. coli XL1-Blue cells. The culture was plated on LB agar containing 50mg/ml 

kanamycin. Isolated colonies were used to inoculate 5ml LB broth containing 

50mg/ml kanamycin. The DNA was isolated and sequenced to identify the 

plasmids with genes encoding for the ELP sequence. 
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2.2. Expression and purification of ELP protein 

After the successful construction of the plasmids, the clones were 

transformed into E. coli BLR-DE3 cells. The BLR strain is a recombinase deficient 

(recA) derivative of BL21 that improves plasmid monomer yields and may help 

stabilize target plasmids containing repetitive sequences.  DE3 indicates that the 

host is a lysogen of λDE3, and therefore carries a chromosomal copy of the T7 

RNA polymerase gene under control of the lacUV5 promoter. Such strains are 

suitable for production of proteins from target genes cloned in pET vectors by 

induction with IPTG. Therefore, the BLR DE3 variant will ensure better stability 

of the ELP plasmids during expression. The culturing conditions for protein 

expression were set according to standard protocols: shaken cultures of 600-

800 mL in 2.5 L Thomson’s Ultra Yield™ Flasks with membrane seals to ensure 

more aeration, 300 rpm at 25 to 30 °C for 24-30 hours in auto induction medium 

(AIM). The auto-inducing AIM was formulated to grow IPTG-inducible nucleic 

acid expression strains, and to induce production of target protein automatically, 

usually near saturation at high cell density. The terrific broth (TB) medium 

(Formedium, Ltd) was used to which 5-8 g/L glycerol and100 mg/L kanamycin 

were added. High kanamycin concentration was required as phosphate 

decreases the effectiveness of the antibiotic. This medium was supplemented 

with glucose since it is the preferred carbon source of E. coli and its use inhibits 

lactose-related genes and transcription factors. The T7 RNA polymerase 

expression was induced once glucose was depleted and the metabolism was 

shifted to lactose consumption.25  

2.2.1. Optimization of culture conditions 

To determine the impact of culture conditions on the expression of 

recombinant ELP polypeptides, different factors such as the expression medium, 

supplements, incubation time and temperature were studied. We compared the 

commercially available MagicMedia (Thermofisher) with AIM. MagicMedia 

resulted in higher biomass (g pellet/L) in a shorter time than the AIM using the 

same culture conditions, however the protein yield did not change, with an 

average 12mg/L. Another factor we studied was the carbon source. Glycerol is 

the to-go carbon source in auto-induced expression.26–28 However, mixed 

carbon sources such as glucose\lactose or glycerol\lactose have also been 

studied.29,30 Thus, three types of media were investigated, the addition of only 

glycerol (6 g/L), only lactose (10 g/L) and both lactose and glycerol. The average 

yields were compared after an incubation time of 30 hours at 30°C. Comparing 

all different carbon sources together, we found that medium containing only 

glycerol as carbon source had the highest average biomass, which showed a 
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2.3-fold increase compared to lactose as carbon source, as shown in Figure 3. 

Media supplemented with both glycerol and lactose showed a slight decrease in 

the average biomass, with the glycerol-only as carbon source providing a 1.7-

fold higher yield. 

Figure 3. Effect of carbon source on biomass and protein yield. The biomass of the 

pellets was determined and revealed the highest average biomass to be obtained using 

only glycerol as carbon source (black bars). The average yield was determined after 

freeze-drying by weighing the protein pellet (red bars). 

To study the effect of incubation times and temperature on the protein 

yield, we examined incubation periods of 24, 30 and 40 hours in combination 

with temperatures of 25°C, 30°C and 37°C. The bacterial precultures were used 

to inoculate AIM supplemented with glycerol and kanamycin. All the incubations 

were performed at 300 rpm. Comparing all temperatures and duration factors 

together, we found out that cultures grown at 25 °C had the highest biomass 

with an average pellet mass around 38 g/L. Cultures grown at 30 °C resulted in 

biomasses between 25 to 35 g/L. However, cultures grown at 37 °C showed a 

different growth pattern. After incubation for 24 hrs, a similar biomass was 

obtained as for the conditions at 25 °C. By reaching 40 hrs of incubation, the 

biomass however decreased by a 3-fold (Figure 4). A possible explanation is that 

incubation at 37 °C accelerates the accumulation of fatty by-products that leads 

to decrease in the cell mass. The protein yield was not affected by the change 

in the biomass. The cultures grown at 37 °C gave the lowest yield while cultures 

were grown at 25 °C and 30 °C resulted in the same protein yield. By combining 

all the previous conditions, we therefore determined the optimal conditions to be 

expression using AIM supplemented with glycerol at 30 °C, 300 rpm up to 30 

hrs.    
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Figure 4. The effect of temperature and incubation time on the biomass and yield. A) The 

weight of the pellets was determined gravimetrically. This revealed the highest biomass 

to be obtained at 25°C for all incubation times. B) After lyophilization, the yield was 

determined using a sensitive scale and revealed the highest yield (of approx. 20 mg/L) 

was obtained after an incubation period of 30 hours at 30°C.  

2.2.2. Purification of the ELP protein  

After protein expression using the recommended conditions, we 

optimized the protein purification methods according to the expected properties 

of the assigned ELP. For the His-rich polypeptides, the pellet was resuspended 

in ethylene diamine tetraacetic- (EDTA)-free buffers to facilitate the protein 

aggregation induced by salt. EDTA is a well-known chelating agent that forms 

stable complexes with metal ions.31 The interactions between the His-containing 

ELPs and the metal ions present in the cells help salt-induced aggregation of 

ELPs, which could be interfered by EDTA.  We compared different methods for 

A 
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cell lysis: enzymatic lysis with recombinant lysozyme (rLysozyme™) followed by 

mechanical disruption using either sonication or high-pressure homogenization. 

The cell homogenization was faster when used at larger cell volumes; however, 

both sonication and homogenization resulted in almost the same yield of protein. 

DNA precipitation was performed using polyethyleneimine (PEI). The positive 

charge of PEI enables it to interact with the negatively charged nucleic acids. 

The nuclease Benzonase® offered a good alternative for PEI.   

ELP purification was performed using salt-induced precipitation at 

relatively higher temperature. In accordance with the Hofmeister series, it was 

found that a saturated solution of the more kosmotropic ammonium sulfate was 

very effective in protein purification. We precipitated the ELPs using 20-40 vol% 

of a saturated ammonium sulfate solution at 25 C. We adopted different rounds 

of inverse transition cycling (ITC) purification. The first round employed pH-

dependent purification in which we precipitated the polypeptides using basic pH 

conditions (8.0-9.0) during the hot ITC cycle. At basic pH the histidines are 

neutralized and subsequently the Tt of the hydrophobic block will be decreased. 

At the cold ITC spin the ELP-containing pellet was resuspended in low pH (6.0) 

PBS buffer to allow ELP disassembly and removal of E. coli contaminants after 

centrifugation. The second purification step employed the usage of EDTA-free 

buffer that prevented the chelation of complex metal ions allowing histidine 

residues to form stable complexes with the metal ion content in E. coli cells. It is 

known that E. coli cells contain 0.2 mM  Zn2+ when cultured in minimal medium.32 

Figure 5 shows the polypeptides after 3 ITCs and size- exclusion 

chromatography to remove minor residual impurities. We visualized the 

polypeptides using sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Compared to the protein ladder, the ELPs migrated further than 

the expected MW because of the high content of histidine residues; similar 

results were previously observed by McPherson and Meyer.33,34 To further verify 

the MW of the ELPs, purity and exact mass of the protein were determined using 

qTOF mass spectrometry (Table 1). 
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Figure 5. Purification of ELP diblocks analyzed by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE). The proteins were stained using Bio-Safe™ Coomassie 

Stain. Well 1-5 refers to the ITC purification; (1) Cell lysate. (2) 1st salt precipitation round. 

(3) 1st cold spin round. (4) E. coli contaminants pellet. (5) [I1H4-60][A3G2-60] after 3 ITCs. 

(6) [I1H4-60][A3G2-60] after FPLC purification respectively. 

Table 1. Yield and measured masses of [I1H4-60][A3G2-60] ELP. The expected mass was 

calculated with ProtParam, ExPASy online software. The actual mass was measured with 

qTOF. 

2.3. Characterization of ELP and self-assembly into nanoparticles  

In the following section we investigated the self-assembly of the His-rich 

ELPs as a function of pH. We explored different strategies of nanoparticle 

stabilization using (1) metal ions and (2) co-assembly. 

 

 

 

 

Protein Yield (mg/L) 
Theoretical mass 

(g/mol) 

Measured Mass 

(g/mol) 

[I1H4-60][A3G2-60] 10-20 49349.38 49349.60 
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2.3.1. Physicochemical characterization of metal ion-responsive 

nanoparticles 

To investigate the LCST behavior of the ELPs, we measured the 

transition temperature at different protein concentrations (40 µM to 2.5 µM) 

using UV-VIS spectroscopy. Due to the presence of 48 histidine residues 

distributed along the hydrophobic core, metal ions were used to complex with 

the imidazole nitrogen of the histidines to stabilize the assembly. As expected, it 

was not feasible to measure the phase transition within 10 °C -60 °C without the 

presence of divalent ions. Based on literature reports 35, addition of 20 M of 

Zn2+ as chloride salt to the ELP solution was enough to examine the LCST 

behavior of the ELPs. The absorbance of [I1H4-60][A3G2-60] at 350 nm was 

measured during a temperature ramp experiment between 10 °C and 60 °C (0.2 

°C/min). Figure 6 shows the absorbance at concentrations of 40, 20,10 and 2.5 

µM ELP in 1X PBS, pH7.4 supplemented with 20 µM Zn2+. The absorbance was 

slightly increased when the nanoparticles were formed.  When the temperature 

increased, the block copolymer underwent an inverse temperature transition 

resulting in a collapse of the hydrophobic core forming micellar nanoparticles, 

surrounded by a solvated hydrophilic corona. This formation of the micellar 

nanoparticles caused a linear increase in the absorbance between 25 °C and 45 

°C. Upon raising the temperature above 47 °C the transition from nanoparticles 

to the aggregated state occurred. In addition, we observed that at lower 

concentrations of the ELPs the transition temperature was increased.33 

 

Figure 6. Phase transition behavior of [I1H4-60][A3G2-60] copolymer. A) Above 25 °C, 

hydrophobic interactions between the segments of the hydrophobic [I1H4-60] resulted in 

micelle formation and in a small increase in the absorbance. A sharp increase in the 

absorbance was observed when the [A3G2-60] block collapsed, resulting in a transition 

from nanoparticles to aggregates. B) Absorbance of the [I1H4-60][A3G2-60] assemblies 

A B 
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at different protein concentrations. In case of the 2.5 M concentration, 60 M Zn2+ was 

used to ensure particle stabilization.  

The [I1H4-60][A3G2-60] diblock was further analyzed in detail for its pH- 

and divalent ions-triggered self-assembly. We started with addition of 20 M of 

Zn2+ as chloride salt to a PBS solution of nanoparticles to test the effect on self-

assembly with dynamic light scattering (DLS). The mixture was incubated at 

room temperature (RT) for 15 mins. The samples were measured with DLS at 

37° C with equilibration times from 3 to 5 minutes. The temperature-induced 

disassembly was measured at 4° C with an equilibration time of 3 minutes. 

Although particles were formed, it was also shown with DLS measurements that 

for effective stabilization a higher Zn2+ concentration than 20 µM was needed to 

stabilize 10 µM ELP nanoparticles. Figure 7 shows the effect of 60 M zinc in 

altering the ELP monomers to stable nanoparticles when prepared in 1X PBS at 

10 M.  

  

 

 

 

 

 

 

 

 

 

Figure 7. Example of DLS analysis of zinc-induced assembly. ELPs in PBS pH 7.4 at 37 

°C. with no zinc ions, the polypeptide remained soluble (red). The addition of 60-80 µM 

Zn2+ induced the formation of well-defined nanoparticles around 40 nm in diameter with 

pdI≈ 0.1 (black). Protein concentration was 10 µM. 

We also observed that the amount of zinc ions to induce and stabilize 

the assemblies differs depending on the ELP concentration and the buffers or 

media in which the ELPs were prepared. We prepared different solutions of the 

nanoparticles in PBS, HEPES, and OptiMEM in final concentrations of 10 µM 

with the addition of 60- 80 µM Zn2+. The DLS measurements confirmed the 

presence of monodisperse nanoparticles of the same size among all the ELP 
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solutions (Figure 8). The addition of >100 µM Zn2+ could even stabilize the 

nanoparticles at 4 °C (Table 2). The micellar assembly process was reversed by 

chelation of Zn2+ with EDTA.  Table A.2 shows an overview of the amount of the 

zinc ions needed to stabilize the ELP nanoparticles in different media. Generally, 

the lower the ELP concentration the higher the zinc amount needed.  

Table 2. Effect of Zn2+ concentration and temperature on micelle stabilization. The protein 

concentration was 10 µM. SD =standard deviation. 

Temperature (°C) ZnCl2 (µM) 
Hydrodynamic 

radius (nm) 
PdI 

37 0 2.6 ± 0.9 1.0 

37 60 18.1 ± 4.8 0.06 

25 60 19.7 ± 5.0 0.08 

4 60 4.2 ± 1.1 1.0 

4 >100 20 ± 4.7 0.16 

 

 

 

 

 

 

 

 

 

  

  

 

  

Figure 8. The average size of the ELP micelles in different solutions in presence of 60- 

80 µM Zn2+. All samples formed well-defined particles at 37° C. Protein concentration was 

10 µM. 

To study in more detail the effect of metal ions on the self-assembly of 

the nanoparticles, we tested other ions such as Mg2+, Ca2+, and Ni2+. All the ions 

were prepared as dichloride salts and added to different dispersions of the 

nanoparticles in PBS, HEPES, and OptiMEM. The ELP solutions were prepared 

in concentrations of 10 μM. The mixtures were incubated at RT for 15 min to 
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induce metal-histidine complexation. We observed using DLS measurements 

that Ni2+ ions had an assembly-inducing effect on ELPs prepared in PBS buffer 

and OptiMEM, but not in HEPES, whereas only Zn2+ induced the assembly in all 

solutions (Table 3).  

Table 3. Overview of the concentrations (μM) of different metal ions required to stabilize 

the ELP assemblies. Protein concentration was 10 μM 

 PBS HEPES OptiMEM 

Zn2+ 60-80 60-80 80 

Ca2+ No response up to 300 μM 

Mg2+ No response up to 200 μM 

Ni2+ 40 No response up to 40uM 40 

Also, the pH responsiveness was evaluated by DLS. We prepared 10 

μM ELP solutions in PBS at different pH values; 7.4, 6.5, 5.5, and 4.5 with the 

addition of 60 μM ZnCl2. The ELP nanoparticles remained stable at pH 7.4 and 

6.5 and disassembled as the pH was decreased to 5.5 (Figure 9). At pH values 

below 6.0, the imidazole side chains are protonated, become hydrophilic, and 

lose their affinity for Zn2+.  These results are consistent with the (VH)4-based 

nanoparticles developed by Huang et al.15  

 

 

 

 

 

 

 

 

 

 

  

 

  

Figure 9. pH-responsiveness of His-rich ELP nanoparticles. Below pH 6.5, the 

nanoparticles disassembled in presence of 60 µM ZnCl2. Protein concentration was 10 

µM. 
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Overall, our [IH4]-based block copolymer formed stable nanoparticles 

only when the metal ions such as zinc ions were added.  The diblock [I1H4-

60][A3G2-60]  showed different behavior than the reported [VG7A8-80][VH4-100] 

block copolymer that was thermosensitive forming nanoparticles at 37 ºC and 

can be further stabilized with Zn2+ ions.14 The difference between [IH4]- and 

[VH4]-based carriers could be due to, 1) the length of the hydrophobic blocks. 

the longer the peptides, the lower the phase transition temperature. 2) the total 

histidine residues occupied the hydrophobic core. The more the histidines 

occupied in the hydrophobic block, the more the effect from pH and metal ions. 

Furthermore, if the histidines of the hydrophobic block are involved in 

encapsulation of hydrophobic drugs (ex. π- interactions), zinc might not be 

needed to stabilize the nanoparticles.15 

To confirm the micellar shape of the ELP [I1H4-60][A3G2-60] 

nanoparticles, we examined their topology using hollow fiber-flow field-flow 

fractionation (HF5). The hollow fiber (HF) cartridge was pre-equilibrated with 1x 

PBS pH 7.4 buffer supplemented with 20 µM ZnCl2, followed by calibration using 

Bovine Serum Albumin. The samples were heated up to 37 C. The data were 

analyzed using ASTRA 7.0.1.24 software. The results showed that the 

nanoparticles had an average hydrodynamic radius of 24.4  1.0 nm and the 

ratio between the radius of gyration (Rg) and the hydrodynamic radius (Rh) was 

≈ 0.6 indicating spherical micellar nanoparticles with a condensed hydrophobic 

core (Figure 10). 

 

 

 

 

 

 

 

 

  

 

 

Figure 10. Hollow fiber -flow field-flow fractionation of the ELP nanoparticles. The 

nanoparticles showed an average Rh of 24 nm and average Rg of 15.2 nm. 
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Scanning Electron Microscopy (SEM, FEI Quanta 200 3D FEG) was 

used to further characterize the morphology of the ELP nanoparticles. Zn2+-

stabilized nanoparticles were prepared in MQ at concentrations of 1mg/ml.      

Before measuring, the samples were air-dried at RT. Figure 11 shows very 

homogeneous micellar nanoparticles. However, we noticed that the diameter of 

the nanoparticles strongly increased from ~50 nm to >500 nm. To examine 

whether the size increase was caused by drying or an artefact of the sample 

preparation procedure, we measured the sample size by DLS before and after 

sample drying. Indeed, this resulted in bigger nanoparticles, Figure A.3. It 

remains unclear how sample drying could change the assembly state of the 

ELPs. 

 

Figure 11. SEM images of Zn2+-stabilized nanoparticles. (A) Nanoparticles appear 

homogeneous and spherical but are much larger in size compared to the pre-dried 

samples. (B) High-resolution image. 

2.3.2. Effect of co-assembly on the stability of the ELP nanoparticles 

Another recently developed method for ELP nanoparticle formation is 

the co-assembly of two ELPs with different hydrophobic blocks. Upon fast 

heating above the transition temperature of the less hydrophobic block, ELPs 

were shown to be co-assembled in well-defined nanoparticles. Until now, ELPs 

were investigated which only changed their conformational state upon raising 

the temperature, and co-assembly with an ELP responsive to other stimuli was 

not evaluated. By mixing a responsive with a non-responsive hydrophobic block, 

the sensitivity to stimuli could possibly be altered. To investigate the effect of the 

co-assembly approach on the stability of the nanoparticles, [I1H4-60][A3G2-60] 

was mixed with [A3G2-60][I-60] in the presence and absence of zinc ions and as 

a function of pH. From now on, we refer to [I1H4-60][A3G2-60] as ELP 1 and 

[A3G2-60][I-60] as ELP2.  ELP 2 was previously produced and characterized by 

A B 
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Pille et al.22 ELP2 was shown to form nanoparticles at nanomolar concentrations 

when heated above the Tt of the hydrophobic block. Table 4 shows a brief 

comparison between both ELP diblocks. Taking advantage of their properties, 

we utilized a simple co-assembly between both diblocks with preset heating 

speed, molar ratios, and salt concentrations.  

Table 4. Overview of ELPs characterization. Average values obtained using AF5 and 

DLS. Protein samples were prepared at 10 µM in PBS pH 7.4. 

Protein 
Measured 

MW (g/mol) 

Tt 

(micelles)

+ Zn2+ 

Tt 

(aggregation) 
Rh Rg Rh/Rg PdI Shape 

ELP1 49349.60 
20 °C + 

60 µM 
47 °C 24 15.2 0.63 0.06 Micelles 

ELP2 48198 21 °C 57 °C 29.3 17.1 0.706 0.03 Micelles 

In order to evaluate the co-assembly of the ELP diblocks, we prepared 

protein solutions of 10 µM in PBS and mixed the diblocks at different 

percentages. The mixed polypeptides were allowed to form nanoparticles at 37 

°C for 3-5 minutes. Then, the nanoparticles were characterized using DLS. 

During the measurements, it was important to determine size distributions by 

number intensity to detect the presence of monomers in the solution. In case of 

the formation of stable co-assemblies, size distribution values by intensity, 

number, and volume should be consistent. 

DLS data showed that only 5-10% of ELP2 was enough to stabilize ELP1 

without the addition of Zn2+ ions. Increasing the ratio of ELP2 did not affect the 

size of the co-assemblies (Figure 13). The ELP2 diblock determined the 

properties of the co-assembled micelles; the self-assembly was controlled by the 

transition temperature (Tt) of the ELP2 hydrophobic block36. Zinc-stabilized ELP1 

nanoparticles normally dissociate when either the pH decreases below 6.0 or 

upon the addition of chelating agents such as EDTA. Interestingly, ELP1 

nanoparticles lost their pH-responsiveness when co-assembled with ELP2. The 

co-assembled particles stayed intact and only slightly increased in size when the 

pH reached 4.5. At pH values between 8.0 to 4.5, it is not feasible to form ELP1 

nanoparticles regardless of the ionic strength of the buffer in absence of Zn2+. 

The presence of ELP particles and the absence of free ELP in this pH window 

confirms that the ELP1 monomers co-assembled with ELP2. Moreover, the 

mixed micelles disassembled when the temperature decreased below 25 °C. 

This contrasts with the Zn2+-stabilized nanoparticles that are stable at 4 °C 

(Figure 13).  Moreover, we investigated the effect of the addition of zinc to 

stabilize the ELP1-ELP2 mixture in DMEM culture medium with 10% FBS. ELP2 
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does not form stable particles in DMEM-10% FBS while ELP-1 requires 120 µM 

ZnCl2 for stabilization. When mixing ELP1 and ELP2, the amount of Zn2+ 

necessary to attain stable nanoparticles decreased to 40 µM. This proves the 

synergistic interaction between the hydrophobic blocks. Addition of zinc can be 

beneficial to stabilize the mixed micelles for storage after formulation of the 

nanoparticles and encapsulation of sensitive cargos such as siRNA or fast 

degrading drugs. If the removal of zinc is needed, EDTA can be added to chelate 

the ions. 

 

 

 

 

 

 

 

 

  

  

  

Figure 12. DLS measurements of co-assembly -induced stability of [I1H4-60]-based 

nanoparticles. Zinc-stabilized nanoparticles (ELP1) exhibit the same size as the 

ELP1:ELP2 mixed micelles without zinc. ELP1 was mixed with ELP2 followed by heating 

at 37 ºC for 3 minutes. Protein concentration was 10 µM. 

2.4. In Vitro assessments of the ELP nanoparticles 

2.4.1. Cytotoxicity evaluation  

To evaluate the cytotoxicity of the [I1H4-60][A3G2-60] ELP 

nanoparticles, we performed the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS) (Promega®). Wild type (WT) HeLa cells were exposed 

to different concentrations of nanoparticles, namely 1.0, 0.5, 0.1, 0.01 and 1·10-

3 mg/ml supplemented with Zn2+ ions at concentrations of 60, 80, 100, 100 and 

120 M respectively. The nanoparticles were prepared in complete growth 

DMEM medium and measured on DLS at 37º C to test the self-assembly. DLS 

measurements showed that lower nanoparticle concentrations required higher 

Zn2+ concentrations for stabilizing the assemblies. As shown in Figure 15, the 

lower the ELP concentration, the bigger the nanoparticle size.  Prior to applying 
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the nanoparticles, the ELPs were heated at 37 ºC for 15 min to allow self-

assembly. After up to 48hrs of incubation with the cells, we performed the MTS 

assay. Using a plate reader, we measured the absorbance at 490 nm every 30 

min. Results proved the biocompatibility of the ELP nanoparticles with almost 

100% cell viability at concentrations up to 1mg/ml (Figure 16). 

Figure 13. Characterization of co-assembly behavior as a function of pH and 

temperature. All the samples were formulated in PBS at 10 µM. ELP1 nanoparticles were 

prepared by the addition of 60 µM zinc. For the co-assembly, ELP1 and ELP2 were mixed 

and heated at 37 ºC for 3 minutes.  A) Formation of mixed micelles with different ratios of 

ELP2 to ELP1. B) Effect of temperature on micelle formation. C) Effect of pH on the self-

assembly of ELP1 and co-assembly of ELP1 and 2.  
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Figure 15. DLS measurement of different concentrations nanoparticles in presence of 

Zn2+ ions.  The nanoparticles were formulated in DMEM culture medium at concentrations 

1.0, 0.5, 0.1, 0.01 and 1·10-3 mg/ml supplemented with Zn2+ ions at concentrations 60, 

80, 100, 100 and 120 M respectively. 

 

3.2 Cellular uptake of nanoparticles 

In drug delivery applications, pH-sensitive nanocarriers can be 

developed by the addition of “titratable groups” such as amines and carboxylic 

acids in order to control the self-assembly and the drug release. Histidine-rich 

polymers show pH-responsiveness due to the amphoteric properties of the 

imidazole ring. Moreover, they exhibit pH-triggered drug release behavior as the 

poly-histidine produces a proton sponge effect for endosomal escape.37  In order 

to study the internalization and the colocalization of our ELP1 nanoparticles, we 

labeled them with the fluorescent dye  Rhodamine-B isothiocyanate (RhB). We 

examined 3 different labeling percentages, 2.5, 5, and 10% to determine the 

best signal for the cell uptake experiments in WT HeLa cells. We chose 10 %-

labeled nanoparticles to evaluate the cellular uptake at different time points. We 

found that the cellular uptake of the nanoparticles occurred between 4 hrs and 

24 hrs.38,39 Around the sixth hour, the particles started to accumulate on the cell 

membrane, followed by endocytosis.40 The acidic pH of the lysosomes resulted 

in protonation of the histidines, followed by the disassembly of the nanoparticles. 

This process could be determined by the fact that after 24 h, the RhB dye ELP 

conjugate was observed in the cytoplasm and the nucleus of the HeLa cells 

(Figure 17 & ), which implied it was molecularly dissolved.   
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Figure 16. HeLa cell viability after 24 and 48 hrs of incubation with ELP [I1H4-60][A3G2-

60]  nanoparticles. The nanoparticles showed no toxic effect at concentrations up to 1.0 

mg/ml. Error bars are standard error (SEM) with N= 5. 
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3. Conclusion 

Elastin-like polypeptides (ELP) exhibit many advantages as building 

blocks for drug carriers. They are biocompatible and biodegradable as well as 

demonstrate low toxicity. ELPs can self-assemble upon changes in temperature 

via a process known as lower critical solution temperature (LCST) behavior. 

When ELP-diblock copolypeptides are used with blocks with different transition 

temperatures well-defined nanoparticles can be formed. In this chapter we have 

shown the development of an interesting biocompatible and pH-responsive 

diblock, [I1H4-60][A3G2-60] (ELP1). This sequence exhibits pH-responsiveness 

and disassembles in the mildly acidic conditions that characterize the 

extracellular regions of tumor cells. The His-rich block copolymer is hydrophilic 

and fully water soluble at physiological conditions. Self-assembly into micelles 

could be triggered by the addition of divalent metal ions, with Zn2+ being the most 

suitable one. Zinc is a non-toxic metal ion and has a tolerable plasma 

concentration of 200 μM 41. Increasing the Zn2+ concentration stabilized the 

nanoparticles over a large temperature window (4 ºC -45 ºC).   Also, the 

nanoparticles showed a pH-triggered disassembly when the pH of the incubation 

conditions was changed from physiological pH 7.4 to pH 5.5 (early endosomal 

pH) and lower. In vitro studies confirmed the biocompatibility of the ELP1 

nanoparticles. It was also shown that these nanoparticles were taken up by cells 

and localized in the endosomes where they underwent acidic pH-triggered 

disassembly. We further explored the potential of ELP1 in its co-assembly with 

the [A3G2-60][I-60] diblock (ELP2) which is not responsive to pH and metal ions. 

Combination of ELP1:ELP2 mixtures resulted in stable nanoparticles without the 

need to add metal ions. Due to ELP1-ELP2 co-assembly the pH-sensitivity of the 

ELP1 diblock was lost and the mixture disassembled at temperatures below 25° 

C.  Addition of zinc led to improved stabilization of the co-assembled particles. 

This co-assembly approach will allow the creation of modular micelles with 

multiple functionalizations and cargo loading potential. This can open the door 

to explore novel systems that are more suited for targeted drug delivery in the 

clinic. In the coming chapters, we will demonstrate the utilization of the His-

based ELP nanoparticles for the delivery of siRNA exploiting the enhanced 

stability of the nanoparticles to form siRNA- ELP assemblies that protect the 

siRNA molecules from degradation. Moreover, as a proof of concept, we will 

demonstrate co-assembled nanoparticles with HER2-targeting capacity.  
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4. Experimental section  

All chemicals were purchased from Sigma-Aldrich and used as received 

unless specified otherwise.   

4.1. Cloning and expression of ELPs  

The cloning protocol for recursive-directional ligation was adapted from 

literature11. Two separate ELP plasmids were designed. The first plasmid 

encoded for the [A3G2-60] block and the other one encoded for the [I1H4-60] 

block. The plasmid containing the N-terminal part of the block was cut with BglI 

and AcuI while the block containing the C-terminal part was cut with BglI and 

BseRI. The digested sequences were ligated together using T4 DNA ligase 

(NEBiolabs). The new plasmid encoding for the [I1H4-60][A3G2-60] diblock was 

transformed into XL-10 Gold (Agilant) and some colonies were cultured in LB 

medium with 50 µg/ml kanamycin. The DNA was extracted and screened for the 

correct ligation using restriction digestion and DNA sequencing. The sequencing 

results were analyzed by Benchling software.  The ELP plasmids were 

transformed into E.coli BLR(DE3) cells  (Invitrogen) and grown on agar plates 

containing 30 µg/mL kanamycin overnight at 37 °C. A single colony was selected 

and grown overnight at 37 °C, 250 rpm in LB medium containing 50 µg/mL 

kanamycin and 0.5% w/v D-glucose. The overnight culture was diluted to an 

OD600 of 0.1 in filter-sterilized AIM TB medium (Formedium) containing 6 g/L 

glycerol, 0.005 % Antifoam 204 and 100 µg/mL kanamycin. Cells were grown at 

300 rpm at 30 °C for 24 hours. Cells were collected by centrifugation at 4500 g, 

4 °C for 15 minutes. For cytoplasmic extraction, 1 g of wet cell pellet was 

resuspended in 10 mL phosphate buffered saline pH 7.4, 1 mM PMSF, 

cOmplete™ Protease Inhibitor Cocktail, 0.5 mg/mL lysozyme. Cells were lysed 

by a Sonics Vibra-Cell VC 750 sonicator (power level 7, 12 cycles of 10 s 

sonication, 10 s breaks). Cell debris was collected by centrifugation at 13,000 g 

at 4 °C for 15 min. Residual DNA was precipitated by adding 0.5 % w/v 

poly(ethylene imine) and removed by centrifugation at 13,000 g at 4 °C for 30 

min. Once a clear lysate was obtained, the ELPs were precipitated by adding a 

saturated solution of (NH4)2SO4 up to 10-25 v/v%.  The mixtures were incubated 

at room temperature to enhance the precipitation. Proteins were collected by 

centrifugation at 13,000 g at 28-30 °C for 30 min. The pellet was resuspended 

in phosphate buffered saline and centrifuged to remove insoluble contaminants 

at 13,000 g at 4 °C for 20 min. These ITC cycles were repeated until sufficient 

purity was obtained, usually after 2-3 cycles. To obtain higher protein purity, the 

ELPs were purified on a HiLoad 16/600 Superdex 200 column and desalted on 

a HiPrep 26/10 (GE Healthcare Life Sciences) with an NGC-Chromatography 
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system (Biorad) at 1 mL/min PBS and 4 mL/min MilliQ, respectively. Residual 

salt concentration was below 0.01 mg/mL as determined by conductivity. The 

ELP solution was filter-sterilized with 0.22 µm PES syringe filters (Nalgene) and 

freeze-dried. The yield was determined by weighing.  

4.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE)  

Proteins were run under non-reducing conditions on 4-20% Mini-

PROTEAN® TGX™ Precast Gels, Promega. The electrophoresis was carried out 

at constant voltage (150V) for 1 hr. Gels were stained with Bio-Safe™ 

Coomassie Stain (Biorad). 

4.3. Quad Time of Flight (Q-tof) mass spectrometry (Q-TOF)  

Mass was determined using a High-Resolution LC-MS system 

consisting of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 

Quadrupole Time of Flight (Q-ToF). Freeze dried samples were resuspended in 

MilliQ to a concentration of 1 µM. the samples were acidified with 0.1% formic 

acid upon injection. The protein was separated (0.3 mL/min) on the column 

(Polaris C18A reverse phase column 2.0 x 100 mm, Agilent) using a 15% to 

75% acetonitrile gradient in water supplemented with 0.1% v/v formic acid 

before analysis in positive mode in the mass spectrometer. Deconvolution of the 

m/z spectra was done using the MaxENTI algorithm in the Masslynx v4.1 

(SCN862). 

4.4. UV-Vis Spectroscopy 

Spectroscopy experiments were performed with a V-650 UV-Vis 

spectrophotometer (Jasco). Quartz cuvettes (Hellma) with a path length of 10 

mm were used. For ramping experiments, the heating rate was set to 0.2 °C/min 

with data collection each 0.2 °C.  

4.5. Dynamic light scattering   

Samples were diluted in PBS pH 7.4. Measurements were performed 

on a Malvern Zetasizer Nano. Samples were equilibrated for 5 minutes at 37 °C 

before data collection. Reported values are averages of 3 independent 

measurements. For temperature-induced disassembly, the samples were 

measured at 4.0 °C. 

4.6. Hollow fiber flow field-flow fractionation (HF5)  

The measurements were performed using the Wyatt Eclipse hollow fiber 

system connected to a Wyatt DAWN HELEOS II light scattering detector with a 
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Wyatt Optilab Rex refractive index detector. The hollow fiber (HF) cartridge was 

pre-equilibrated with 1x PBS pH 7.4 buffer, followed by calibration using Bovine 

Serum Albumin. Typically, 40 μL ELP particle solution of 10.0 mg/mL (200 µM) 

was injected while heated up to 37 °C during the experiment. The data were 

analyzed using ASTRA 7.0.1.24 software. 2.5.7. 

Table 5. overview of the method used on the hollow fiber-AF4. 

Duration (min) Mode 
Cross flow rate 

start (mL/min) 
Cross flow rate 

end (mL/min) 

2.00 Elution 0.65 0.65 

1.00 Focus   

4.00 Focus+ Inject   

3.00 Elution 0.65 0.65 

10.00 Elution 0.65 0.15 

20.00 Elution 0.15 0.15 

5.00 Elution+ inject 0.00 0.00 

4.7. Rhodamine-B isothiocyanate- (RhB-) labeled ELPs 

Freeze-dried ELPs were resuspended in 50 mM NaHCO3 pH 7.6-7.9. 

Rhodamine-B isothiocyanate was resuspended in DMSO and added dropwise 

to the protein solution. The molar ratio ELP1 to Rhodamine-B isothiocyanate was 

1:1. The reaction was allowed to proceed for 4 hours at 21 °C, 200 rpm. 

Unreacted dye was removed by dialysis against MilliQ using Amicon Ultra-0.5 

spin filter units (Millipore, 10 kDa MWCO). The protein was eluted in MQ and 

freeze-dried to estimate the final yield. The labeling efficiency (between 50-60%) 

was determined as follows: efficiency of labeling = concentration of incorporated 

fluorophore/concentration of protein.  

4.8. Cytotoxicity assay  

HeLa wild type (WT) cells were maintained in Dulbecco's modified 

eagle's medium (GIBCO, Life Technologies Invitrogen) supplemented with 10% 

(v/v) fetal bovine serum (FBS) (GIBCO, Life Technologies). To perform the 

assay, the cells were seeded in a 96-well plate (104 cells/well) and incubated in 

a humidified atmosphere of 95% air – 5% CO2 at 37° C for 24 hrs. The 

nanoparticles were prepared in complete growth medium at different 

concentrations of ELP1 namely 1.0, 0.5, 0.1, 0.01 mg/ml. Prior to addition, the 

nanoparticles were incubated at 37°C for 15 min. The cells were incubated with 

the nanoparticles for 24 and 48 hrs. Afterward, the cells were washed with PBS 
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and cell viability was examined using CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS), Promega. The untreated cells and dead cells were 

used as a negative control. The cells were examined with the SPARK® 

multimode microplate reader. 

4.9. Cell-uptake experiments 

HeLa wild type (WT) cells were maintained in Dulbecco's modified 

eagle's medium (GIBCO, Life Technologies Invitrogen) supplemented with 10% 

(v/v) fetal bovine serum (FBS) (GIBCO, Life Technologies). To perform the 

assay, the cells were seeded in 96-well plate (5000 cell/well) and incubated in a 

humidified atmosphere of 95% air – 5% CO2 at 37° C.  The labeled nanoparticles 

were prepared with different amounts of ELP1 conjugated to Rhodamine-B, 2%, 

5%, and 10%. The labeled nanoparticles were formulated in DMEM, 10 % FBS  

at concentration of 0.5 mg/ml and were stabilized with 80 µM Zn2. Prior to the 

addition, the nanoparticles were incubated at 37° C for 15 min. The cells were 

incubated for different time points, subsequently the cells were washed with 

PBS, and the nucleus was stained with Hoechst dye while low pH compartments 

(lysosomes) were stained with LysoTracker™, and the cell membrane with 

CellMask™ green. The untreated cells were used as negative control. The cells 

were kept in phenol red-free MEM and were examined immediately with the Live-

cell Leica TCS SP5 confocal microscope.  
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6. Appendix 

 

 

 

 

 

 

 

 

 

 

Figure A.1. The modified pET24a(+) plasmid after cloning of the fused ELP sequences, 

using Benchling online software. 

 

 

 

 

 

  

 

Figure A.2. Distribution of radius of gyration (Rg) to hydrodynamic radius of [I1H4-

60][A3G2-60] based micelles obtained from AF5.  
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Figure A.3. Size of [I1H4-60][A3G2-60]nanoparticles before (up) and after (bottom) 

sample drying 
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Table A.1. Protein sequence of the ELP 

Construct 

name 
Amino acid sequence 

[A3G2-60] MVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGV

PGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPG

AGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGG

VPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVP

GGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGA

GVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGV

PGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPG

GGVPGGGY 

[I1H4-60] 

 

MVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVP

GHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHG

VPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPG

IGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGV

PGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGH

GVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVP

GHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGH

GY 

 

Table A.2. Effect of Zn2+ concentration and temperature on micelle stabilization 

 Zinc concentration (M) 

ELP concentration 

(µM) 
PBS OptiMEM DMEM, 5%FBS 

40 40 60 60 

20 60 80 80 

10 60-80 80 100 

5 80 80 100 

2.5 100 100 100 

 

Table A.3. Overview of the stabilization systems used in the study 

 

Method of 

stabilization 

Zinc ions 

needed 

pH-

responsiveness 
Tt micelles 

Avg size 

(pH 7.4) 

Metal ions 60 µM 
Disassembly  

 >6.5 

Depends on Zinc 

concentration 
40 d.nm 

Co-assembly 0 µM 
Stable between 

4.5 -7.4 
25 ºC 42 d.nm 
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1. Introduction 

With the increased awareness of the limitations of conventional 

chemotherapies in cancer treatment, much attention has been paid to more 

target-specific and safer therapies such as RNA interference (RNAi). RNAi 

involves endogenous post-transcriptional gene silencing induced via small 

regulatory RNAs including small interfering RNA (siRNA), small hairpin RNA 

(shRNA), and microRNA (miRNA).1 The RNAi pathway was first discovered in 

the nematode worm Caenorhabditis elegans 2 and was found later to be effective 

in mammalian cells.3 The RNAi mechanism starts with either delivery of the long, 

double-stranded RNAs (dsRNA) to the cells or intracellular expression of dsRNA 

from plasmids. The dsRNA strand then is processed into short 21– 23 base pair 

(bp) fragments, siRNAs, by an endogenous RNase III-type enzyme known as 

Dicer.4 The resulting siRNA is loaded into an RNA-induced silencing complex 

(RISC). Argonaute 2 (Ago2), an enzymatic component of RISC, cleaves and 

unwinds the siRNA into two single-stranded siRNAs; the passenger (sense) 

strand and the guide (antisense) strand. The guide strand then binds to the RISC 

complex while the passenger strand is degraded. The siRNA guide strand 

directs the RISC complex to target the complementary mRNA molecules. Once 

the siRNA binds to its target mRNA, the endonuclease region of RISC induces 

mRNA cleavage. The cleaved mRNA is subsequently degraded by intracellular 

nucleases and in turn no translation to the corresponding protein takes place. 

This results in silencing the gene that encodes the degraded mRNA (Figure 1).  

Although siRNA has been found to be very effective in gene silencing in 

cancer cells, systemic in vivo delivery of siRNA is met with a number of limitations 

such as;1) cationic carriers used to form a complex with the naked siRNA often 

impede its cellular internalization, 2) siRNA can be degraded by serum 

nucleases, 3) it can trigger the immune system and be cleared fast via the 

kidneys.5 Therefore, targeted, safe, and stable delivery systems are needed to 

facilitate uptake by target cells while preserving the integrity of the siRNA. 

Moreover, the optimal delivery system should prevent in vivo opsonization that 

leads to recognition by phagocytes and subsequent clearance from the body. 

Common in vivo siRNA delivery systems are viral vectors such as adeno-

associated viruses 6 and non-viral nano-vehicles such as cationic lipids 7, 

polymers 8, peptides 9, and small molecules.10  

Recently, protein-based polymers have attracted much attention as 

building blocks for nanocarrier systems as they offer long-half life and low 

immunogenicity.11 Elastin-like polypeptide (ELP)-based polymers present an 

interesting class of protein-based biopolymers.  They are biocompatible 12, 
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biodegradable 13, 14  and, since they are produced via protein engineering, are 

obtained with high control over composition and size.15 ELPs exhibit lower critical 

solution temperature (LCST) behavior, they can undergo a reversible phase 

transition from a water-soluble to an aggregated state. This characteristic allows 

the ELPs to form nanoparticles without the need for organic solvents commonly 

used in the preparation of polymer-based particles. The ELPs can easily be 

designed and produced by genetic engineering with control over the sequence 

and thus the chemical properties. By modifying the amino acid composition by 

adding more positively charged residues we can combine its assembly behavior 

with the feature to encapsulate siRNA, thereby protecting it from being degraded 

by the intracellular nucleases in the cytoplasm.16,17 

 

Figure 1. A schematic representation of the siRNA mechanism of action. 

As described in Chapter 2, a pH-triggerable ELP diblock polypeptide 

was developed. This diblock formed stable nanoparticles upon the addition of 

zinc ions, due to the presence of histidine residues in the hydrophobic domain. 

Here we investigate the capability of these nanoparticles to allow binding of 

siRNA molecules by extending the ELP sequence [I1H4-60][A3G2-60] with a 

cationic oligolysine tag at the N-terminus of the hydrophobic core. The presence 

of these additional lysines enabled us to encapsulate siRNA. The nanoparticles 

provided long-term stability of the siRNA during formation and storage. The ELP 

nanoparticles were investigated for their siRNA delivery in vitro. They proved to 
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be biocompatible when incubated with HeLa cells. We could demonstrate 

effective cellular uptake of the nanoparticles. Moreover, anti-luciferase siRNA 

(siLuc) was effectively encapsulated in the hydrophobic core and was shown to 

be very effective in down-regulating protein expression.  

2. Results and discussion  

2.1. Design and cloning of oligo lysine containing genes 

In order to encapsulate siRNA molecules in the hydrophobic core of the 

ELP nanoparticles, we extended the His-containing ELP sequence of Chapter 2 

with an N-terminal tag of repeats of 10 lysine residues. For this purpose, we 

synthesized separate oligonucleotides (sense and anti-sense) and annealed 

them together. Then, the annealed double-stranded DNA was cloned into the 

pET24(a+)-[I1H4-60][A3G2-60] ELP plasmid at the N-terminus of the hydrophobic 

block using BseRI restriction digestion. The modified ELP construct was 

transformed into E. coli XL10-Gold® (Agilent) cells, followed by DNA extraction 

and screening for correct sequences. The sequences were analyzed by ExPasy 

online software. The cloning of the annealed oligonucleotides resulted in new 

constructs with one, two, or multiple (up to 6) repeats of lysine carrier (Lys)1-6-

[I1H4-60][A3G2-60]. One repeat encodes for 10 lysine amino acids. We then 

transformed the DNA plasmids with the different constructs into E. coli BLR(DE3) 

(Novagen) cells for protein expression and characterization. 

2.2. Expression and purification of (Lys)x-[I1H4-60][A3G2-60] 

We applied the same expression and purification method mentioned in 

the previous chapter. Briefly,  a pre-culture from a fresh colony was grown in LB 

medium and used to inoculate 600-800 mL AIM medium in 2.5 L Thomson’s 

Ultra Yield™ Flasks. The cultures were grown at 25 to 30 °C for 24-30 hours at 

300rpm. Protein expression was continued until the optimal density (O.D 600= 

30-35) was reached. For cell lysis, we resuspended the cell pellet in EDTA-free 

cold PBS, followed by enzymatic lysis with recombinant lysozyme (rLysozyme™), 

combined with mechanical disruption using either sonication or high-pressure 

homogenization. For the lysine-containing proteins, the addition of PEI to the cell 

resuspension prevented the nucleic acids to bind to the positively charged lysine 

residues.  
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ELP purification was performed using salt-induced precipitation at a 

relatively higher temperature. In accordance with the Hofmeister series, it was 

found that a saturated solution of the more kosmotropic ammonium sulfate was 

very effective in protein purification. For the (Lys)x-[I1H4-60][A3G2-60] it was 

required to employ a 40% solution for efficient precipitation as the lysine 

oligopeptide increased the transition temperature of the ELP. Purified ELP 

proteins were obtained after 2-3 inverse transition cycles (ITC). Benzonase® 

was added to the PBS during the ITCs to ensure the degradation of any DNA 

contaminants. Figure 2 shows the polypeptides after 3 ITCs and size- exclusion 

chromatography to remove minor residual impurities. We visualized the 

polypeptides using sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Only the ELP with one repeat of lysine oligopeptide (Lys)1-[I1H4-

60][A3G2-60]  could be effectively expressed and purified. Possible reasons for 

this are that more lysine residues might cause toxicity to the E. coli cells and that 

proteins with more than one repeat of the oligopeptide became too hydrophilic 

to be precipitated by regular methods. Compared to the protein ladder, the ELPs 

migrated further than the expected MW because of the high content of histidine 

residues; similar results were previously observed by McPherson and Meyer.18,19 

To further verify the MW of the ELPs, purity, and exact mass of the protein were 

determined using High-Resolution LC-MS (Table 1).  

 
Figure 2. Purification of ELP diblocks by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). The proteins were stained using Bio-Safe™ Coomassie 

Stain. Wells 1-6 refer to the ITC purification; (1) Cell lysate. (2) 1st salt precipitation. (3) 

1st cold spin. (4) E. coli contaminant pellet. (5) and (6) [I1H4-60][A3G2-60] and (Lys)1-
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[I1H4-60][A3G2-60] after 3 ITCs, respectively. (7) and (8) [I1H4-60][A3G2-60] and (Lys)1-

[I1H4-60][A3G2-60] after FPLC purification, respectively.  

Table 1. Yield and measured masses of various ELPs. The expected mass was 

calculated with ProtParam, ExPASy online software. The actual mass was measured with 

qTOF mass spectrometry. 

 

2.3. Preparation and physicochemical characterization of siLuc-loaded 

ELP nanoparticles 

ELP-based nanoparticles have emerged as a non-viral gene delivery 

system that has been applied in vivo to target tumor cells effectively.17  ELPs 

provide favorable characteristics as they do not exhibit any intrinsic cytotoxicity 

compared to viral systems.20 Besides, they can be easily produced and modified 

by DNA technologies that do not require any special complex chemical synthesis 

steps as for example cationic polymers21. Finally, their amino acid composition 

allows ELPs to be degraded into non-toxic metabolites.22 The siRNA mediated 

gene silencing depends, in the first place, on the protection of the siRNA 

molecules from enzymatic degradation until they are delivered to the intracellular 

target site, the cytoplasm.23 Therefore, binding of the siRNA in the hydrophobic 

core via complexation to the cationic carrier of (Lys)1-[I1H4-60][A3G2-60] is 

essential for its protection. In addition to the promising thermo- and pH-sensitive 

characteristics that distinguished our His-rich ELP platform in Chapter 2, we 

hypothesized that the positive lysine residues would facilitate siRNA 

condensation. Furthermore, upon addition of zinc ions nanoparticles with 

enhanced stability would be formed which would shield the siRNA effectively 

from degradation, thereby increasing its half-life.  

In order to obtain siRNA-loaded nanoparticles, we investigated several 

parameters; 1) the amount of the nucleic acids needed to neutralize the lysine 

carrier (N/P ratio), 2) the effect of histidine and zinc ions on siRNA encapsulation 

and 3) the pH-responsiveness of the nanoparticles.  First, to ensure efficient 

encapsulation of the siRNA into the nanoparticles, the amine (lysine) to 

phosphate (siRNA) ratio (N/P) was calculated24, which is the amount of the 

(Lys)1-[I1H4-60][A3G2-60] polymer needed to neutralize 1µg siRNA.25 Before 

encapsulation, it was important to test the Lys-ELP polymer for contamination 

Protein 
Yield 

(mg/L) 

Theoretical mass 

(g/mol) 

Measured Mass 

(g/mol) 

[I1H4-60][A3G2-60] 15-20 49349.38 49349.60 

(Lys)1-[I1H4-60][A3G2-60] 10-15 50688.18 50688.10 
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with bacterial nucleic acids. For this purpose, ELP samples were loaded at a high 

concentration (10 mg/ml) on a 0.8% agarose gel. The absence of a band close 

to the well, as visualized by UV imaging, indicated the samples were not 

contaminated. In addition, sample filtration was performed before encapsulation 

to remove any possible aggregates. To investigate the loading and functional 

delivery of siRNA in vitro by the ELP nanoparticles, siLuc (Dharmacon Inc.) was 

used, which silences luciferase expression. siLuc was incubated with (Lys)1-

[I1H4-60][A3G2-60] at different N/P ratios. High-speed mixing of ELP with the 

siRNA was important to facilitate the electrostatic interactions between the lysine 

residues and the siRNA. To achieve the desired siRNA loading, ELPs were mixed 

with the siRNA in either PBS, HEPES, or MQ water and incubated at RT with 

shaking at 500- 700 rpm for 30 min. The siRNA-ELP complexation was assessed 

via a gel retardation assay.26 Complete binding of siRNA was observed at N/P 

≥ 6. It was shown that 200 µM of ELP can encapsulate up to 4 µg of siRNA 

(Figure 3 A). The solubility of the ELP at RT enhanced the binding of the siRNA 

to the lysine carrier approaching 100% encapsulation with no aggregation 

observed. To check whether the histidines were involved in the siRNA 

encapsulation, we compared the siRNA interactions with the [I1H4-60][A3G2-60] 

diblock at different pH values with (Lys)1-[I1H4-60][A3G2-60]. At pH 7.4, the 

histidines are deprotonated and no siRNA binding with the diblock [I1H4-

60][A3G2-60] was observed, as expected. However, even when the pH was 

lowered to 5.5 to ensure protonation of the histidines, no siRNA encapsulation 

was detected with this diblock, confirming that only the lysine carrier was 

involved with siRNA binding (Figure 3 B, C). The protonation of the His residues 

furthermore prevented the ELPs from forming particles. 
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Figure 3. Gel retardation assay of siRNA-ELP conjugates. A) Complex formation of 

(Lys)1-[I1H4-60][A3G2-60] with siLuc as a function of N/P ratio. B) siRNA complexation 

with (Lys)1-[I1H4-60][A3G2-60] (Lys-ELP) compared to [I1H4-60][A3G2-60] (Lys-free ELP). 

C) Effect of pH on siRNA encapsulation of protonated histidines of [I1H4-60][A3G2-60] 

(Lys-free ELP). M indicates 1kb DNA ladder.  

As reported in Chapter 2, zinc ions have a stabilizing effect on His-

containing ELP nanoparticles. The effect of Zn2+ on the siRNA-loaded 

nanoparticles was therefore also studied. When preparing the siRNA-loaded 

nanoparticles for in vitro drug delivery application, we took into consideration the 

amount of free zinc in the medium. As stated in the literature, to avoid cell toxicity 

A B 
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due to the presence of zinc, the free zinc ions concentration should be below 

100 µM 27.  To test the effect of the media on the micelle’s properties, we 

formulated the siLuc-loaded nanoparticles at a concentration of 0.5mg/ml in 

HEPES buffer, OptiMEM, and DMEM with 5% FBS at 37 ºC. Table 2 shows the 

overview of the siRNA-loaded nanoparticle characteristics measured by DLS. 

The amount of zinc chloride varied depending on the medium used; 60 µM for 

HEPES buffer, 80 µM for OptiMEM, and 120 for DMEM, 5% FBS. OptiMEM and 

DMEM contain components, such as proteins, that disturb the stability of the 

nanoparticles. For this reason, more zinc was added. The hydrodynamic size of 

the siRNA-loaded particles was not affected by the presence of Zn2+. The zeta 

potential (ζ )  was measured for nanoparticles prepared in MQ (0.0613 mV). We 

observed no differences between [I1H4-60][A3G2-60] and (Lys)1-[I1H4-60][A3G2-

60] confirming that the lysine residues were fully complexed with the phosphate 

backbone of the siRNA. Furthermore, we measured siLuc-ELP nanoparticles at 

different concentrations in DMEM, 5% FBS (Figure 4). The size of the 

nanoparticles slightly differed between the tested concentrations. More zinc, 

280 µM, was required at concentrations lower than 0.01 mg/ml to achieve 

particle stabilization. 

Table 2. Effect of type of medium on micelle size. SD=standard deviation. 

Medium Zn2+ (µM) Hydrodynamic radius (nm) Pdi 

HEPES 60-80 26 ± 5.2 0.169 

OptiMEM 80 29 ± 6.8 0.122 

DMEM with 5% FBS 120 32 ± 10.08 0.274 
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Figure 4. The average hydrodynamic size of siLuc-ELP nanoparticles at different 

concentrations of ELP at 37 ºC, prepared in DMEM culture medium supplemented with 

5% FBS.  

The pH responsiveness was also evaluated by DLS. We prepared 

siRNA-ELP solutions at 37 ºC in PBS at different pH values; 7.4, 6.5, 5.5, and 

4.5 with addition of 60 μM ZnCl2. The siRNA-ELP nanoparticles followed the 

same behavior as mentioned earlier for the [I1H4-60][A3G2-60]diblock. The 

siRNA-nanoparticles remained stable at pH 7.4 and 6.5 and disassembled as 

the pH was decreased to 5.5 (Table 3). 

Table 3. pH-responsiveness of siRNA-ELP nanoparticles. 

pH Zn2+ (µM) Average hydrodynamic radius (nm) Pdi 

7.4 60 25 0.10 

6.5 60 27 0.12 

5.5 60 10 0.4 

4.4 60 8 0.23 
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Storage stability is a critical property when considering drug delivery 

applications.28 We hypothesized that the zinc ions will increase the shelf-life of 

the siRNA nanoparticles. Thus, the siRNA-nanoparticles were prepared in PBS 

or HEPES, sealed in a glass vial, stored at 4 ºC, and then analyzed at the 

indicated time points. The siRNA-loaded nanoparticles showed retention of 

siRNA when prepared in concentrated volumes at 4 ºC for up to six months. This 

result was verified by a gel retardation assay after 3 months (T3) and 6 months 

(T6). The nanoparticles were able to protect the siRNA from degradation. The 

size of the nanoparticles was measured by DLS and showed no changes over 

time (Figure 5). Such encapsulation efficiency and siRNA stability are difficult to 

achieve with other systems 29. This stability allows the nanoparticle formulations 

to be stored at high concentrations, which can be diluted to the desired 

concentration with the appropriate medium for in vitro studies or in vivo 

applications. Moreover, when we apply the nanoparticles in a clinical setting, the 

amount of the zinc will depend on; 1) the encapsulated drug and whether the 

histidines of the nanoparticles will be involved in the drug encapsulations, 2) the 

final formulation (ex. formulating in buffer saline that requires a little amount of 

zinc) and 3) the concentration of the nanoparticles to be injected. Furthermore, 

when applied in vivo, additional studies should be done to check the toxicity of 

the zinc according to the final formulations. Moreover, we speculate that there 

will be any interaction between the nanoparticles and the free zinc in the body. 

We raise a question for future studies, if we inject unstable nanoparticles without 

the zinc, will they get stabilized in the blood stream once they interacted with the 

free zinc?!. 
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Figure 5. Shelf-life of zinc-stabilized nanoparticles after storage for 6 months at +4 ºC. 

(Left) The average hydrodynamic diameter of siRNA-ELP nanoparticles at different time 

points; at time of encapsulation (T0), after 3 months (T3), and after six months (T6). 

(Right) Gel retardation assay showing that the nanoparticles kept the integrity of the 

siRNA molecules. 

2.4. siRNA delivery and silencing activity 

The ability of the Lys-ELP nanoparticles to deliver siRNA was 

investigated by targeted gene silencing in vitro. HeLa cells stably expressing 

luciferase (HeLa Luc) were used for the delivery of luciferase siRNA. siLuc was 

encapsulated into ELP nanoparticles at final concentrations of 1.0 and 0.5 µg/ml 

for siRNA with final nanoparticle concentrations of 1.0 and 0.5 mg/ml, 

respectively. Commercial transfection agent, Lipofectamine 2000, was used as 

a positive control with the same siRNA concentrations. The nanoparticles and 

Lipofectamine samples were formulated in OptiMEM, and HeLa Luc cells were 

incubated with the nanoparticles for 24 hrs. The medium was subsequently 

changed, and cells were incubated for 72 hrs. We assessed the luciferase 

downregulation by the Luciferase Assay System (Promega). Figure 6 shows the 

siRNA-ELP conjugates were highly effective in down-regulating luciferase 

expression, thereby outperforming the Lipofectamine complex.17 No change in 

luciferase gene knockdown was observed between different nanoparticle 

concentrations.  

Figure 6. Normalized luciferase gene silencing after cell transfection of HeLa Luc cells 

with siLuc-loaded nanoparticles at different concentrations. Error bars are standard error 

(SEM) with N= 3. 
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Moreover, we studied the time-dependent siRNA release profile. Using 

the same concentration, the nanoparticles were incubated with the HeLa Luc 

cells for different time periods, namely; 4, 6, 10, and 24 hrs. The same conditions 

were applied for the siLuc-Lipofectamine complexes as a positive control. We 

found that there was a time-dependent effect of the ELP nanoparticles; with 

increased exposure time, gene silencing, and subsequent protein 

downregulation was enhanced.29,30  On the other hand, there was no time-

dependent effect of the siLuc-Lipofectamine complex (Figure 7). These results 

could be due to the positive charge of the lipofectamine complex, leading to 

faster uptake of siLuc-Lipofectamine compared to the siLuc-ELP nanoparticles 

that require at least 12-24 hrs to be fully internalized into the cells. These results 

are consistent with the uptake studies of the Rh-B-labeled nanoparticles in the 

previous chapter. For future studies, we recommend using more controls such 

as comparing silencing effect different siRNAs such as luciferase siRNA vs GFP 

siRNA as well as assessing cellular toxicity due to the siRNA concentrations.  

Figure 7. Normalized luciferase activity after transfection of siLuc-loaded nanoparticles 

for different time intervals. Results show that more protein downregulation was obtained 

upon longer exposure times. The data are normalized to the untreated cells. Error bars 

are standard error (SEM) with N= 3. 
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3. Conclusion 

This chapter describes a promising non-viral gene delivery system 

based on elastin-like polypeptides functionalized with a cationic complexation 

domain. We developed a biocompatible and biodegradable carrier system where 

the presence of histidine residues in the hydrophobic domain of the ELP diblock 

provided pH-responsiveness and the ability for particle stabilization via chelation 

to zinc ions. The His-rich ELP was genetically modified with an oligolysine 

cationic carrier at the hydrophobic chain end. Lys-ELP successfully 

encapsulated siLuc and self-assembled into micellar nanoparticles that were 

stable at physiological conditions. Upon introduction of Zn2+ the siRNA-loaded 

micelles showed great stability in serum and had a long shelf-life for up to 6 

months. Luciferase expression was significantly downregulated when HeLa Luc 

cells were incubated with siLuc-loaded nanoparticles. In addition, the 

nanoparticles showed time-dependent gene licensing. The highest protein 

downregulation was observed after transfection for 24 hrs. This ELP-based 

system presents an efficient and promising platform for siRNA storage and 

delivery, which can potentially be applied in the clinical translation of siRNA 

therapeutics.  
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4. Experimental section  

All chemicals were purchased from Sigma-Aldrich and used as received unless 

specified otherwise.   

4.1. Cloning and expression of ELPs  

The cloning protocol for recursive-directional ligation was adapted from 

literature31. Briefly, the plasmid containing the N-terminal part of the block was 

cut with BglI and AcuI while the block containing the C-terminal part was cut with 

BglI and BseRI. The oligonucleotide sequence encoding for 10 lysine residue 

was introduced into the plasmid pET24a(+)-ELP by designing oligos with 

compatible overhangs for BseRI. Recursive-directional ligation was then used to 

add oligo-lysine to the ELP coding sequence.  The lyophilized oligos were 

resuspended in the annealing buffer (10mM Tris, pH7.5-8.0, 50mM NaCl, 1mM 

EDTA) and mixed in equimolar concentrations. Then, we incubated the oligos 

mixture at 90-95°C (hot block heating) for 3-5 minutes. The mixture was slowly 

cooled to room temperature for about 45 minutes. The modified plasmid was 

transformed into XL-10 Gold cells (Invitrogen) which were cultured on LB agar 

plates containing 50 µg/mL kanamycin. Several colonies were used to inoculate 

5 ml LB medium containing 50 µg/mL kanamycin and the cultures were 

incubated overnight at 37 °C, 250 rpm. The DNA was extracted and sequenced. 

The correct plasmid sequence was confirmed by ExPasy and Benchling online 

software. 

The ELP plasmids were transformed into E.coli BLR(DE3) cells  

(Invitrogen) and grown on agar plates containing 30 µg/mL kanamycin overnight 

at 37 °C. A single colony was grown overnight at 37 °C, 250 rpm in LB medium 

containing 50 µg/mL kanamycin, and 0.5% w/v D-glucose. The overnight culture 

was diluted to an OD600 of 0.1 in filter-sterilized AIM TB medium (Formedium) 

containing 6 g/L glycerol, 0.005 % Antifoam 204, and 100 µg/mL kanamycin. 

Cells were grown at 300 rpm at 30 °C for 24 hours. Cells were collected by 

centrifugation at 4500 g, 4 °C for 15 minutes. For cytoplasmic extraction, 1 g of 

wet cell pellet was resuspended in 10 mL phosphate-buffered saline pH 7.4, 1 

mM PMSF, cOmplete™ Protease Inhibitor Cocktail, 0.5 mg/mL lysozyme. Cells 

were lysed by a Sonics Vibra-Cell VC 750 sonicator (power level 7, 12 cycles of 

10 s sonication, 10 s breaks). Cell debris was collected by centrifugation at 

13,000 g at 4 °C for 15 min. Residual DNA was precipitated by adding 0.5 % 

w/v poly(ethylene imine) and removed by centrifugation at 13,000 g at 4 °C for 

30 min. In the case of Lys-ELP diblock, an extra 0.5 % w/v poly(ethylene imine) 

was added to the lysis buffer to prevent the binding of the nucleic acids to the 
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protein during the lysis. Once a clear lysate was obtained, the ELPs were 

precipitated by adding a saturated solution of (NH4)2SO4 up to 10-25 v/v% in 

case of normal diblock and up to 40% for the lysine-containing diblock.  The 

mixtures were incubated at room temperature to enhance the precipitation. 

Proteins were collected by centrifugation at 13,000 g at 28-30 °C for 30 min. 

The pellet was resuspended in phosphate-buffered saline and centrifuged to 

remove insoluble contaminants at 13,000 g at 4 °C for 20 min. These ITC cycles 

were repeated until sufficient purity was obtained, usually after 2-3 cycles. To 

obtain higher protein purity, the ELPs were purified on a HiLoad 16/600 

Superdex 200 column and desalted on a HiPrep 26/10 (GE Healthcare Life 

Sciences) with an NGC-Chromatography system (Biorad) at 1 mL/min PBS and 

4 mL/min MilliQ, respectively. Residual salt concentration was below 0.01 

mg/mL as determined by conductivity measurements. The ELP solution was 

filter-sterilized with 0.22 µm PES syringe filters (Nalgene) and freeze-dried. The 

yield was determined by weighing.  

4.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE)  

Proteins were run under non-reducing conditions on 4-20% Mini-

PROTEAN® TGX™ Precast Gels, Promega. The electrophoresis was carried out 

at constant voltage (150V) for 1 hr. Gels were stained with Bio-Safe™ 

Coomassie Stain (Biorad). 

4.3 Quad Time of Flight (Q-tof) mass spectrometry (Q-TOF)  

Mass was determined by a High-Resolution LC-MS system consisting 

of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole 

Time of Flight (Q-ToF). Freeze-dried samples were resuspended in MilliQ to a 

concentration of 1 µM. The samples were acidified with 0.1% formic acid upon 

injection. The protein was separated (0.3 mL/min) by column chromatography 

(Polaris C18A reverse phase column 2.0 x 100 mm, Agilent) using a 15% to 

75% acetonitrile gradient in water supplemented with 0.1% v/v formic acid 

before analysis in the positive mode in the mass spectrometer. Deconvolution of 

the m/z spectra was done using the MaxENTI algorithm in the Masslynx v4.1 

(SCN862). 

 4.4. Dynamic light scattering   

Samples were diluted in PBS pH 7.4. Measurements were performed 

on a Malvern Zetasizer Nano. Samples were equilibrated for 5 minutes at 37 °C 

before data collection. Reported values are averages of 3 independent 
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measurements. For temperature-induced disassembly, the samples were 

measured at 4.0 °C.  

4.5. siRNA encapsulation and gel retardation assay 

The Lys-ELPs were prepared at a final concentration of 10 mg/ml in PBS 

or 50 µM HEPES buffer, pH 7.4. The siRNA was prepared in nucleases-free 

water and stored in small aliquots at -80º C. SiRNA-ELP complexes were 

prepared by mixing 100 µl ELP solution with different concentrations of siRNA. 

The mixtures were vortexed at 500 rpm for 30 min at 20 º C. The complexation 

of the siRNA with the cationic carrier was investigated using agarose gel 

electrophoresis. The agarose gel was prepared at a concentration of 0.8% on 

tris-acetate-ETDA (TAE) buffer containing SYBR™ Safe DNA gel stain 

(Thermofisher). The samples were mixed with purple loading dye, followed by 

electrophoresis at 95 V for 40 minutes. Naked siRNA and unfunctionalized ELP 

were used as negative control. The siRNA bands were detected using a UV 

transilluminator (GE imagequant 350).  

4.6.  Cell transfection and determination of luciferase activity 

HeLa luciferase (HeLa luc) cells were maintained in Dulbecco's modified 

eagle's medium (GIBCO, Life Technologies) supplemented with 10% (v/v) fetal 

bovine serum (FBS) (GIBCO, Life Technologies). Prior to the test, the cells were 

seeded in a 96-well plate (204 cells/well) and incubated in a humidified 

atmosphere of 95% air – 5% CO2 at 37° C and incubated for 24 hrs. The 

luciferase siRNA-loaded nanoparticles were prepared at N/P ratio=6 in OptiMEM 

with final nanoparticle concentrations of 1.0mg/ml and 0.5 mg/ ml. Commercial 

transfection agent, Lipofectamine 2000, was used as a positive control with a 

final siRNA concentration of 54nM. The cells were incubated with the siLuc-

loaded nanoparticles for 24 hrs followed by changing medium to DMEM, 10% 

FBS, and incubated for another 48hrs. Gene knock-down was evaluated using 

the luciferase assay system (Promega). The firefly luciferase knockdown was 

measured by the SPARK® multimode microplate reader at 490nm.  
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6. Appendix  

Table A.1. Sequences used in this study. 

Sequence name Sequence 

[A3G2-60] 

MVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVP

GGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAG

VPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPG

AGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGV

PGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGA

GVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVP

GAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGG

Y 

 

[I1H4-60] 

 

MVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPG

HGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVP

GHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGV

PGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHG

VPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGH

GVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPG

HGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGY 

 

Oligo-lysine top 

strand 

/5Phos/CTTTTTTTTTTTTTTCTTTTTTTTTTTTTTGCC 

 

Oligo-lysine 

bottom strand 

/5Phos/CAAAAAAAAAAAAAAGAAAAAAAAAAAAAAGGG 

 

Firefly luciferase 

siRNA 

(Dharmacon™) 

 

(sense 5′-CUUACGCUGAGUACUUCGAdTdT-3′) 

(antisense 5′-UCGAAGUACUCAGCGUAAGdTdT-3′) 
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1. Introduction 

All mammalian cells express different proteins to facilitate intracellular 

communication in order to preserve cell cycle processes, including proliferation 

and apoptosis. One of the main classes of signaling proteins is the RAS 

(Retrovirus-associated DNA sequences) protein family. This gene family was 

identified in Harvey and Kirsten murine sarcoma viruses whose genome was 

isolated by the passage of mouse type C leukemia viruses through rats.1 These 

genes include several isoforms; KRAS, HRAS, and NRAS. RAS proteins are part 

of a class of proteins called small guanosine triphosphate hydrolytic enzymes 

(GTPases). RAS signaling activates the mitogen-activated protein kinase 

(MAPK) cascade (or MEK) 2,3, which is also known as the RAS-RAF-MEK-ERK 

pathway. Briefly, RAS protein activates RAF kinase, which subsequently 

activates MEK, followed by activation of ERK kinase that then translocates to the 

nucleus to activate the transcription factors employed in a range of cellular 

activities, including cell proliferation, differentiation, and survival or death (Figure 

1). Tight regulation of this pathway is therefore crucial for the appropriate 

functioning of the cell. 

 

Figure 1. Simplified representation of MAPK pathway.  

Mutations in RAS proteins are involved in oncogenesis as it leads to 

permanent expression of RAS proteins that disturbs the cell signaling and 

consequently leads to deregulation of cell growth, programmed cell death, and 

the ability to induce new blood-vessel formation.4 RAS mutations are found in 

different human cancers, including nearly all pancreatic cancers, ~50% of 
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colorectal cancers, ~30% of lung cancers, and ~30% of low-grade serous 

ovarian cancers. These cancers require RAS signaling for continued proliferation 

and survival. This behavior is called oncogenic addiction or the physiological 

dependence on the continued activity of overexpressed oncogenes for the 

proliferation and maintenance of their malignant phenotype. This RAS addiction 

makes RAS a target for therapeutic intervention.5 In this chapter, we are 

interested in the RAS proteins (KRAS and NRAS) which are involved in low-

grade serous ovarian carcinoma (LGSC). Mutations of RAS are characterized 

by poor prognosis and resistance to treatment. Therefore, conventional 

chemotherapy treatments are not sufficient in the case of RAS mutations. An 

interesting approach is to combine chemotherapy with synthetic lethality to 

induce apoptosis in RAS mutant cells. Synthetic lethality occurs when 

combinations of mutations in two or more genes lead to cell death. A single 

dysfunctional gene therefore does not have a significant impact on cell viability, 

but the simultaneous loss of the second gene leads to cell death, whereas 

healthy cells are not affected.6 This approach can be achieved by suppressing 

one of the co-dependent genes that are involved in the RAS signaling pathways. 

For example, in RAS mutant cancers, the targeting of another key signaling gene 

can induce cell death while one mutation in this gene in the healthy cells (RAS-

Wild type) would not affect their viability (Figure 2).7 Synthetic lethality can be 

achieved by deactivating gene products or silencing genes, via for example 

addition of small molecule inhibitors or siRNA. Moreover, the combination of 

synthetic lethal RNAi with chemotherapeutics is utilized to increase the 

therapeutic index 8. The most clinically studied model of synthetic lethality is the 

use of poly(ADP-ribose) polymerase inhibitors in tumors with mutations in 

BReast CAncer gene A (BRCA). 9,10  

Thus, combining synthetic lethality with MAPK inhibitors (MEK inhibitors 

or MEKi) such as selumetinib, trametinib, binimetinib and refametinib, offers a 

competent synergistic cancer therapy which can overcome the 

chemoresistance associated with conventional cancer treatments.11 Multiple 

studies that employed RNA interference and CRISPR-Cas9 screening identified 

synthetic lethal KRAS targets, including BCL-XL 6, ERBB3 12, FGFR1 13, YAP1 14, 

and SHOC2. As yet, SHOC2 is the most recurrent and strongest synthetic lethal 

target when combined with MEKi in KRAS mutant cancer cell lines. The SHOC2 

gene encodes for a leucine-rich protein that takes part in protein-protein 

interactions and functions as a scaffold linking RAS to downstream signal 

transducers in the RAS/ERK (MEPK) signaling pathway.  The deletion/ silencing 

of SHOC2 prevents MEKi-induced RAF kinase protein dimerization, resulting in 

more effective ERK pathway suppression that promotes Bcl-2-like protein 
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1(BIM)-dependent apoptosis.15,16 Therefore, the inhibition of SHOC2 gene 

expression with MEK inhibition impairs proliferation in RAS-mutant cancer cells. 

To our knowledge, no SHOC2 inhibitors are currently available for clinical 

therapy. Employing RNA interference-based treatments offers an interesting 

platform to induce synthetic lethality in RAS-mutant cancers.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Illustrative representation of synthetic lethality.  

The utilization of nanoparticles in synthetic lethality therapy has 

emerged as a promising approach. The nanoparticles are capable of 1) 

protecting the siRNA molecules from enzymatic degradation 17,  2) decreasing 

the off-target effects and thus minimizing the side effects, and 3) enhancing the 

permeability and retention effect  (EPR) to allow accumulation of the 

therapeutics in tumor tissue 18. Goldberg et al. employed lipid nanoparticles to 

deliver PARP1 siRNA (siPRAP1) in BRCA-mutant ovarian cancer cells 19.  

siPRAP-1 was used to silence the DNA repair enzyme poly(ADP-ribose) 

polymerase1 (PARP1) and was synthetically lethal in BRCA-deficient cells 

causing cell cycle arrest, chromosome instability, and eventually cell death. 

When applied in mice, the siPRAP1-loaded lipoids induced apoptosis and the 

animals showed significantly longer survival rates. Cationic lipid assisted PEG-

PLA nanoparticles were effective in the delivery of siCDK1 to achieve synthetic 

lethality in triple-negative breast cancer (TNBC) cells with overexpressing 

oncoprotein c-Myc.20 siCDK1-loaded nanoparticles inhibited tumor growth in 

mice bearing SUM149 and BT549 xenografts. The nanoparticles did not induce 

cell toxicity nor triggered an immune response. More studies involved in siRNA 
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delivery can be viewed here.21,22  In the case of LGSC, Fernandez et al. 

performed the first proteogenomic study to identify predictive biomarkers (EGFR 

and PKC-alpha) in patient-derived LGSC cell lines for their sensitivity to MEKi 

treatment. The authors utilized short hairpin RNA (shRNA) via lentivirus 

transductions into patient-derived cells. The MEKi-sensitive (MEKi-Se) cell lines 

were found to have KRAS mutations with low levels of EGFR protein expression. 

The combination therapy of MEKi and EGFR inhibition represented a promising 

approach for the treatment of patients with MEKi-resistance (MEKi-Re).23  

Inspired by the nanoparticle design and successful transfection to 

downregulate luciferase expression in HeLa cells as described in the previous 

chapter, this study aims to investigate further the delivery of siRNA for 

therapeutic applications. In this chapter, we explored the therapeutic effect of 

anti SHOC2 siRNA (siSHOC2) delivery via elastin-like polypeptide nanoparticles 

to LGSC patient-derived cell lines; VOA 4627 and VOA 6406. VOA 6406 is an 

NRAS mutant cell line which is MEKi-Se while VOA 4627 is a tyrosine-protein 

kinase KIT mutant cell line which is resistant to trametinib (MEKi-Re). The effect 

of the siSHOC2-loaded nanoparticles was studied with and without trametinib, 

to assess a synergistic effect of the combined treatment. We hypothesize that 

this therapeutic combination of synthetic lethality and MEK inhibitor, trametinib, 

will minimize the side effects observed for conventional non-targeted treatments.  

2. Results and discussion   

2.1. Expression and purification of (Lys)1-[I1H4-60][A3G2-60] 

The ELP plasmids were transformed into BLRDE3 E. coli cells and a fresh colony 

was used to inoculate 50 ml LB medium containing 50 µg/ml kanamycin 

overnight at 37 °C, 250 rpm. Protein expression and purification of the ELP block 

copolymer N-terminally extended with 10 lysines for siRNA binding ((Lys)1-[I1H4-

60][A3G2-60] )was performed as indicated in the previous chapters. 

2.2. Preparation and physicochemical characterization of siSHOC2-

loaded ELP nanoparticles 

The siRNA mediated gene silencing depends in the first place on the 

protection of the siRNA molecules from enzymatic degradation until they are 

delivered to the intracellular target site, the cytoplasm.17 ELP-based 

nanoparticles have emerged as a non-viral gene delivery system that has been 

applied in vivo to target tumor cells effectively.24 The design of the ELP building 

block enabled the complexation of siRNA with the cationic domain of (Lys)1-

[I1H4-60][A3G2-60], forming a micellar structure with the siRNA protected in the 

hydrophobic core. For this study, two variants of siSHOC2 were custom-
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synthesized (Dharmacon, Inc., provided by the Netherlands Cancer Institute 

(NKI)) and were encapsulated with the (Lys)1-[I1H4-60][A3G2-60] ELP. The 

siRNA-ELP complexation was confirmed by a gel retardation assay (Figure 3).25 

Zinc ions were added to further stabilize the formed nanoparticles. When 

preparing the siRNA-loaded nanoparticles for in vitro drug delivery applications, 

we took into consideration the amount of free zinc in the medium. As stated in 

the literature, to avoid cell toxicity due to the presence of zinc, the free zinc ion 

concentration should be kept below 100 µM.26 

 

 

 

Figure 3. Gel retardation assay of 

siSHOC2-ELP conjugates. The 

siSHOC2 siRNA was encapsulated 

up to a final concentration of 2 µg/ml. 

M represents 1kb DNA ladder. 

 

 

 

 

 

We further tested the formulation of the siSHOC2 nanoparticles at 

different concentrations of siSHOC2 (µg/ml) in PBS and DMEM with 5% FBS. 

Zinc ions were added at 60 µM for PBS and 120 µM for DMEM. DLS 

measurements demonstrated that the siSHOC2-nanoparticles have a 

hydrodynamic diameter varying from 40-60 nm with a PdI <0.25 when 

formulated in PBS and 45-95 nm with a PdI <0.3 when formulated in the culture 

medium. Large size fluctuations occurred for the nanoparticles when prepared 

in DMEM medium supplemented with serum as shown in Figure 4. A possible 

explanation is that the proteins present in DMEM form a protein corona around 

the nanoparticles disturbing their stability and therefore a higher concentration 

of zinc ions is required. The zeta potential (ζ ) was measured to be 0.06±4.5 mV 

when the siRNA-loaded nanoparticles were prepared in MQ. The siSHOC2-

   M        Naked      siSHOC2-1   siSHOC2-2 
              siRNA        ELP             ELP 
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loaded nanoparticles showed the same shelf-life as indicated in the previous 

chapter.  

 

Figure 4. DLS measurements of different concentrations of siSHOC2-nanoparticles 

prepared in PBS (left) and DMEM, 5% FBS (right) in presence of 60 and 120 µM Zn2+ 

ions respectively. 

2.3. Cellular toxicity of siSHOC2-ELP nanoparticles 

 It is known that high siRNA concentrations may lead to artificial 

dysregulation of non-target genes.27 For targeted and effective application of 

siRNA in cells, it is necessary to find the appropriate siRNA concentrations while 

avoiding cytotoxicity resulting from these so-called off-target effects.28 To study 

the effect of siSHOC compared to the non-target siRNA, we evaluated the cell 

toxicity of patient-derived cells when exposed to different concentrations of 

siRNA and scrambled siRNA. Cell lines VOA 6406 and VOA 4627 were derived 

from tumor tissues from patients with LGSC and were provided by NKI. The cells 

were cultured in DMEM culture media supplemented with 10% FBS. One day 

before the studies, we seeded 105 cells in a 96-well plate and incubated 

overnight at 37 °C, 5% CO2 to allow adherence. Cytotoxicity was investigated 

using the relative number of dead cells in cell populations by quantifying 

intracellular protease activity of the dead cells. We compared the nanoparticles 

with Lipofectamine 3000 as a positive control using different siSHOC2 and 

scrambled siRNA (siScrambled) concentrations. Nanoparticles were formulated 

in DMEM with 5% FBS, while the Lipofectamine complexes were prepared in 

OptiMEM®. Scrambled siRNA-loaded nanoparticles were used as a negative 

control to assess the off-target effects. The nanoparticles were prepared at a 

final concentration of 0.5/mg/ml. The nanoparticles were incubated with the VOA 

cells for 48 hrs and followed by the CytoTox-Glo™ Assay. The results were 

normalized to untreated cells. According to the literature, VOA 6406 is a RAS 

mutant cell line which is MEKi-Se while VOA 4627 is a tyrosine-protein kinase 
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KIT mutant cell line which is resistant to trametinib (MEKi-Re).  Therefore we 

expected to obtain higher cytotoxicity and gene silencing in VOA 6406 

compared to VOA 4627.15 However, the opposite effect was observed. 

Moreover, the results showed no dose-dependent effect of toxicity for both 

Lipofectamine and nanoparticles. As shown in Figure 5A, the concentrations that 

showed higher cell toxicity with siSHOC2 loaded ELP nanoparticles compared 

to the control siScrambled were 1 µg/ml and 0.125 µg/ml. The cells treated with 

siRNA-Lipofectamine complexes showed higher toxicity and more off-target 

activity than the cells treated with the nanoparticles. We suggest that the 

difference in activity between the nanoparticles and the Lipofectamine delivery 

agent are caused by the relatively faster uptake of the siRNA-Lipofectamine 

complexes.29,30 
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Figure 5. Normalized cell viability of the LGSC patient-derived cells. A) nanoparticle-

treated cells. B) Lipofectamine-treated cells. Data were normalized to the untreated cells. 

VOA 6406 is a RAS mutant cell line which is MEKi-Se while VOA 4627 is a tyrosine-

protein kinase KIT mutant cell line which is resistant to trametinib (MEKi-Re). Error bars 

are standard error (SEM) with N= 3. 

2.4. Preliminary evaluation of gene knockdown  

To evaluate the biological activity of the delivered siSHOC2, the 

corresponding mRNA and protein expression levels were evaluated 48h and 72 

h post cell transfection. We incubated the cells with siSHOC2-nanoparticles with 

an siRNA concentration of 2 µg/ml and a final nanoparticle concentration of 0.5 

mg/ml overnight. We used anti Luciferase siRNA (siLuc) as a negative control. 

The next day we exchanged the transfection solution with a complete growth 

medium and incubated for another 48 hrs. Microscopy examination showed 

severe toxicity associated with the siSHOC2-ELP nanoparticles. Empty ELP 

nanoparticles showed no change in viability indicating that the toxicity was 

caused by the siRNA. Remarkably, the siSHOC2-Lipofectamine complexes did 

not show any associated toxicity (Figure 6). The cells showed higher viability with 

Lipofectamine compared to what we observed with the previous cytotoxicity 

experiment. We hypothesize that this variation in cell toxicity is related to the 

passage-dependent effects. 

Figure 6. Light microscopy images of VOA4627 and VOA6406 cells 72 hrs after 

treatment with siSHOC2. 
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The transfection efficiency of ELP nanoparticles compared to 

Lipofectamine was subsequently evaluated by quantitative real-time polymerase 

chain reaction (qRT-PCR). In the case of Lipofectamine, we observed that the 

VOA 4627 cell line showed relatively more SHOC2 gene knockdown than the 

VOA 6406 cell line. Compared to the control, siSHOC2-Lipofectamine 

complexes showed about 43% mRNA level reduction in VOA 4627 cells and 

23% in VOA 6406 cells. The SHOC2 knockdown induced by the ELP 

nanoparticles was considerably lower, only 10% and 20% reduction in SHOC2 

mRNA in VOA 4627 and VOA 6406 cells, respectively (Figure 7A).  We analyzed 

the degree of on-target efficacy by measuring the levels of SHOC2 

downregulation using western blot analysis (WB). The protein expression was 

compared to the level of expression of heat shock protein (HSP90). As seen in 

Figure 7B, basal levels of SHOC2 varied among the treatments. Unexpectedly, 

the VOA 4627 cell line was more affected by the siSHOC2 silencing than VOA 

6406. The mRNA silencing observed in the VOA 6406 cell line was not reflected 

in the protein expression. Neither Lipofectamine nor the ELP nanoparticles 

resulted in a complete knockdown of SHOC2 protein. 

 

Figure 7. SHOC2 mRNA and protein expression in VOA 4627 and VOA 6406 cells A) 

qRT-PCR analysis of SHOC2 compared to GADPH mRNA levels. The relative expression 

is normalized to the signal of the control cells. B) SHOC2 protein expression analysis by 

Western blot after 48 hrs after transfection. HSP90 was used as a loading control. 

To study the synergistic effect of the MEK inhibitor, trametinib was co-

administered in a colony formation assay. This test aims to investigate the ability 

A B 
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of a single cell to form a colony with and without trametinib. Therefore, 5*105 

transfected cells were seeded in a 6-well plate and incubated with the siSHOC2 

formulations with and without 2.5 nM trametinib (TRAM). One week later, colony 

formation was evaluated by crystal violet staining. Cells transfected with siLuc 

were used as a negative control. As shown in Figure 8, we noticed that; 1) no 

effect on the growth rate of VOA 4627 compared to VOA 6406 was observed, 

showing that trametinib did not have a synergistic effect. 2) Compared with the 

mock treatment with siLuc, the VOA 6406 cells only showed a slight delay in cell 

growth as a result of siSHOC2 knockdown that hindered the growth of the cells. 

It, therefore, seemed that both cell lines regained viability after transfection, and 

no synergy was observed with trametinib. Overall, the combination therapy of 

the siSHOC2 and the trametinib was hampered by inefficient knockdown of 

SHOC2 protein. In the following experiments, we tried to optimize the 

transfection conditions and to point out the reasons for the low SHOC2 

knockdown.  

  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8. Analysis of MEKi synergy with siSHOC2 downregulation. The transfected cells 

were seeded in a 6-well plate with 2.5 nM trametinib and colony formation was examined 

using crystal violet staining. The violet color intensity is a measure of how the single cells 

are able to regain viability and form colonies.   
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2.5. Optimization of transfection conditions  

We explored several parameters to optimize the cell transfection such 

as transfection medium, amount of the transfected siRNA, and transfection 

duration. In these optimization studies, we used only the western blot analysis to 

verify the transfection efficiency. First of all, we evaluated the transfection 

efficiency in different media.  In these studies, all the siRNA-Lipofectamine 

complexes were formulated in OptiMEM while we formulated the nanoparticles 

in different media. When cell transfection was performed in HEPES or PBS buffer 

for only 6 hrs, almost complete protein knockdown was achieved (lane 3 and 6 

VOA4627 and lane 6 VO6406, Figure 9), although the cells did not seem healthy 

and were not able to recover after changing to complete culture medium. It is 

known that the cell uptake increases when the medium is nutrient-poor, which 

explains the more effective SHOC2 knockdown compared to the experiments in 

OptiMEM.31 Some cell batches were very sensitive for incubation with 

Lipofectamine or low-serum culture media. Moreover, cell toxicity proved to be 

irreproducible going from one cell passage to the next. Moreover, an off-target 

effect was observed after 24 h with control siRNAs such as siLuc or empty 

particles (lane 7, VOA 6406, and lane 9 VOA 4627, Figure 9).  

 

Figure 9. Example of the variation of the siSHOC2 protein level using western blot 

analysis. The cells were transfected with siRNA at a concentration of 300 ng/ml. As 

shown, nanoparticles formulated in HEPES resulted in siSHOC2 knockdown in both cell 

lines. However, in VOA 4627, empty ELP NPs showed aspecific toxicity.  Lipofectamine 

showed an effect in the VOA 4627 cell line only when incubated for 6 hrs. Unexpectedly, 

empty nanoparticles showed an effect on the SHOC2 expression with VOA 4627 in 

OptiMEM.  

Next, we explored the effect of siRNA concentration when the particles 

were formulated in HEPES. We compared the siSHOC with the non-targeting 

siRNA (siNon) and tested two siRNA concentrations: 1 µg/ml and 0.5 µg/ml. 

From figure 10 several observations can be made; 1) With VOA  4627, 

Lipofectamine showed targeted toxicity (lane 5 and 6) while with VOA 6406, the 
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same siRNA-Lipofectamine concentration showed off-target effects. 3) ELP 

nanoparticles showed an off-target effect with scrambled siRNA in the VOA 

4627 cell line, whereas regarding VOA 6406 a high level of toxicity was 

observed. 3) HEPES proved to be an unfavorable medium for VOA 6406 in this 

specific experiment. From these experiments, we conclude that serum-free 

transfection conditions are not recommended as previously reported that serum 

starvation can help in cell synchronization and thus improving the transfection 

efficiency.32   

Figure 10. Effect of siRNA concentration on protein expression. The cells were 

transfected with siRNA at concentrations of 1.0 and 0.5 µg/ml. As shown, Lipofectamine 

complexes (siSHOC2-Lipo) showed targeted siSHOC2 knockdown in VOA 4627. ELP 

nanoparticles formulated in HEPES showed off-target effects in both cell lines with more 

cytotoxicity for the VOA 6406 cell line.  

 

Finally, we tested a longer exposure time of the cells to the 

nanoparticles.33 We examined the cell viability and protein expression after 24-, 

48- and 72 hrs of incubating the cells with siRNA complexes at a final siRNA 

concentration of 1.0 µg/ml. In this experiment, we prepared the Lipofectamine 

complexes in OptiMEM and siRNA-ELP nanoparticles in DMEM with 5% FBS. 

We believed that the presence of 5% serum would keep the viability of the cells 

and yet would not result in disassembly of the nanoparticles. We used 

siScrambled as a negative control along with untreated cells cultured in either 

OptiMEM or DMEM with 5% FBS (Figure 11). Severe toxicity was observed with 

Lipofectamine after 72 hrs of exposure. Non-target effects were obtained at all 

time points, even with untreated cells. It shows that the incubation of these 

specific cells in OptiMEM for prolonged periods does not contribute to their 

viability.    Cell viability was improved in this experiment when the cells were 

exposed to the ELP nanoparticles. After 48 and 72 hrs considerable SHOC2 

knock-down could be observed, however, this could not be related to the 
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presence of siSHOC2, as untreated cells and cells treated with scrambled siRNA 

showed similar results. Moreover, we did not see any difference between the 

different SHOC2 siRNA sequences. 

Figure 11. Effect of transfection periods on protein expression. The cells were 

transfected with siRNA at a concentration of 1.0 µg/ml. As shown, Lipofectamine 

complexes showed undesired cytotoxicity especially after transfection for 72 hrs. ELP 

nanoparticles showed off-target effects in both cell lines. 

Delivery of siSHOC2 was not as successful as expected, even with 

common transfection agents such as Lipofectamine. This is an indication that 

the siRNA was not processed inside the cells. Furthermore, it is known that the 

patient-derived LGSC cells have a low growth rate and require special handling 

during culturing.34 This makes them very sensitive and less reliable as a 

systematic screening platform. Since we want to induce synthetic lethality, we 

however need to employ cells that have become vulnerable for this type of 

treatment as a result of a mutation, and hence we need to resort to patient cells 

and not standard lab-based cell lines. Besides, we suggest that more studies 

should be done on the cells before transfection such as studying the effect of 

the cell cycle phase on protein expression. Several studies demonstrated that 

protein expression varies depending on the phase of the cell cycle and 

recommend the pre-synchronization of cells to a specific stage of the cell cycle 

to ensure the optimal protein expression level.35,36 Besides, we suggest to 

compare the SHOC2 knock down in RAS mutant cell lines from different tumor 

types with simple culture conditions and which have been reported to be 

efficiently transfected with Lipofectamine or other commercial transfection 

agents. 
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3. Conclusion 

In this study, ELP nanoparticles were utilized to deliver synthetic lethal 

siRNA to kill RAS cancer mutant cells without affecting the viability of healthy 

cells. ELP nanoparticles encapsulating the siRNA siSHOC2 were prepared with 

different siRNA loading (2 -0.125 µg/ml) and their transfection efficiency was 

compared to the Lipofectamine complexes with the same siRNA concentrations. 

Cell toxicity assays showed no dose-dependent effect of both nanoparticles and 

Lipofectamine. However, the Lipofectamine complex showed higher toxicity, 

especially for the VOA 4627 cell line. Cell transfections with siSHOC2 showed 

some reduction in the mRNA level with more effect on the VOA 4627 more than 

the VOA 6406 cell line. Lipofectamine complexes resulted in higher mRNA 

reduction compared to the ELP nanoparticles. Further analysis of protein 

expression by western blot showed very variable responses to the Lipofectamine 

and ELP nanoparticles. Cells seemed to regain their viability after one week post-

transfection. MEKi, trametinib did not show a synergistic effect on transfected 

cells. We recommend that more optimization experiments should be performed 

to further study the passage-dependent effects of cell transfection in comparison 

with more stable RAS mutant cell lines. Also, different commercial transfection 

agents should be studied to address the variability associated with the 

Lipofectamine. 
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5. Experimental section  

All chemicals were purchased from Sigma-Aldrich and used as received unless 

specified otherwise.   

5.1. Cloning and expression of ELPs  

The cloning protocol for recursive-directional ligation was adapted from 

the literature.37 Briefly, the plasmid containing the N-terminal part of the block 

was cut with BglI and AcuI while the block containing the C-terminal part was 

cut with BglI and BseRI. A DNA sequence encoding for 10K was introduced into 

the plasmid pET24a(+)-ELP by designing oligos with compatible overhangs for 

BseRI. Recursive-directional ligation was then used to add oligo-lysine to the ELP 

coding sequence.  The lyophilized oligo was resuspended in an annealing buffer 

(10mM Tris, pH7.5-8.0, 50mM NaCl, 1mM EDTA) and mixed in equimolar 

concentrations. Then, we incubated the oligo mixture at 90-95°C in a hot block 

for 3-5 minutes. The mixture was slowly cooled to room temperature for about 

45 minutes. After cloning, the modified plasmid was transformed into XL-10 Gold 

cells (Invitrogen) and cultured on LB agar plates containing 50 µg/mL 

kanamycin. Several colonies were inoculated with 5 ml LB medium containing 

50 µg/mL kanamycin and incubated overnight at 37 °C, 250 rpm. The DNA was 

extracted and sequenced. The right plasmid sequence was examined by ExPasy 

and Benchling online software. 

The ELP plasmids were transformed into E.coli BLR(DE3) cells  

(Invitrogen) and grown on agar plates containing 30 µg/mL kanamycin overnight 

at 37 °C. A single colony was grown overnight at 37 °C, 250 rpm in LB medium 

containing 50 µg/mL kanamycin, and 0.5% w/v D-glucose. The overnight culture 

was diluted to an OD600 of 0.1 in filter-sterilized AIM TB medium (Formedium) 

containing 6 g/L glycerol, 0.005 % Antifoam 204, and 100 µg/mL kanamycin. 

Cells were grown at 300 rpm at 30 °C for 24 hours. Cells were collected by 

centrifugation at 4500 g, 4 °C for 15 minutes. For cytoplasmic extraction, 1 g of 

wet cell pellet was resuspended in 10 mL phosphate-buffered saline pH 7.4, 1 

mM PMSF, cOmplete™ Protease Inhibitor Cocktail, 0.5 mg/mL lysozyme. Cells 

were lysed by a Sonics Vibra-Cell VC 750 sonicator (power level 7, 12 cycles of 

10 s sonication, 10 s breaks). Cell debris was collected by centrifugation at 

13,000 g at 4 °C for 15 min. Residual DNA was precipitated by adding 1 % w/v 

poly(ethylene imine) to the lysis buffer and removed by centrifugation at 13,000 

g at 4 °C for 30 min. Once a clear lysate was obtained, the ELPs were 

precipitated by adding a saturated solution of (NH4)2SO4 up to 40%.  The 

mixtures were incubated at room temperature to enhance the precipitation. 
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Proteins were collected by centrifugation at 13,000 g at 28-30 °C for 30 min. 

The pellet was resuspended in phosphate-buffered saline and centrifuged to 

remove insoluble contaminants at 13,000 g at 4 °C for 20 min. These ITC cycles 

were repeated until enough purity was obtained, usually after 2-3 cycles. To 

obtain higher protein purity, the ELPs were purified on a HiLoad 16/600 

Superdex 200 column and desalted on a HiPrep 26/10 (GE Healthcare Life 

Sciences) with an NGC-Chromatography system (Biorad) at 1 mL/min PBS and 

4 mL/min MilliQ, respectively. Residual salt concentration was below 0.01 

mg/mL as determined by conductivity. The ELP solution was filter-sterilized with 

0.22 µm PES syringe filters (Nalgene) and freeze-dried. The yield was 

determined by weighing.  

5.2. Agarose gel electrophoresis  

The samples were loaded on 1% agarose gels and run in tris-acetate 

EDTA (TAE) buffer at 90 V. SYBR Safe (Life Technologies) as a nucleic acid stain 

was added to the gel (1:1000). Around 200 ng of plasmid DNA was loaded to 

each well.  

5.3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE)  

Proteins were run under non-reducing conditions on 4-20% Mini-

PROTEAN® TGX™ Precast Gels, Promega. The electrophoresis was carried out 

at constant voltage (150V) for 1 hr. Gels were stained with Bio-Safe™ 

Coomassie Stain (Biorad). 

5.4. siRNA encapsulation and gel retardation assay 

The Lys-ELP was dissolved to a final concentration of 10 mg/ml in 

PBS or 50 µM HEPES buffer, pH 7.4. The siRNA (DharmaconTM) was prepared 

in nucleases-free water and stored in small aliquots at -80º C. siRNA-ELP 

complexes were prepared by mixing 100 µl ELP with different concentrations of 

siRNA. The mixtures were vortexed at 500 rpm for 30 min at 20 º C. The 

complexation of the siRNA with the cationic carrier was investigated using 

agarose gel electrophoresis. The agarose gel was prepared with a concentration 

of 0.8%Tris-acetate-ETDA (TAE) buffer containing SYBR™ Safe DNA gel stain 

(Thermo Scientific). The samples were mixed with purple loading dye followed 

by electrophoresis at 95 V for 40 minutes. Naked siRNA and unfunctionalized 

ELP were used as a negative control. The siRNA bands were detected on a UV 

transilluminator (GE imagequant 350). 
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5.5. Dynamic light scattering   

Samples were diluted in PBS pH 7.4. Measurements were performed 

on a Malvern Zetasizer Nano. Samples were equilibrated for 5 minutes at 37 °C 

before data collection. Reported values were averages of 3 independent 

measurements. For temperature-induced disassembly, the samples were 

measured at 4.0 °C.  

5.6. Cell culture  

VOA 6406 and VOA 6427 were obtained from the Netherlands cancer 

institute (NKI), Amsterdam. The cells were cultured in DMEM medium (Gibco) 

supplemented with 10% FBS in a humidified 37° C incubator with 5% CO2. 

5.7. Cytotoxicity assay  

To study the effect of siSHOC2-complexes on cell viability, we 

measured the extracellular activity of dead-cell protease by luminescence using 

the CytoTox-Glo cytotoxicity assay (Promega). The cells were seeded in 

amounts of 105 cells and incubated at 37° C, 5% CO2 overnight to adhere. The 

next day, we replaced the culture medium with the siRNA-ELP NPs and siRNA-

Lipofectamine as a positive control prepared with DMEM, 5% FBS. After 48 hrs 

of transfection, we performed the toxicity assay according to the manufacturer’s 

protocol. The luminescence was measured by the Spark® multimode microplate 

reader. 

4.8. Cell transfection  

Two patient-derived cells were used: VOA 4627 and VOA 6046. Cells 

were maintained in Dulbecco's modified eagle's medium (GIBCO, Life 

Technologies) supplemented with 10% (v/v) fetal bovine serum (FBS) (GIBCO, 

Life Technologies). Prior to the test, the cells were seeded in a 12-well plate (204 

cells/well) and incubated in a humidified atmosphere of 95% air – 5% CO2 at 37° 

C for 24 hrs. The luciferase siRNA-loaded nanoparticles were prepared at 

different siRNA concentrations in OptiMEM with final nanoparticle 

concentrations of 1.0mg/ml and 0.5 mg/ ml. Commercial transfection agent, 

Lipofectamine 3000, was used as a positive control. The cells were incubated 

with the siSHOC2-loaded nanoparticles for 24 hrs followed by changing medium 

to DMEM, 10% FBS, and incubated for another 48hrs. Gene knock-down was 

evaluated using PCR, western blot, and colony formation assay. 
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5.9. Quantitative real-time polymerase chain reaction (qRT-PCR) 

  After cell transfection for 48 hrs, cells were lysed, and RNA was 

extracted and purified using RiboPure™ RNA Purification Kit (Thermo Fischer). 

The RNA concentration was measured using NanoDrop. First-strand cDNA was 

synthesized using the Maxima First Strand cDNA Synthesis kit (Thermo 

Scientific) according to the manufacturer´s protocol. Quantitative real-time PCR 

was performed in a MicroAmp Fast Optical 96-well plate (Applied Biosystems) 

using SensiFAST SYBR Lo-ROX, (Bioline) with GAPDH as a housekeeper gene.  

5.10. Western blotting 

VOA 4627 and VOA 6046 were seeded in 12-well plates (3*105) and 

incubated with siRNA-loaded nanoparticles or control siRNA. After 48 h of 

incubation cells were lysed using RIPA buffer. Western blot analysis was 

performed as described previously 38. The membrane was horizontally cut 

through the 70 kDa pre-stained marker and the upper part of the blot was 

incubated for 1 hr at RT with HSP90 antibody (Cell signaling). For loading 

control, the lower part of the blot was incubated for 1 hr at RT with SHOC2 

(D7N1A) rabbit monoclonal antibody (mAb), (Cell signaling). Antibody binding 

was visualized by horseradish peroxidase-conjugated anti-rabbit IgG (Cell 

Signaling). Chemiluminescence (ECL) based detection (Thermo Scientific) was 

analyzed using iBright Analysis Software (Thermo Scientific). 

5.11. Colony proliferation assay 

Colony formation assays were performed using Crystal Violet staining. 

The transfected cells were seeded on 6-well plates in DMEM, 10% FBS with and 

without MEKi drug, trametinib, and incubated at 37° C with 5% CO2 for one 

week. At the end of the treatment period, cells were washed and fixated using 

trichloroacetic acid (TCA) at a final concentration of 3% followed by 1 h 

incubation at 4°C. The plates were washed four times with water before being 

allowed to air-dry at room temperature overnight. Colonies were stained by 

incubation with Crystal Violet using the manufacturer’s protocol. Unbound dye 

was removed, and the plate was washed four times with 1% (vol/vol) acetic acid. 

Colonies were counted by a Live Cell Imager. 
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7. Appendix 

Table A.1. Sequences used in this study. 

Sequence 

name 
Sequence 

[A3G2-60] 

MVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGA

GVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGA

GVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGG

GVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGA

GVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGG

GVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAG

VPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAG

VPGAGVPGAGVPGGGVPGGGY 

[I1H4-60]  

MVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGV

PGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPG

HGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGH

GVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGV

PGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPG

HGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGH

GVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGV

PGHGVPGHGY 

Oligo-lysine 

top strand 
/5Phos/CTTTTTTTTTTTTTTCTTTTTTTTTTTTTTGCC 

Oligo-lysine 

bottom strand 
/5Phos/CAAAAAAAAAAAAAAGAAAAAAAAAAAAAAGGG 

siSHOC2-1 sense 5′-GCTTAGCATTCGAGAGAACAA-3′ 

siSHOC2-2 sense 5′- GCAGTGCACTTGAAGAATTAA-3’ 

SHOC2 

primers 

Forward: ATGGTCTTGGAAACCTTAGGAAGT 

Reverse: GTGACCAATGCCTCTGGGAAGA 

GADPH 

primers 

Reerse: Forward: GTCTCCTCTGACTTCAACAGCG 

Reverse: ACCACCCTGTTGCTGTAGCCAA 
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1. Introduction 

Antibodies (immunoglobulins, Ig) are glycoproteins produced by the 

immune system that play an  essential role in identifying and fighting invaders like 

bacteria and viruses (antigens). Their expression is governed by specific genes 

in the B-cells of the lymphatic system. Antibodies have a characteristic build-up. 

Generally, the antibodies are Y-shaped proteins, composed of four polypeptide 

chains; two identical heavy chains (H) and two identical light chains (L). The N-

terminal domain of the protein is responsible for antigen binding and its 

sequence is tailor-made for optimal recognition; this part is therefore also called 

the variable region (V). Each heavy chain consists of one variable (VH) and three 

constant domains (CH1, CH2, CH3), whereas each light chain consists of a 

single variable (VL) and a constant (CL) domain (Figure 1). The immunoglobulin 

molecules have two distinct functional parts; the fragment of antigen binding 

(Fab) and the fragment crystallizable (Fc). In the Fab region the light chains are 

connected to the heavy chains via disulfide bonds. Based on the heavy chains, 

there are five isotypes of human antibodies (IgA, IgG, IgD, IgM and IgE) that 

respond independently in the adaptive immune system. These isotypes differ in 

the number of units. While the IgAs, IgDs, and IgGs have three constant domains 

and one variable domain (three CLs and one VL), the IgEs and IgMs have one 

VL and four CLs.1 More information about the immunoglobulins structure is to 

be found in references 2,3. 

Figure 1. illustration of the structure of immunoglobulins. 

Due to their versatility in recognition potential and high targeting 

specificity, antibody-based drugs have become one of the most important and 

fastest growing therapeutic platforms.4 Using the hybridoma technology, 

Georges Kohler and Cesar Milstein were the first to produce monoclonal 
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antibodies in1975.5 Almost one decade later, the FDA approved the first 

antibody, Muromonab, to be used in humans. Up to date, there are about 79 

antibody-based therapeutics in late-stage studies, half of them are dedicated to 

cancer treatment, while at least 550 antibody therapeutics are at early stages of 

clinical development.6 Antibody-based therapeutics have been constructed out 

of both monoclonal antibodies (mAb) and antibody fragments such as fab-

fragments and single-chain variable fragments (scFv).  scFvs are heterodimers 

of VH and VL connected with a peptide linker of 10 to 25 amino acids.7  scFvs 

can retain the complete antigen-binding capability and are expected to exhibit 

more rapid penetration compared to their full-length antibodies. It was also found 

that scFvs are not effectively bound by the kidneys; therefore, they represent 

more favorable targeting moieties in drug delivery and diagnostic applications. 

The only drawback of the scFvs is the rapid clearance from the blood; this could 

possibly be prevented by employing useful carrier systems.8,9 The scFv 

antibodies have been produced mainly from hybridoma and immunized mice,10–

12 however these murine methods were associated with short half-life and 

cytotoxicity due to formation of anti-mouse antibodies. Using recombinant DNA 

technology, scientists were able to develop humanized antibodies to overcome 

the drawbacks associated with the murine antibodies.13,14 Engineered scFvs can 

be produced using DNA recombinant technology in bacteria such as E. coli, 

mammalian cells, yeast, plants, and insect cells 15,16 

It has been well-documented that the Human Epidermal growth factor 

Receptor 2 (HER2) is amplified in 25-30% of breast cancer patients, and this 

overexpression is also associated with poor prognosis due to its more 

aggressive phenotype.17,18 Among the four members of the HER protein family, 

HER2 has the strongest catalytic kinase activity and plays an important role in 

the signaling transduction pathways that drive epithelial cell proliferation, survival 

and apoptosis in breast cancer.19,20 Overexpression of HER2 in breast cancer 

results in homodimerization (HER2:HER2) or heterodimerization with other HER 

proteins (e.g, HER2: HER3). Consequently, this leads to strong pro-tumorigenic 

signaling cascade and deregulated cell proliferation.21 Because of this critical 

role in tumorigenesis and overexpression in advanced or metastatic breast 

cancer, the HER2 oncogene forms an ideal target for cancer therapy. Anti-HER2 

antibody Trastuzumab (Herceptin) is a therapeutic monoclonal antibody 

approved for clinical use by the Food and Drug Association in 1998 for HER2 

overexpressing metastatic breast cancer.19 The mechanism of action of 

trastuzumab includes an immune-mediated responses that causes 

internalization and downregulation of the overexpressed HER2.22  
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The high specificity of monoclonal antibodies can also be exploited by 

combining them with potent cytotoxic agents, thus ensuring targeted delivery of 

the chemotherapeutic. SYD985 is one such trastuzumab based antibody-drug 

conjugate (ADC) currently in clinical development.23 While ADCs provide many 

benefits as a drug delivery system, they are limited in molar ratio of drug to 

antibody (DAR), the average DAR for SYD985 being 2.8.24 With increased drug 

loading, the ADC becomes too hydrophobic, resulting in aggregation. An 

alternative strategy that is explored is the development of nanoparticles that 

display antiHER2 single chain variable fragments (scFvs) at their surface. The 

drugs can then be effectively loaded in the particle, which increases significantly 

the amount of drug delivered per scFv fragment. The scFv-functionalized 

nanoparticles can also be used for cell imaging applications. Chen et al 

developed ultrasmall antiHER2-scFv-silica nanoparticles that were used for 

detection of HER2—positive breast cancer cells. These nanoparticles exhibited 

high tumor-targeting and efficient renal clearance.25  Zhang et al  expressed 

HER2-targeting ligands called affibodies, which were used to decorate liposome-

like nanovesicles. This platform was used for in vivo delivery of phototheranostic 

agents (e.g., indocyanine green) or  chemotherapeutics (e.g., Doxorubicin).26 In 

addition, encapsulation of chemotherapeutic docetaxel in anti-HER2-scFv-

PLGA–PEG nanoparticles resulted in improved permeability and cytotoxicity in 

the HER2-overexpressing tumor spheroids. The delivery system decreased the 

spheroid size in 5 days.27  

Elastin-like polypeptide (ELP) nanoparticles have received increased 

interest as delivery vehicle, because of their biocompatibility, tuneable properties 

and ability to be functionalized with a targeting moiety. As the name suggests, 

ELPs are a mimic of the natural protein elastin. Its precursor tropoelastin forms 

networks of elastin through crosslinking, resulting in a highly durable structure 

that can undergo many cycles of extension and recoil.28 Below its phase 

transition temperature (Tt), tropoelastin is soluble in aqueous solution. However, 

above the Tt tropoelastin abruptly coacervates due to desolvation turning the 

polypeptide insoluble.29 This occurs via a thermodynamically driven process, 

where at temperatures below the Tt non-polar side chains in the tropoelastin 

polypeptide are hydrated by water molecules. Upon increasing the temperature, 

these non-polar residues form intra- and intermolecular interactions which 

liberates the bound water molecules. This process is also reversible when 

cooling the solution below the Tt again. The sequence of tropoelastin has been 

thoroughly studied by Urry et. al., and they found repeats of the synthetic 

pentapeptide Val-Pro-Gly-Val-Gly (VPGVG) to aggregate in a similar manner to 

tropoelastin.30 This has led to the development of the polypeptide class of ELPs, 
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which are composed of repeating Gly-Xaa-Gly-Val-Pro (GXGVP) pentapeptides, 

where Xaa denotes the guest residue which can be any amino acid except Pro.31 

The Tt is dependent on polymer concentration, salt concentration and the nature 

of the guest residue X.32 By combining ELP di-blocks with different guest 

residues in the two blocks – and thus difference in Tt – micellar shapes can be 

created.  

This chapter discusses the creation of ELP nanoparticles functionalized 

with recombinant human anti-HER2 scFv. The scFv was fused to [A3G2-60][I-

60] ELP diblock. This diblock is based on a hydrophilic block and a hydrophobic 

block of 60 pentapeptide each. The hydrophilic block contains alanine and 

glycine in a 3:2 ratio with a high Tt of 57 °C. The hydrophobic block contains only 

isoleucines as guest residue with a Tt of 21°C. This ELP diblock polypeptide has 

been previously researched by Pille et. al. for its favorable Tt, demonstrating that 

at physiological conditions the polypeptide self-assembles into well-defined 

nanoparticles.33 Additionally, we utilized the co-assembly strategy  developed in 

Chapter 2 to form more stable nanoparticles. In order to achieve that, we tested 

the co-assembly between antiHer2-scFv-[A3G2-60][I-60] and [A3G2-60][I1H4-

60]. In this study, we refer to [A3G2-60][I1H4-60] as ELP1, [A3G2-60][I-60] as 

ELP2 and scFv-[A3G2-60][I-60] as scFv-ELP2. We think that this versatile system 

will offer extra functionality and stability compared to the regular ELP 

nanocarriers.  In collaboration with Byondis BV Co. we assessed the biological 

activity of the anti-HER2 scFv-ELP2 nanoparticles in vitro compared to 

trastuzumab (TmAB) as a positive control.  
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2. Results and discussion 

2.1. Design, cloning and expression of antiHER2-ELP recombinant 

protein 

The previously designed plasmid pET24a(+)-[A3G2-60][I-60] was used 

to clone the signal chain anti-HER2 sequence in front of the hydrophilic part of 

the ELP gene. The gene was preceded by a pectate lyase B (pelB) leader 

sequence for expression in the oxidative periplasm and codon-optimized for 

expression in E. coli. A short GSGG sequence linked the antiHER2 scFv to the 

ELP to ensure protein functionality. After transformation, four colonies were 

selected for DNA isolation and successful insertion of the antiHER2 scFv into the 

pET24a(+)-[A3G2-60][I-60] was confirmed by partial digestion of these four 

different plasmids using XbaI and XhoI (Figure 2). An increase of approximately 

1000 base pairs (bp) of the insert implied that the antiHER2 fragment was 

successfully ligated into pET24a(+)-[A3G2-60][I-60]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Visualization of digested plasmids (dAH2-1 through dAH2-4 indicate the four 

selected colonies carrying antiHER2-ELP2, dELP the original ELP2 plasmid) on a 0.8 % 

w/v agarose gel. An increase in approximately 1 kb is visible for the antiHER2- ELP2 
insert, suggesting the successful introduction of the antiHER2 fragment into the ELP2 
gene. The upper band shows the pET24a(+) vector at the same height for both ELP2  and 

antiHER2- ELP2 digested plasmids.  

The ELP constructs ELP [A3G2-60]-[I-60], antiHER2-ELP [A3G2-60][I-

60] and [A3G2-60][I1H4-60] were subsequently transformed in E. coli BLR-DE3 

for auto-induced expression. During expression, we optimized the culturing 

conditions, the most reproducible and effective culture conditions were shaken 



 

 

112 

 

cultures of 600-800 mL in 2.5 L Thomson’s Ultra Yield™ flasks with membrane 

seals to ensure more aeration, 300 rpm at 25 to 30 °C for 24-30 hours in auto 

induction media (AIM). We used the auto induction terrific broth (TB) medium 

(Formedium, Ltd). To this medium, 5-8 g/L glycerol and 100 mg/L kanamycin 

were added. High kanamycin concentration was required as phosphate 

decreases the effectiveness of the antibiotic. The auto-inducing AIM was 

formulated to grow IPTG-inducible expression strains and to induce production 

of target protein automatically, usually near saturation at high cell density. This 

medium is supplemented with glucose which is the preferred carbon source of 

E. coli and its use inhibits lactose-related genes and transcription factors. The 

T7 RNA polymerase expression will be induced once glucose is depleted and 

the metabolism is shifted to lactose consumption.34. 

After 24-30 hrs of protein expression, we measured the cell density. 

Incubation was continued until the optimal density of O.D 600= 30-35 was 

reached. This typically led to cell pellets weighing between 22-27 g/L. In case of 

His-containing protein, the pellet was resuspended in EDTA-free buffer to 

facilitate the protein aggregation by ITC. EDTA is a well-known chelating agent 

that forms stable complexes with metal ions 35. The interactions between the His-

containing ELPs and the metal ions present in the cells helps salt-induced 

aggregation of ELP.  We adopted different cell lysis methods: enzymatic lysis 

with recombinant lysozyme (rLysozyme™) was followed by mechanical 

disruption using either sonication or high-pressure homogenization. The cell 

homogenization was faster when used at larger cell volumes, however both 

sonication and homogenization resulted in almost the same yield of protein. DNA 

precipitation was performed using 0.5% polyethylene imine (PEI). The positive 

charge of PEI enables it to interact with the negatively charged nucleic acids.  

ELP purification was performed using salt-induced precipitation at 

relatively higher temperature. We precipitated the ELPs effectively using 20-40 

vol% of a saturated ammonium sulfate solution at 25-28 C. EDTA was added 

to the PBS resuspension of the final ITC round to enhance the solubility of the 

ELP whereas size- exclusion chromatography was used to remove minor 

residual impurities. The purified protein was then freeze-dried, and the yield was 

determined gravimetrically. The average protein yield was 15 mg/L, 24 mg/L, 

and 11 mg/L for ELP1, ELP2, and scFv-ELP2 respectively. 
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Figure 3. Purified ELP diblocks by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). The proteins were stained using Bio-Safe™ 

Coomassie Stain. [A3G2-60][I-60] ELP diblock 

appeared at 50 kDa while scFv-[A3G2-60][I-60] 

migrated to an apparent molecular weight of 75 

kDa. 

 

 

 

2.2. Characterization and assessment of self-assembly 

We analyzed the polypeptides using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 3). SDS-PAGE showed 

a clear increase of ~ 25 kDa compared to [A3G2-60][I-60] ELP, which matches 

the size of the anti-HER2 scFv. To further verify the MW of the ELPs, purity, and 

exact mass of the protein were determined using qTOF mass spectrometry.  

Three different molecular weights were measured; 49349.38 Da, 48198 Da, and 

74220.60 Da for ELP1, ELP2, and scFv-ELP2, respectively.  Molecular masses 

of the protein samples were measured by qTOF and agreed with the expected 

masses. For the scFv-ELP2, the removal of the pelB sequence was observed. 

The 7 Da difference between the theoretical and the measured mass of scFv-

ELP2 is due to the formation of the disulphide bonds. 

Table 1. Protein molecular weights as measured by qToF mass spectrometry. 

 

 

 

The formation of co-assemblies was examined by dynamic light 

scattering. In order to determine the maximum possible functionalization degree 

of the nanoparticles, we mixed different ratios of ELP1 and scFV-ELP2 and 

Protein 
Theoretical mass 

(g/mol) 

Measured mass 

(g/mol) 

ELP1 49349.38 49349.38 

ELP2 4818 48198 

scFv-ELP 74227.44 74220.60 
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equilibrated the mixture at 37° C to allow the formation of nanoparticles. DLS 

data showed that the antiHER2-scFv-ELP2 diblock did not form nanoparticles by 

itself. Mixing the antiHER2-scFv-ELP2 with ELP1 however resulted in stable 

monodisperse micelles with reasonably low PDI (Figure 4A), up to 50% of scFv-

ELP2 (Figure 4B).  The presence of scFv-ELP2 resulted in an increase in particle 

diameter. For example, by co-assembly with 10% scFv-ELP2 the particle size 

shifted from a diameter of ~40 nm for only ELP1 to a diameter of ~57 nm. We 

hypothesize that the size increase after the surface functionalization is due to the 

additional scFv radius on the surface of the nanoparticles. We also measured 

sample mixtures containing ELP1, ELP2, and scFv-ELP2 diblock ELPs. We found 

no size differences between the assemblies composed of the 3 diblocks (70% 

ELP1, 20% ELP2, 10% scFv-ELP2) and 2 diblocks (90% ELP1,10% scFv-ELP2). 

The co-assembly between the ELP1 and scFv-ELP2 resulted in stable 

nanoparticles that did not require any addition of zinc ions. The ease of co-

assembly allows the modular formation of multiply functionalized nanoparticles 

with enhanced stability that ca not be achieved with only one diblock.  

Figure 4. A) Size distribution of ELP assemblies measured by DLS. Samples were 

prepared in PBS at 10 µM. 100% antiHER2-scFv-ELP2 tends to form aggregates (red 

curve). Mixing ELP1 with antiHER2-scFv-ELP2 in ratio 9:1 yields stable nanoparticles of 

57 nm diameter (black curve). B) Evaluation of nanoparticle stability as a function of the 

fraction of scFv-ELP diblock. 

2.3. Functional binding of scFV-ELP 

Surface Plasmon Resonance (SPR) was used to estimate the binding 

kinetics by measuring the association and dissociation rate constants ka (on 

rate) and kd (off rate) of the antiHER2-ELP2 protein free in solution. Using 

Biacore© T200,  biotinylated human HER2 (Bio-hHER2) was immobilized on the 

streptavidin surface and different concentration series (60 nM - 0.7 nM), (300 

nM– 3.7 nM) and (1500 nM- 18 nM) were measured while applying two different 

biotin capture levels (64 and 91 RU). The sensorgram data showed a one to one 
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binding model between the scFv-ELP monomers and the immobilized 

biotinylated Human HER2 (Bio-hHER2-His) at concentrations 0.7 nM, 2.2 nM, 

6.7 nM, 20 nM, and 60 nM. The equilibrium dissociation constant (KD) was 

calculated as the ratio between dissociation and association rate constants. The 

binding affinity measured for the scFv-ELP was 1.21E-09 M which is similar to 

the previously reported value by Byondis BV36 (Table 2). Figure 5 shows that 

scFv-ELP was bound with a high rate, with no difference between the applied 

capture levels. The dissociation was very slow, indicating the strong affinity of 

the recombinant protein to the HER2 target. It is concluded that the recombinant 

engineering and bacterial expression of the scFv-ELP did not change the 

characteristics of the scFv. In addition, unfunctionalized ELP2 did not show any 

binding profiles with Bio-hHER2.  

Table 2.  kinetic constants of scFv-ELP binding to recombinant hHER2. 

 

 

 

 

 

Protein Capture level (RU) Ka (1/Ms) Kd(1/S) KD (M) 

antiHER2-scFv-ELP 
64 1.59E+05 1.93E-04 1.21E-09 

91 1.49E+05 2.42E-04 1.63E-09 
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Figure 5. Binding curves of scFv-ELP2 monomers. SPR sensorgrams represent five 

injections of scFv-ELP2 at concentrations 0.7nM, 2.2nM, 6.7nM, 20nM, 60nM at two 

biotin capture levels at 64 RU (A) and 91 RU (B). The unfunctionalized ELP2 did not show 

any binding to HER2 at both capture levels (RU) (C) and (D). 

Next, the antigen binding affinities of scFv-ELP2 and trastuzumab 

(TmAb) were compared in vitro using a cell culture with the high HER2 

expression breast cancer cell line SKBR3 and the HER2 negative cell line SW-

620. We labeled scFv-ELP2, ELP2 and TmAb at the N-terminus with 

Alexafluor488-hydroxysuccinimide (NHS) ester vis NHS chemistry. Using 

fluorescence-activated cell sorting (FACS) at 4 °C to prevent internalization, the 

monomeric antiHER2-scFv-ELP2 showed dose-dependent binding to HER2+ 

SK-BR-3 cells with a binding potency of 699.8 nM. Saturation of the HER2 

receptors was reached at a concentration of 3.16 µM. On the other hand, TmAb 

showed a binding potency of 39.54 nM and reached saturation at 211 nM. As 

the TmAb has two binding domains (two heavy chains and two light chains) 37, 

it showed very fast  binding and a higher signal compared to scFv-ELP2. On the 

other hand, no binding of the scFv-ELP2 monomers was observed to the HER2 

negative cell line SW-620, indicating that the scFv-ELP2 specifically binds to 

HER2 (Figure 6). As we reached binding saturation with the functionalized ELP 

B A 
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monomers compared to the unfunctionalized ELP2 monomers, it clearly 

illustrates the specificity of the scFv-ELP2.  

Figure 6. scFv-ELP binding to the cell surface exposed HER23+ on SK-BR-3 (A) and 

HER2-negative SW-620 (B) cells as measured by flow cytometry. Monomeric Alexa488-

scFv-ELP2 was compared with the TmAb as a positive control and unfunctionalized 

Alex488-ELP2 monomers as a negative control. Y-axis is the mean fluorescence intensity 

of the binding signal and X-axis indicates the protein concentrations incubated with cells. 

Interestingly, when comparing the affinities obtained using the SPR and 

flow cytometry, a 600-fold difference was observed. The large difference 

between the affinities has several possible explanations.  First, in the SPR 

experiment we used the unlabelled scFv-ELP monomers while with the flow 

cytometry, we performed the experiments on cells with Alexafluor488-scFV-ELP 

monomers. The random binding of Alexafluor488 to NH groups could have 

caused the blockage of some scFv-ELP2 resulting in higher KD values. For the 

unblocked scFv-ELP2, we reached binding saturation with the functionalized 

monomers on HER2+ SK-BR-3 cells which is enough to prove the concept of 

scFv-ELP2 targeting. Furthermore, the labelling efficiency of Alexafluor488 was 

~60% that resulted in unlabelled active moieties that would bind to the HER2+ 

cells but would not give any fluorescent signal. 

To study the cellular internalization, we prepared a co-assembly 

mixture.33  AlexFluor488- labeled samples were formulated in DMEM, 5%  FBS 

for SK-BR3 cells, and  McCoy’s, 5% FBS for SW-620 cells. For the functionalized 

nanoparticles, a mixture of 85% ELP1, 10% Alexafluor48-scFv-ELP2, and 5% 

Alexafluor488-ELP2 was prepared. As a negative control, we prepared a mixture 

of 90% ELP1 and 10% ELP2. The nanoparticles were formed upon heating to 

A B 
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37 ° for 5 minutes and incubated with the SK-BR-3 and SW-620 cells for different 

time intervals (T=0 min- T=260 min). As a negative control, cells were incubated 

on ice for 30 minutes to stop the cellular biochemical functions prior to addition 

of the nanoparticles.  We compared the mean fluorescence between the 

nanoparticles and Trastuzumab (TmAb). As shown in Figure 7, total 

fluorescence increased over time for both TmAb and scFv-functionalized 

nanoparticles indicating the accumulation and internalization of TmAb and the 

scFv-ELP nanoparticles. To enable quantitative measurements of internalization 

of labeled samples, a comparison between the internalized and quenched 

fluorescence was made. For this purpose, quenching was performed using 

AlexaFluor488 antibody to differentiate between the signal from the internalized 

and the surface-bound moieties. We observed that the fluorescence of the 

quenched nanoparticles increased more over time than the fluorescence of the 

quenched Trastuzumab. As expected very low MFI values were measured for 

the unfunctionalized ELP nanoparticles.  We did not observe a signal from both 

the nanoparticles and the TmAb when incubated with the HER2 negative SW-

620 cell line confirming antiHER2-scFv is effective in both targeting of HER2 and 

acceleration of the internalization of the co-assemblies.  
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Figure 7. Cellular uptake of scFv-ELP co-assemblies compared to Trastuzumab. A) Cell 

associated fluorescence as determined with flow cytometry after incubation at different 

time points. B) Relative net internalization after quenching of cell surface-bound 

AlexaFluor488.  

Confocal microscopy (ImageXpress) of SK-BR3 cells 4 hours after 

incubation of scFv-ELP co-assemblies showed a punctate pattern of 

fluorescence consistent with endocytotic uptake. As we stated earlier in chapter 

3, the unfunctionalized nanoparticles take 6 to 24 hrs to be fully internalized into 

the cells. Functionalization of ELP2 with antiHER2-scFv resulted in clear cell 

fluorescence already after 30 minutes of incubation. Over a period of 4 hours of 

incubation, the fluorescence signal increased inside the cells with a similar 

pattern of colocalization in the endosomes as observed earlier with the 

A 
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unfunctionalized ELP particles (Figure 8). Although the Trastuzumab showed 

very fast binding due to the multiple binding domains, the resulting higher 

membrane accumulation was accompanied with slower internalization. This is 

consistent with other studies indicating cellular internalization of TmAb up to 24 

hrs after incubation.38 Moreover, no fluorescence signal was obtained from the 

negative cell line SW-620 (data not shown). 
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As a proof of concept for the co-assembly of ELP1 with ELP2 to form 

stable nanoparticles without the need for Zn2+ ions, we labeled the N-terminus 

of the hydrophobic block of ELP1 with Cyanine5 (Cy5) NHS ester. Following the 

same conditions for cellular internalization, we formulated co-assemblies 

containing 75% ELP1,10% ELP2, 5% Cy5-ELP1, and 10% Alexa488-scFv-ELP2 

in culture media with DMEM, 5% FBS. The co-assemblies were equilibrated at 

37 °C for 5 minutes and incubated with the SK-BR-3 and SW-620 cells for 

different time intervals (T=0min- T=260min). The uptake was measured 

quantitively by flow cytometry. We observed a dual increase from Alex488 and 

Cy5 indicating that the integrity of the ELP particles was retained, which resulted 

in ELP1 internalization after 30 minutes of incubation with cells.  Figure 9 shows 

that there is an increase in the Cy5 signal over time. The Cy5 can be replaced 

with any therapeutic cargo such as hydrophobic drugs or siRNA molecules 

which will be encapsulated and protected from extracellular degradation.39–41  

Figure 9. Cellular uptake of Cy5-labeled-ELP1 co-assembled with antiHER2-scFv-ELP2 

and ELP2. The co-assembly mixture contains 75% ELP1,10% ELP2, 5% Cy5-ELP1 and 

10% Alexa488-scFv-ELP2. The nanoparticles were formulated and incubated with the 

cells for 4 hrs before quantifying the CY5 fluorescence signal using flow cytometry. 
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3. Conclusion 

In this chapter, we have shown the successful design and production of 

scFv-ELP recombinant protein. The fusion protein could be expressed in 

bacteria without compromising the activity of the antibodies.33,42,43 The 

recombinant scFv-ELPs showed functional binding to HER2 using SPR analysis. 

In vitro assessment of scFv-ELP co-assemblies showed very fast internalization 

compared to Trastuzumab. Furthermore, antiHER2-scFv-nanoparticles showed 

to be highly specific for targeting HER2-expressing cancer cells and did not bind 

to HER2 negative cells.  The self-assembly of these recombinant proteins did not 

only target breast cancer cells that overexpress HER2, but also confirmed the 

co-assembly concept to stabilize the ELP2 nanoparticles when mixed with 

stimuli-responsive ELP moieties.  Such ELP carrier systems could be a very 

functional alternative for ADCs, as toxic payloads can be loaded into the 

hydrophobic core of the co-assemblies while the surface is functionalized with 

multiple targeting moieties. We suggest encapsulation of fluorophore-labeled 

inactive drugs such as chemically-labeled duocarmycin to study the cellular 

internalization and colocalization of the payloads and how the faster uptake 

affects drug delivery compared to regular antibody-drug conjugates (ADCs). 

The design of stable co-assemblies of ELP leaves many options for the 

formulation of multi-functional nanoparticles without compromising the stability 

or the efficiency of delivery systems. 
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4. Experimental section  

All chemicals were purchased from Sigma-Aldrich and used as received 

unless specified otherwise.   

4.1. Cloning and expression of ELPs  

The cloning protocol for recursive-directional ligation was adapted from 

the literature.44 Briefly, the plasmid containing the N-terminal part of the block 

was cut with BglI and AcuI while the block containing the C-terminal part was 

cut with BglI and BseRI. For the scFv-ELP construct, the pET24a(+)-[A3G2-60]-

[I-60] plasmid was previously prepared by Pille et al. 33 The amino acid sequence 

for the antiHER2 targeting moiety was obtained from a humanized antiHER2 

scFv by Cao et. al. and codon-optimized for expression in E. coli.45 Since the 

cytoplasm of E. coli is a reducing environment, the antiHER2 sequence was 

preceded by a pectate lyase B (pelB) leader sequence, targeting the protein to 

the oxidative periplasm to enable the formation of antiHER2’s disulfide bridges 

(Figure.A1).46 A short GSGG sequence linked the antiHER2 scFv to the ELP. 

After cloning, the modified plasmid was transformed into XL-10 Gold cells 

(Invitrogen) and cultured on LB agar plates containing 50 µg/mL kanamycin. 

Several colonies were inoculated with 5 ml LB medium containing 50 µg/mL 

kanamycin and incubated overnight at 37 °C, 250 rpm. The DNA was extracted 

and sequenced. The right plasmid sequence was examined by ExPasy and 

Benchling online software. 

The ELP plasmids were transformed into E.coli BLR(DE3) cells  

(Invitrogen) and grown on agar plates containing 30 µg/mL kanamycin overnight 

at 37 °C. A single colony was grown overnight at 37 °C, 250 rpm in LB medium 

containing 50 µg/mL kanamycin and 0.5% w/v D-glucose. The overnight culture 

was diluted to an OD600 of 0.1 in filter-sterilized AIM™ medium (Formedium) 

containing 6 g/L glycerol, 0.005 % Antifoam 204 and 100 µg/mL kanamycin. 

Cells were grown at 300 rpm at 30 °C for 24 hours. Cells were collected by 

centrifugation at 4500 g, 4 °C for 15 minutes.  

4.2. Purification of ELPs  

For cytoplasmic extraction, 1 g of wet cell pellet was resuspended in 10 

mL phosphate buffered saline pH 7.4, 1 mM PMSF, cOmplete™ Protease 

Inhibitor Cocktail, 0.5 mg/mL lysozyme. Cells were lysed by a Sonics Vibra-Cell 

VC 750 sonicator (power level 7, 12 cycles of 10 s sonication, 10 s breaks). Cell 

debris was collected by centrifugation at 13,000 g at 4 °C for 15 min. For the 

periplasmic purification, cells collected by centrifugation (2000 rcf, 4°C, 30 min.) 

were resuspended in hypertonic extraction buffer A (0.2 M Tris, 0.5 mM EDTA, 
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20 w/v% sucrose, cOmplete™ Protease Inhibitor Cocktail, pH 8.0) at a 

concentration of 10 mL per gram wet cell pellet, and were incubated for 30 min. 

at 4 °C. Cells were pelleted by centrifugation at 2000 g, 4 °C, 30 min. and the 

supernatant was collected. The cell pellet was then resuspended in hypotonic 

extraction buffer B (0.2 M Tris, 15 mM MgSO4, cOmplete™ Protease Inhibitor 

Cocktail, pH 8.0) at 10 mL per gram wet cell pellet and incubated for 30 min, 4 

°C.  Residual DNA was precipitated by adding 0.5 % w/v poly(ethylene imine) 

and removed by centrifugation at 13,000 g at 4 °C for 30 min. Once a clear 

lysate was obtained, the ELPs were precipitated by adding a saturated solution 

of (NH4)2SO4 up to 10-25 v/v%. Proteins were collected by centrifugation at 

13,000 g at 28-30 °C for 30 min. The pellet was resuspended in phosphate 

buffered saline and centrifuged to remove insoluble contaminants at 13,000 g at 

4 °C for 20 min. These ITC cycles were repeated until sufficient purity was 

obtained, usually after 2-3 cycles. To obtain higher protein purity, the ELPs were 

purified on a HiLoad 16/600 Superdex 200 column and desalted on a HiPrep 

26/10 (GE Healthcare Life Sciences) with an NGC-Chromatography system 

(Biorad) at 1 mL/min PBS and 4 mL/min MilliQ, respectively. Residual salt 

concentration was below 0.01 mg/mL as determined by conductivity. The ELP 

solution was filter-sterilized with 0.22 µm PES syringe filters (Nalgene) and 

freeze-dried. Yield was determined by either weighing in case of unmodified ELP 

or by the Beer-Lambert law using the following equation 1. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1:  

 

A =  ε ∗ l ∗ C  

εmolar[M−1cm−1] =  (nW ∗ 5500) +  (nY ∗ 1490) +  (nC × 125) = 51.590 

MW [Da] = 74227,08 

ε [mg/mL−1cm−1] =  εmolar /MW = 0,69503 

l [cm−1] =  0,5 

A280 [AU] =  AUC280 [mAU ∗ mL]/V [mL] 

C =
A

ε ∗ l 
 

M [mg] = C[mg/mL] ∗ V[mL] 
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4.3. Agarose gel electrophoresis  

The samples were loaded on 1% agarose gels and run in tris-acetate 

EDTA (TAE) buffer at 90 V. SYBR Safe (Life Technologies) as a nucleic acid stain 

was added to the gel (1:1000). Around 200 ng of plasmid DNA was loaded to 

each well.  

4.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE)  

Proteins were run under non-reducing conditions on 4-20% Mini-

PROTEAN® TGX™ Precast Gels, Promega. The electrophoresis was carried out 

at constant voltage (150V) for 1 hr. Gels were stained with Bio-Safe™ 

Coomassie Stain (Biorad). 

4.5. Labeling of the antiHER2-scFv-ELP2 and Trastuzumab 

The labeling of the N-terminus of the ELPs with Alexa FluorTM 488 

(Thermofisher) or Cy5® (Lumiprobe) was performed using NHS-ester coupling 

according to. 47 Briefly, the samples were prepared in phosphate buffer pH 8.0, 

with ELP to dye incubated in a 1:20 molar ratio, while vortexing for 1hr at RT or 

4 hrs at 4.0 °C. The unbound dye was removed by desalting with 10-PD 

columns, the protein was eluted in MQ and freeze-dried to estimate the final 

yield. Labeling efficiency was determined as follows: efficiency of labeling = 

concentration of incorporated fluorophore/concentration of protein. 

Trastuzumab was labeled with Alexa Fluor488TM using Alexa FluorTM 488 

Antibody Labeling Kit (Invitrogen) according to the manufacturer’s protocol. The 

unbound dye was removed by spin filter Amicon Ultra 0.5mL. The concentration 

after labeling was measured by NanoDropTM. 

 4.6. Dynamic light scattering   

Samples were diluted in PBS pH 7.4. Measurements were performed 

on a Malvern Zetasizer Nano. Samples were equilibrated for 5 minutes at 37 °C 

before data collection. Reported values are averages of 3 independent 

measurements. For temperature-induced disassembly, the samples were 

measured at 4.0 °C.   

4.7 Surface Plasmon Resonance (SPR) 

Binding analysis was performed on a Surface Plasmon Resonance 

instrument (Biacore© T200 system, GE Life Sciences) at 25°C. Biotinylated 

hHER2 (Acrobiosystems) was captured on the surface of a CAPchip made 

suitable for capture of biotinylated molecules (Sensor Chip CAP, GE Life 
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Sciences) by injection of Biotin Capture reagent for 300s at 2 µL/min on flow cell 

1 and 2. A dilution of the biotinylated hHER2 antigen in running buffer (10 mM 

HEPES buffer at 25 pH 7.4 with 150 mM NaCl, 3 mM EDTA and 0.005% v/v 

polyoxyethylene (20) sorbitan monolaurate (Surfactant P20) was injected at 

variable contact times to obtain different capture levels at 5 µl/min. The dilution 

and contact time for the hHER2 variant was estimated in a different experiment 

aiming for a capture level between 50 – 100 RU. After a one-minute baseline, 

the scVP-ELP sample or ELP-control was injected in five increasing 

concentrations (0.7, 2.2, 6.7, 20, and 60 nM) at 30 µl/mL for 60s with a 900s 

dissociation time. Regeneration was performed with 6 M guanidine-HCl, 0.25 M 

NaOH solution (120 sec with flow rate of 30 µl/min). Double blank subtraction 

was performed on the obtained sensorgrams subtracting the signal of a blank 

reference flow channel and a running buffer injection.  Sensorgrams were made 

using Biacore© T200 evaluation software (v3.1). The sensorgrams were fitted 

to a 1:1 Langmuir binding model and subsequently evaluated for the quality of 

the fit (chi2), the uniqueness of the fit (U-value), and by visual inspection and 

biological relevance. 

4.8. Cell culture 

Human breast cancer cells SK-BR3 that overexpress the HER2 

(Neu/ErbB-2) gene product and SW-620 cancer cells that have no HER2 

expression were cultured in RPMI (Gibco) and McCoy's 5A Modified Media 

(Gibco) supplemented with 10% FBS (Gibco) and antibiotics (Gibco). Cells were 

cultured at 37 °C in 5% CO2 in humidified chambers.  

4.9. Flow cytometry and imaging 

To determine the functionality of antiHER2-scFv-ELP monomers, 

binding to SK-BR3 and SW-620 cells was determined under non-internalizing 

conditions at 4 °C. SK-BR3 and SW-620 cells were dissociated from culture 

flasks using trypsin and the media were replaced by PBS.  The cells were 

transferred to 96-wells plates at 104 cells per well. Cells were blocked with PBA 

(PBS, 0.5% BSA, and 2% FBS) for 10 minutes at 4 °C, followed by incubation 

with serial dilution of Alexa488-antiHER2-scFv-ELP2 or negative control 

Alexa488-ELP2 in PBA buffer for 30 min at 4 °C. After washing twice with cold 

PBA, cell-associated fluorescence was quantified on a BD FACSymphony A3 

(BD biosciences). To quench the membrane-bound Alexafluor488, we 

incubated the cells with a 1:30 dilution of the anti-AF488 antibody for 10 minutes 

before measuring with flow cytometry. The quenching efficiency was calculated 

using Equation 2. To determine uptake of scFv- functionalized ELP nanoparticles 
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and compare this to trastuzumab, SK-BR3, and SW-620 cells were grown to 

80% confluency in 96-wells plates.  The cells were incubated with pre-warmed 

0.5mg/ml co-assemblies containing 85% ELP2, 10% Alexafluor488-scFv-ELP2 

and 5% Alexafluor488-ELP2. For Cy5 fluorescence, the cells were incubated 

with a 0.5mg/ml co-assembly composed of 85% ELP2, 10% Alexafluor488-

scFv-ELP2, and 5% Cy5-ELP2. The nanoparticles were incubated with the cells 

at 37 °C for different time points; 30, 60, 120, 240 minutes. After incubation, 

cells were washed twice with warm culture medium with 10% FBS, dissociated 

with trypsin, and collected in PBA, and cell-associated fluorescence was 

quantified with flow cytometry. The relative internalization percentages (%) were 

calculated using Equations 3 and 4. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2:  

% 𝑄𝑢𝑒𝑛𝑐𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

= 100

−  (
(Quenched t = 0 sample –  Quenched control)

(Unquenched t = 0 –  Unquenched control)
 𝑥100%) 

 

 

 

 

 

 

 

 

 

For imaging, cells were seeded at 104 cells/well for SK-BR-3 and 8x103 

cells/well for SW-620 overnight in ViewPlate-96 Black, Glass Bottom, Tissue 

Culture Treated, Sterile, 96-Well (Perkin Elmer) plates. The cells were imaged 

after incubation with 0.5mg/ml of the particles and 30 µg/ml TmAb. The co-

assemblies were incubated at different time points; 30, 60, 120, 240 minutes. 

After incubation, cells were washed twice with PBS and fixated by methanol. The 

cellular uptake was imaged by confocal microscopy ImageXpress (Molecular 

Devices), with a 40x lens magnification in confocal mode using a 60µm pinhole. 

 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3:  

% internalization = (1-(N1-Q1)/(N1-N1*Q0/N0)))*100% 

N1 = Unquenched MFI at each time point (T1) 

Q1 = Quenched MFI at T1;  

Q0 = Quenched MFI for the sample kept on ice (T0) 

N0 = Unquenched MFI at T0. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4: 

% internalization = ((Q1
sample

 – Q1
control

)/(N1
sample 

– N1
control

))*100% 

N1 = Unquenched MFI at each time point (T1) 

Q1 = Quenched MFI at T1 
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6. Appendix 

 

Figure A.1. E. coli optimized DNA sequence of the humanized anti-HER2 scFv insert, 

including restriction enzyme sites and corresponding amino acid sequence. PelB leader 

sequence targets the recombinantly expressed protein for transportation to the oxidizing 

periplasmic space. 

 

Figure A.2. Overview of restriction digestion and ligation of pET24a(+)[A3G2-60]-[I-60] 

plasmid and antiHER2 scFv insert. pET24a(+) [A3G2-60]-[I-60] is digested by BseRI and 

XbaI. AntiHER2 scFv is digested by AcuI and XbaI. Both vector and insert are isolated by 

agarose gel electrophoresis and ligated by T4 DNA ligase to give the resulting pET24a(+) 

antiHER2-[A3G2-60]-[I-60] plasmid. 
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Table A.1. Protein sequence of the ELPs and antiHER2 

Construct 

name 
Amino acid sequence 

[A3G2-60] 

MVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGV

PGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVP

GAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPG

GGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAG

VPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVP

GAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAGVPGGGVPG

GGVPGAGVPGAGVPGAGVPGGGVPGGGVPGAGVPGAGVPGAG

VPGGGVPGGGY 

[I1H4-60]  

MVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVP

GHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHG

VPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVP

GIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHG

VPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPG

HGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPGHGVPGIGV

PGHGVPGHGVPGHGVPGHGVPGIGVPGHGVPGHGVPGHGVPG

HGY  

[I-60] 

MGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGI

GVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVP

GIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIG

VPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPG

IGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGV

PGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGIGVPGI

GVPGIGVPGIGVPGAGVPGAGVPGAGVPGGG 

 

PelB sequence 

(yellow) 

+antiHER2+link

er (green) 

KYLLPTAAAGLLLLAAQPAMAEVQLVESGGGLVQPGGSLRLSCAA

SGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTI

SADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQG

TLVTVSSGGGGSGGGGSGGGGSDIQMTQSPSSLSASVGDRVTIT

CRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRS

GTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKGSGG 
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Figure A.3. Percentage of relative internalization in time for the scFv-ELP co-assemblies 

versus TmAB. The co-assemblies were based on a mixture of 85% ELP1, 10% 

Alexafluor48-scFv-ELP2 and 5% Alexafluor488-ELP2. 
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Figure A.4. Flow cytometry analysis of cellular uptake of Alexa488-scFv-ELP2:Cy-5-

ELP1 co-assemblies in SK-BR-3 cells. Over time, fluorescence signal increased (T=0 min 

to T=240). The concomitant signal increase from Alexa488 (FITC-A) and Cy-5 (APC-A) 

confirmed that the co-assembly results in stable Cy5-ELP1 nanoparticles which were 

internalized in the same way as the Alexa488-scFv-ELP2. 
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Figure A.5. Flow cytometry analysis of cellular uptake of Alexa488-scFv-ELP2:Cy-5-

ELP1 co-assemblies in HER2-negative SW-620 cells. Over time (T=0 min to T=240) no 

internalization was observed, confirming that the uptake was scFv-dependent.  
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6 

 

 

Summary and perspectives 
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1. Nanomedicine based-elastin-like polypeptides 

 

Novel nanomedicines embody a class of advanced, well-defined drug 

delivery systems that can increase the therapeutic index of anticancer drugs. 

Conventional cancer medicines are faced by many challenges, such as 

unfavorable safety profiles with poor targeting that limits drug efficacy. By using 

targeted nanosystems, we can achieve more accumulation of active 

components at diseased tissues with less localization at tissues or organs that 

are sensitive to toxicity. Utilizing nanomedicines allows the development of 

combination therapies by encapsulating hard-to-penetrate drugs, such as 

hydrophobic chemotherapeutics while functionalizing the surface of the 

nanocarriers by targeting peptides or other molecules such as photosensitizers 

for photoimmunotherapy. Such advantages can be helpful to achieve synergistic 

or additive effects. Clinical practices count today approximately fifty 

nanotherapeutics, most of them being nano-formulations of previously approved 

drugs, while a greater number of investigational drug nanocarriers are 

undergoing clinical investigation for a variety of indications.1 Some of the more 

recent approved nanomedicines are ONPATTRO (siRNA-lipid nanoparticles for 

Transthyretin (TTR)‐mediated amyloidosis) 2 and NBTXR3 (Hafnium oxide 

nanoparticles for locally advanced squamous cell carcinoma).3 An interesting 

class of nanocarriers are the elastin-like polypeptides (ELPs) based 

nanoparticles. Since the pioneering work of Urry et al. elastin-derived motifs 

(such as VPGVG) have been studied not only merely for their physicochemical 

features but also as useful thermosensitive polymers 4,  with application potential 

in drug delivery.5   

ELP are biodegradable and show high biocompatibility due to their 

natural composition. They are temperature and salt responsive, displaying a 

lower critical solution temperature (LCST) behavior.6,7 Going through their 

transition temperature  (Tt), ELPs undergo a conformational change which 

switches them from a water-soluble to an aggregated hydrophobic state. 

Utilizing this transition behavior, different ELP-based polymers have been 

produced of different architectures, whether as a monoblock, diblock, triblock, 

or even hybrid systems.8–10 These systems have been demonstrated to be 

efficient to deliver hydrophobic drugs or therapeutic proteins resulting in better 

targeting and improved pharmacokinetics and pharmacodynamics of the 

cargos.11 Due to the complete control over amino acid composition, ELP-based 

delivery systems can be engineered with high precision using protein 

engineering.12  
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In this thesis, we have described the design and production of histidine-

rich ELP block copolymers. This type of ELP was inspired by earlier developed 

pH-responsive nanoparticles using ELP [VH4]-based polymers which formed 

nanoparticles at physiological temperatures which could be made smaller in size 

upon addition of metal ions such as zinc.13,14 In Chapter 2,  we created an ELP 

diblock copolymer which was composed of  [I1H4-60] as a pH-responsive 

hydrophobic block and [A3G2-60] as the hydrophilic corona-forming domain. The 

novelty about this copolymer was that the diblock remained in a soluble hydrated 

state at a wide range of temperatures (4 °C- 47 °C) and would not form 

nanoparticles unless divalent metal ions were added. This facilitated the 

formulation and stability of the formed nanoparticles. On the other hand, due to 

these features, we also encountered some challenges during protein expression 

and purification. Therefore, we evaluated different expression conditions such 

as temperature and culture time. The optimal conditions were culturing at 

temperatures between 25 °C -30 °C for 30 hrs to 24 hrs respectively. Auto-

induction proved to be the ideal method for ELP expression15, When it comes to 

protein purification, the highest yield was obtained with chelating agent-free 

buffers (EDTA-free cold PBS). The histidines present in the ELP sequence 

interacted with the metal ions in the cell lysate resulting in lowering the transition 

temperature and thus in better precipitation when the saturated ammonium 

sulfate salt solution was added. ELP nanoparticles were effectively obtained 

upon addition of Zn2+ which interacted with the imidazole groups of the histidines. 

This feature also made the nanoparticles pH-sensitive. When the pH of the 

incubation conditions was changed from physiological pH 7.4 to an endosomal 

(pH 5.5; early endosomal pH) or pH 4.5 (late endosomal pH) environment, 

protonation of the imidazoles led to the disruption of the interaction with the 

metal ions, which subsequently resulted in disassembly.  Encouraged by the 

promising results of the histidine-based ELP nanoparticles, we proceeded to 

study the different possibilities to stabilize our nanoparticles. We displayed the 

potential of incorporating two types of ELP diblock that can form stable miscible 

assemblies derived from mixing of stable diblock with unstable diblock. Two 

ELPs have been studied; ELP1 with a histidine-rich diblock and ELP2 that is 

thermosensitive and can form monodisperse nanoparticles at nanomolar 

concentrations. Combination of ELP1:ELP2 mixtures resulted in stable 

nanoparticles without the need to add metal ions. This co-assembly resulted in 

the loss of the pH-sensitivity of the ELP1 diblock and the mixture disassembled 

at temperatures below 25° C. This co-assembly approach will allow the creation 

of modular micelles with multiple functionalizations and cargo loading potential. 

This can open the door to explore novel systems that are more suited for 
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targeted drug delivery in the clinic. In vitro studies showed that the ELP 

nanoparticles were biocompatible with no toxic effects at concentrations up to 1 

mg/ml. Cellular uptake studies demonstrated the ability of these nanoparticles 

to be taken up by cells and be localized in the endosomes where they underwent 

acidic pH-triggered disassembly.  

In Chapter 3, we modified our ELP diblock to be suitable for siRNA 

encapsulation. Effective and sustained gene therapy faces many challenges;1) 

the cationic carrier that complexes siRNA impedes its cellular internalization and 

accessibility, 2) siRNA can be degraded by serum nucleases, 3) it can trigger 

the immune system, and be cleared fast via the kidneys. Therefore, targeted, 

safe, and stable delivery systems are needed to facilitate uptake by target cells 

while preserving the integrity of the siRNA. Moreover, the optimal delivery 

system should prevent in vivo opsonization that leads to recognition by 

phagocytes and then clearance from the body. The amphiphilic ELP diblock 

developed in Chapter 2 was extended with different lengths of a cationic 

sequence of lysine residues. Oligonucleotides encoding for 10, 20, and 30 

amino acids were cloned to the N-terminal side of the hydrophobic block. The 

protein expression and purification were only feasible for ELP constructs with 

only 10 lysine residues ((Lys)1-ELP). (Lys)1-ELP was used to successfully 

encapsulate anti Luciferase siRNA (siLuc) and self-assembled into micellar 

nanoparticles that were stable at physiological conditions. Thanks to the Zn2+-

induced stability, the siRNA-loaded micelles showed great stability in serum and 

a had long shelf-life of up to 6 months. The ELP nanoparticles showed great 

potential to retain and deliver siRNA payload.  The luciferase expression was 

significantly downregulated when siLuc-loaded nanoparticles were incubated 

with HeLa Luc cells for 24 hrs. The protein downregulation was observed 72 hrs 

post-transfection. Besides, the nanoparticles showed time-dependent gene 

silencing in contrast to Lipofectamine.  

In Chapter 4, our siRNA delivery was extended to a clinically relevant 

system. We utilized the (Lys)1-ELP for the delivery of synthetic lethal siRNA. 

Synthetic lethality occurs when combinations of mutations in two or more genes 

lead to cell death. A single dysfunctional gene therefore does not have a 

significant impact on cell viability, but the simultaneous loss of the second gene 

leads to cell death, whereas healthy cells are not affected. This approach is 

potent in cancer treatment where some cell proliferation genes are mutated to 

serve the invasive machinery of the cancer cells. Knockdown of another gene 

will cause the death of cancer cells while sparing the healthy ones. In addition, 

combination of synthetic lethal RNAi with cancer drugs is currently explored as 
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an option to increase the therapeutic index.16 (Lys)1-ELP nanoparticles were 

utilized to deliver synthetic lethal siRNA (siSHOC2) to target cancer cells with a 

mutation in the RAS oncogene without affecting the viability of healthy cells.  ELP 

nanoparticles encapsulating siSHOC2- which targets the MAPK pathway- were 

prepared and their transfection efficiency was compared to Lipofectamine 

complexes. We evaluated the siSHOC2 moieties in patient-derived cells VOA 

4627 and VOA 6406. Overall, the SHOC2 protein knockdown and synergistic 

effect of MEKi drug, Trametinib, was hindered by the inefficient delivery of the 

siSHOC2. Cell toxicity assays showed no dose-dependent effect of both 

nanoparticles and Lipofectamine. Cells seemed to regain their viability after one-

week post-transfection. Further investigation of cell culture conditions and siRNA 

sequences is recommended to optimize transfection efficiency.  

Finally, in Chapter 5, we demonstrated the utilization of the co-

assembly to fabricate a HER2-targeting delivery system. We have shown the 

successful design and production of ELP2 nanoparticles functionalized with 

single-chain variable fragment (scFv-ELP2). ELP was shown to facilitate the 

production of antibody fragments in bacteria without compromising the activity 

of the antibodies. The antiHER2-scFv-ELPs showed functional binding to the 

recombinant HER2 using SPR analysis. In vitro assessment of scFv-ELP co-

assemblies showed very fast internalization compared to Trastuzumab. Co-

assembly of ELP1 with scFv-ELP2 resulted in stable nanoparticles that were able 

to deliver CY5 dye to cell SK-BR3 cells. Such ELP carrier systems could be a 

very functional alternative for the antibody-drug conjugates (ADCs) where toxic 

payloads can be loaded into the hydrophobic core of the co-assemblies while 

functionalizing the surface with multiple targeted drug delivery systems. 
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2. Perspectives 

Nanoparticles have recently emerged as an increasingly promising 

class of therapeutics and diagnostics with a wide range of potential clinical 

applications. The newly emerging protein-based nanocarriers provide promising 

advantageous carrier systems for controlled and targeted drug delivery  

compared to the most common commercial nanomedicines based on 

liposomes.17,18 Protein-based nanocarriers include a wide range of naturally 

occurring proteins, engineered proteins, and synthetic polypeptides. They offer 

minimum toxicity and biodegradability. Due to their numerous advantages, some 

protein-based nanomedicines have become commercially available such as 

Abraxane® for treatment of metastatic breast cancer.19 In this thesis, our work 

focused on engineered proteins that provide a number of advantages such as; 

1) full control over the composition, 2) materials of high purity without the need 

for toxic organic solvents during synthesis and purification, and 3) ease of control 

over the assembly, surface functionalization, and drug encapsulation.20 We 

studied elastin-like polypeptides (ELPs); a well-known class of protein-based 

nanocarriers. ELPs provide enhanced solubility, stability, biocompatibility and 

biodegradability. We developed pH-responsive ELP-based nanoparticles that 

can be stabilized by metal ions. These metal ions-stabilized nanoparticles 

exhibited very high stability that protects the loaded cargos from external 

degrading conditions. We developed a second stabilizing method based on the 

co-assembly with stimuli-responsive ELP copolymer. Those co-assemblies 

showed a high degree of surface functionalization with bioactive moieties that 

can be tailor-made for clinical applications. Further steps still should be done 

before these nanoparticles can be efficiently used for in vivo drug delivery. In the 

following section, we want to discuss different prospects of improvements 

regarding the siRNA delivery, co-assembly and functionality. 

Delivery of synthetic lethal siRNA proved to be challenging and further 

in-depth studies of the interactions between the cells and the nanoparticles are 

required. The use of patient-derived cells in drug delivery studies is of 

importance for more reliable pre-clinical studies.  We tested our ELP 

nanoparticles on Low Grade Ovarian Serous Carcinoma (LGSC) patient-derived 

cells and they proved to be hard to isolate and culture. 21 In vivo data are required 

to assess and optimize the efficiency of the ELP as potentially commercial 

therapeutics. We speculate that our histidine-based polymer would behave 

differently in vivo as the ELP will use the metal ion content of the body for 

stabilization until being internalized into the targeted tissues or organs.22 Large 

scale productions of the ELP systems is needed before they can be utilized in 



 

 

146 

 

the clinic. The production and purification of ELPs used in our work presented in 

this thesis proved be hard to achieve in high yield. To achieve large scale 

production of such promising ELPs, further studies should focus on optimizing 

media components and culture conditions for each ELP’s amino acid 

composition. We recommend for future studies a collaboration between diverse 

expertise in cancer cell biology, protein engineering, and nanotechnology to 

tailor the perfect design of nanoparticles. If the issue of the large-scale 

production of ELP is addressed, we believe it will change the map of the protein-

based nanotherapeutics. 

The use of the co-assembly method for nanoparticles stabilization has 

only recently been investigated and the potential toward nanoparticle 

functionalization and stability is still underexplored. We investigated this 

approach and found out that co-assembly of ELP blocks with different amino 

acid compositions offers many advantages for stability and functionalization. We 

successfully stabilized His-ELP diblock by mixing an unstable His-rich diblock 

with another stable diblock without the need for metal ions. This allowed multiple 

functionalizations of our nanoparticles that cannot be obtained with the 

functionalization of only one diblock. We formulated co-assemblies by surface-

functionalization of one ELP block with antibody fragment and loaded CY5 dye 

into the hydrophobic core of another ELP. We used these co-assemblies for 

targeting breast cancer cells. This provides a solid experimental foundation for 

future studies to replace the CY5 dye with a hydrophobic chemotherapeutic for 

improved targeted delivery with the single-chain antibody. The implementation 

of scFv-based antibodies with their advantageous small size is expected to offer 

higher cell penetration compared to their full-length counterparts. Furthermore, 

the size of scFvs allowed the smart fabrication of fully biologically active scFv-

ELP proteins. Considering all the above, we highly recommend the scFv-ELP as 

an efficient drug delivery system.  

Efficient drug loading on the nanoparticles remains a bottleneck to their 

clinical applications .23 To address this challenge in our work, we showed that 

siRNA encapsulation is possible by simple modification of ELPs by adding a 

cationic carrier using molecular cloning techniques. Future studies are still 

needed to optimize encapsulation of other cargos such as hydrophobic 

chemotherapeutics. We recommend that chemical modifications of the 

hydrophobic core of the ELPs should be performed to ensure improved 

encapsulation capacity. An example of such modification is adding cysteine 

residues as conjugation handles to couple chemotherapeutics such as 

Doxorubicin.24,25 Such modifications will lead to successful entrapment of the 
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cargos in the ELP nanoparticles upon self-assembly. This also will ensure the 

stability of the loaded drugs for a longer period of time.  

Finally, ELP-based materials are biocompatible, biodegradable with 

stimuli-responsive characteristics that can be customized and optimized for 

different purposes. ELPs were shown to have a great potential to form 

recombinant fusions with other proteins or peptides. Some ELPs are already 

being used in clinical setups such as ELP fusions with a native human peptide 

vasoactive intestinal peptide (VIP) analogue; developed by Phase Bio Company. 

Compared to the free VIP, the fusion of ELP to the VIP extends the effective half-

life of VIP to approximately 60 hours. VIP-ELP is currently applied in pulmonary 

arterial hypertension and acute respiratory distress syndrome in patients with 

COVID-19.26  

It is becoming clear that the knowledge accumulated in the field of 

nanomedicines over the last decades is reaching a new stage that enables us to 

overcome some of the bottlenecks that have proved in the past to be 

challenging. Nanocarriers with simple makeup like ELPs could reverse the tide 

of failed attempts of the old systems; giving birth to a new hope for a system that 

is easier to study and translate into clinical setups. We cannot deny that the 

challenges ahead of us are not trivial. But when the difficulties are addressed 

patiently with rigorous scientific endeavors, the limits of the frontiers are pushed 

slowly but surely.   And finally: A chorus of enthusiastic cheers will keep us more 

determined as usual towards our goal to develop efficient nanomedicines that 

can be widely used in many clinical applications. 

 

 

 

 

 

 

 

 

 

 

 



 

 

148 

 

3. References 

1.  Anselmo AC, Mitragotri S. Nanoparticles in the clinic: An update. Bioeng Transl 

Med. 2019;4(3). doi:10.1002/btm2.10143 

2.  Urits I, Swanson D, Swett MC, et al. A Review of Patisiran (ONPATTRO®) for the 

Treatment of Polyneuropathy in People with Hereditary Transthyretin Amyloidosis. 

Neurol Ther. August 2020. doi:10.1007/s40120-020-00208-1 

3.  Bonvalot S, Rutkowski PL, Thariat J, et al. NBTXR3, a first-in-class radioenhancer 

hafnium oxide nanoparticle, plus radiotherapy versus radiotherapy alone in patients 

with locally advanced soft-tissue sarcoma (Act.In.Sarc): a multicentre, phase 2–3, 

randomised, controlled trial. Lancet Oncol. 2019;20(8):1148-1159. 

doi:10.1016/S1470-2045(19)30326-2 

4.  Urry DW. Free energy transduction in polypeptides and proteins based on inverse 

temperature transitions. Prog Biophys Mol Biol. 1992;57(1):23-57. 

doi:10.1016/0079-6107(92)90003-O 

5.  Varanko AK, Su JC, Chilkoti A. Elastin-Like Polypeptides for Biomedical 

Applications. Annu Rev Biomed Eng. 2020;22(1):343-369. doi:10.1146/annurev-

bioeng-092419-061127 

6.  Urry DW. Physical Chemistry of Biological Free Energy Transduction As 

Demonstrated by Elastic Protein-Based Polymers †. J Phys Chem B. 

1997;101(51):11007-11028. doi:10.1021/jp972167t 

7.  Vrhovski B, Jensen S, Weiss AS. Coacervation Characteristics of Recombinant 

Human Tropoelastin. Eur J Biochem. 1997;250(1):92-98. doi:10.1111/j.1432-

1033.1997.00092.x 

8.  Wright ER, Conticello VP. Self-assembly of block copolymers derived from elastin-

mimetic polypeptide sequences. Adv Drug Deliv Rev. 2002;54(8):1057-1073. 

doi:10.1016/S0169-409X(02)00059-5 

9.  Gao W, Xu D, Lim DW, Craig SL, Chilkoti A. In situ growth of a thermoresponsive 

polymer from a genetically engineered elastin-like polypeptide. Polym Chem. 

2011;2(7):1561-1566. doi:10.1039/c1py00074h 

10. Van Eldijk MB, Smits FCM, Vermue N, Debets MF, Schoffelen S, Van Hest JCM. 

Synthesis and self-assembly of well-defined elastin-like polypeptide-poly(ethylene 

glycol) conjugates. Biomacromolecules. 2014;15(7):2751-2759. 

doi:10.1021/bm5006195 

11. Reduce the potential for gastrointestinal side effects associated with VPAC1 

activation. 

https://clinicaltrials.gov/ct2/show/NCT03556020?term=PB1046&draw=2&rank=3. 

12. Yi A, Sim D, Lee YJ, Sarangthem V, Park RW. Development of elastin-like 

polypeptide for targeted specific gene delivery in vivo. J Nanobiotechnology. 

2020;18(1):1-14. doi:10.1186/s12951-020-0574-z 

13. Callahan DJ, Liu W, Li X, et al. Triple Stimulus-Responsive Polypeptide 

Nanoparticles That Enhance Intratumoral Spatial Distribution. Nano Lett. 

2012;12(4):2165-2170. doi:10.1021/nl300630c 



 

 

149 

 

14. Huang K, Zhu L, Wang Y, Mo R, Hua Z. Targeted delivery and release of 

doxorubicin using a pH-responsive and self-assembling copolymer. J Mater Chem 

B. 2017;5(31):6356-6365. doi:10.1039/c7tb00190h 

15. Sivashanmugam A, Murray V, Cui C, Zhang Y, Wang J, Li Q. Practical protocols for 

production of very high yields of recombinant proteins using Escherichia coli. Protein 

Sci. 2009;18(5):936-948. doi:10.1002/pro.102 

16. Turner NC, Lord CJ, Iorns E, et al. A synthetic lethal siRNA screen identifying genes 

mediating sensitivity to a PARP inhibitor. EMBO J. 2008;27(9):1368-1377. 

doi:10.1038/emboj.2008.61 

17. DeFrates K, Markiewicz T, Gallo P, et al. Protein Polymer-Based Nanoparticles: 

Fabrication and Medical Applications. Int J Mol Sci. 2018;19(6):1717. 

doi:10.3390/ijms19061717 

18. Yingchoncharoen P, Kalinowski DS, Richardson DR. Lipid-Based Drug Delivery 

Systems in Cancer Therapy: What Is Available and What Is Yet to Come. Pharmacol 

Rev. 2016;68(3):701-787. doi:10.1124/pr.115.012070 

19. Lee S. Human serum albumin: A nanomedicine platform targeting breast cancer 

cells. J Drug Deliv Sci Technol. 2019;52:652-659. doi:10.1016/j.jddst.2019.05.033 

20. Grove TZ, Cortajarena AL. Protein Design for Nanostructural Engineering: 

Concluding Remarks and Future Directions. In: ; 2016:281-284. doi:10.1007/978-3-

319-39196-0_12 

21. Kodack DP, Farago AF, Dastur A, et al. Primary Patient-Derived Cancer Cells and 

Their Potential for Personalized Cancer Patient Care. Cell Rep. 2017;21(11):3298-

3309. doi:10.1016/j.celrep.2017.11.051 

22. Williams RJP. Metal ions in biological systems. Biol Rev. 1953;28(4):381-412. 

doi:10.1111/j.1469-185X.1953.tb01384.x 

23. Liu Z, Jiao Y, Wang Y, Zhou C, Zhang Z. Polysaccharides-based nanoparticles as 

drug delivery systems. Adv Drug Deliv Rev. 2008;60(15):1650-1662. 

doi:10.1016/j.addr.2008.09.001 

24. MacKay JA, Chen M, McDaniel JR, et al. Self-assembling chimeric polypeptide-

doxorubicin conjugate nanoparticles that abolish tumours after a single injection. 

Nat Mater. 2009;8(12):993-999. doi:10.1038/nmat2569 

25. Furgeson DY, Dreher MR, Chilkoti A. Structural optimization of a “smart” 

doxorubicin–polypeptide conjugate for thermally targeted delivery to solid tumors. J 

Control Release. 2006;110(2):362-369. doi:10.1016/j.jconrel.2005.10.006 

26. Pemziviptadil (PB1046), a Long-acting, Sustained Release Human VIP Analogue, 

Intended to Provide Clinical Improvement to Hospitalized COVID-19 Patients at High 

Risk for Rapid Clinical Deterioration and Acute Respiratory Distress Syndrome 

(ARDS). (VANGARD). 

https://clinicaltrials.gov/ct2/show/NCT04433546?term=PB1046&draw=2&rank=1. 

 

 

 



 

 

150 

 

Acknowledgment 

I would like to express my sincere gratitude to everyone who has 

contributed to the success of my Ph.D. Although it was a challenging journey, it 

was full of experiences to gain, opportunities to grasp, people to meet and 

different cultures to explore.  

 First of all, I would like to express my gratitude to my promotor Prof. Jan 

van Hest, I still remember our Skype interview when I applied for the Nanomed 

program. Enrolling me in such a beneficial program provided me as an early-

stage researcher with plentiful of educational opportunities that enriched and 

broaden my scientific knowledge. You gave me the freedom to pursue my 

research accompanied by guidance and support. Marjo, Thank you for your 

efforts with all of us to keep us comfortable taking care of the administrative side 

of our projects and keeping us informed about the events in the University. I wish 

all the best in your life and your beloved ones.  

I would like to thank the promotion committee members; Prof. Dr. 

Maarten Merkx, Prof. Dr. Patricia Dankers, Dr. Roy van der Meel, Dr. Renko de 

Vries, Dr. Katrien Berns, and Prof. Dr. Michel Eppink to invest their time to 

constructively evaluate my dissertation and giving me much appreciated 

feedback. Thank you, Roy for all the regular discussions and advice about the 

delivery of the siRNA. Katrien, thank you for your support and for giving me the 

opportunity to join NKI to continue my research.  

I would like to thank everyone I met during my internship in Byondis. I 

would like to express my great gratitude to Prof. Dr. Michel Eppink for the 

opportunity to continue my research in Byondis and for the continuous support 

and knowledge transfer. You facilitated working in your labs and provided me 

with a chance to work with many experts who helped me getting things done. 

Rien de Ruiter, thanks a lot for all the discussions and support. I would like to 

thank Ellen Matter and Désirée Damming not only for the friendly help you gave 

me, but also for the nice walks and lunches we had together. 

I would like to thank our partners at Utrecht University, thanks a lot Joep 

van den Dikkenberg for the training on cell studies. Thanks, Jerry for guiding me 

in UU, I wish you good luck with your career. Special thanks to all van Hest group 

for all the activities we did together during the last four years. Thank you, Roxane, 

for our talks during the last four years and all the workouts we did together. All 

the best with your career, stay motivated as always. Chiara, I wish you all the 

best, very soon we will celebrate your ceremony as well. Thanks for helping me 

in the biolab. Teresa, I wish you all the best, and good luck with your graduation. 



 

 

151 

 

Thank you Bastiaan for your advice about the chemistry part of my work, I 

benefited from your questions and suggestions during our group meetings. To 

Amy, our energetic colleague, thank you for your enthusiastic discussions and 

friendly advice, all the best to you. Duc, thank you and all the best in your career. 

To my paranymph, Gilad it was very nice to get to know you.  You have been a 

great colleague and I wish you all the best in your Ph.D and your personal life. 

To my Chinese tribe, Jinxgin, Jianzhi, Cao, Hailong, Bingbing, Chenyue, 

and Linlin thank you all for the warmth of your friendship and for filling my days 

at work with your amazing smiles, laughs, advice and support. I appreciate every 

moment we spent together, you all were very helpful and generous to me.  

Jingxin, you always supported me and never hesitated to give me some of your 

time. I will always remember you not just as a friend but as a mentor. I can’t wait 

to go out with you for Sushi once the lockdown is done. I already miss our coffee 

breaks. I wish you all the best in your career. Cao, you are the first one I talked 

to in our group and I still remember arranging our first accommodation in 

Nijmegen together. Thanks for helping me and for your useful tips. Jianzhi, the 

coolest, thanks for smiling at me every single time we met. Good luck with your 

career and you owe me a dinner next time I come to visit you in China. Chenyue, 

best wishes and good luck with your defense. Linlin, you are a hard worker and 

good enough to get your Ph.D. done on time. I send you all the wishes. Bingbing, 

all the best to you wherever you are, thank you being kind to me. 

To my Nanomed friends, Esra and Vangelis, I wish you all the best in 

your career. I shared many happy moments with you. You were always there for 

me and motivated me all the time. I am very lucky to meet you and to have you 

as friends for life. I can’t wait to See you soon in Spain,Turkey and many other 

parts of the world. 

I would like to thank my previous supervisor Prof. Dr. Naglaa Abdallah 

for all the support and the help she provided me since I was a young student. 

You always believed in me. I will be always be grateful to you.  

To my old friends, thanks a lot for all the memories we have together. 

Mawada, I know you for 16 years, half my age, we witnessed each other fall and 

triumph. I wish that all your dreams come true. Zozo, although you don’t get what 

I work on, you always support me in whatever I do. I wish we can meet again 

very soon. Beko, you are the kindest friend I ever had. We shared a lot of events, 

good and bad. Thank you for bringing joy and laughter to my life for 10 years.  

My sincere gratitude to my mom and my second mom, my Aunt, 

Saboha.  Thank you for all the support and love. Saboha, you gave me the love 



 

 

152 

 

and the understanding anyone can ask for. I wish all the grace and health for 

you. 

At last, my greatest appreciation and love to my life partner, friend, 

lover, Ahmed. Without your support, I wouldn’t be able to finish the Ph.D., you 

provided me with unconditional love and understanding. Your love and support 

were always the push for me to go on in life. I think I meant to stay three months 

in Nijmegen just to meet you and fall in love with you. During the last four years, 

the age of our relationship, we witnessed each other grow and thrive and we 

lifted each other up. I am beyond grateful for you and every moment we spent 

together. I am lucky to be your partner; you are the dream that comes true. You 

are my best man. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

153 

 

 

Curriculum Vitae 

 

Mona Abdelghani was born on 10-02-1988 in Giza, 

Egypt. She studied biotechnology at Cairo University. 

She focused in her master's research on developing 

recombinant pharmaceutical proteins (Tropoelastin) 

from plants. After receiving her master's degree in 

2015, she did an internship at the University of Vienna 

to study molecular modeling of ion channels under the 

supervision of Prof. Dr. Anna Weinzinger. In 2016, she 

enrolled as an early-stage researcher in the European Union’s Horizon 2020 

Marie Sklodowska-Curie actions NANOMED ITN project and carried out her 

Ph.D. research under the supervision of Prof. Dr. Jan van Hest in the Bio-organic 

chemistry group at Eindhoven University of Technology (TU\e, Eindhoven, the 

Netherlands). During her Ph.D., she collaborated with several research groups 

at the University of Utrecht, Byondis BV, and the Netherlands Cancer Insititute 

(NKI). The most important results during her Ph.D. research are presented in 

this dissertation. Since October 2020, she is employed at BASF Corporation as 

an associate scientist molecular quality assurance.  

 

 

 

 

 

 


