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ARTICLE INFO ABSTRACT

Keywords: Successful gene delivery depends on the entry of negatively charged DNAs and oligonucleotides across the var-
AP1-ELPs ious barriers of the tumor cells and localization into the nucleus for its transcription and protein translation.
g}; receptor Here, we have reported a thermal responsive self-assemble and highly biocompatible, targeted ELP-based gene

delivery system. These systems consist of cell-penetrating peptides, Tat and single or multiple repeats of IL-4
receptor targeting peptide AP-1 along the backbone of ELP. Cell-penetrating peptides were introduced for nu-
clear localization of genes of interest, AP-1 for targeting IL-4R highly expressed tumor cells and ELP for stable
condensation favoring protection of nucleic acids. The designed multidomain fusion ELPs referred to as Tat-ELP,
Tat-A,E,q and Tat-A,V,q were employed to generate formulation with pEGFP-N1. Profound formulation of stable
complexes occurred at different molar ratios owing to electrostatic interactions of positively charged amino acids
in polymers with negatively charged nucleic acids. Among the complexes, Tat-A,V,g containing four copies of
AP-1 showed maximum complexation with pEGFP-N1 in lower molar ratio. The polymer-pEGFP complexes were
further analyzed for its transfection efficiency in different cancer cell lines. Both the targeted polymers, Tat-A;V g
and Tat-A, E,g upon transfection displayed significant EGFP-expression with low toxicity in different cancer cells.
Therefore, both Tat-A,V,s and Tat-A,E,g can be considered as novel transfection system for successful gene

Cell-penetrating peptide
EGFP expression
Gene delivery

delivery with therapeutic applications.

1. Introduction

At present, various gene transfer systems have been developed with
the intent to produce great extents of therapeutic proteins for the treat-
ment of various diseases, including cancer, genetic disorders, and in-
fectious diseases [1-4]. The wide range of non-viral delivery systems
were investigated from past decades to achieve several parameters,
such as the protection of genetic materials, bypassing of several mem-
brane barriers, high transfection efficiency with minimal toxicity [5,6].
The polymers for example polyethyleneimine (PEI), and carbon nan-
otubes, PEG (polyethylene glycol), PLL (poly-L-lysine), chitosan and
PLGA (polylactic-coglycolic acid) etc. are widely used gene delivery sys-
tems [7-11]. But complexity of controlling the molecular weight and
polydispersity increase the risk of possible toxicity [12]. Thus, an ap-
proach of using recombinant peptides was being employed for high po-
tency transfer of genetic materials with less toxicity. Cell-penetrating
peptides (CPPs) are commonly used short peptides for gene delivery
because of their ability to condense DNA efficiently into compact nano-
formulations through electrostatic interactions [13,14]. Among various
CPPs, penetratin (Pen) peptide from Antennapedia [15], the Tat peptide

from the HIV-1 Tat protein [16] and Bac peptide from the bovine an-
timicrobial bactenecin peptide Bac 7 etc. [17] are commonly used for
membrane translocation. TAT peptide has useful attributes for cancer
therapy as it makes the conjugated molecule internalize the cell more
efficiently, followed by the ability to target specific compartments. Ad-
ditionally, it was observed that the TAT contains a nuclear localization
signal that significantly enhances transfection efficiency. Despite having
useful attributes in gene delivery, CPP need to overcome the collateral
cytotoxicity effect due to lack of specificity [18-20]. Thus, the strategy
of conjugating an overexpressed surface molecule or receptor-specific
peptide ligands to the CPPs will permit targeting to those receptors in
a cell-specific manner and have been proven to be a safer substitute.
It was reported that chimeric multidomain fusion protein, consisting of
ErbB-2 receptor binding single chain antibody fused with the exotoxin
translocation domain of Pseudomonas and a DNA-binding domain was
able to transfect ErbB-2-expressing tumor cells in vitro in a cell’s specific
manner [21].

In this context, a novel recombinant elastin-like polypeptides (ELPs)
based system has useful characteristics and advantages over exist-
ing polymer carriers for gene delivery [22-24]. ELPs are a stimulus-
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responsive biopolymer derived from the hydrophobic domain of human
tropoelastin therefore ideal for gene delivery as they are less likely to
be toxic [25]. It consists of pentapeptide repeats such as Val-Pro-Gly-
Xaa-Gly (VPGXG), where X represents a guest residue that can be any
amino acid except proline (Pro) [26]. The genetic-engineering methods
for synthesis of ELP allow absolute control over the architecture, includ-
ing physical or chemical properties, especially surface charge, polydis-
persity, aggregation, and biocompatibility at the gene level [27]. These
unique properties allow multipurpose use of ELP in different fields like
drug delivery, regenerative medicine, and tissue engineering etc [28-
32]. They exhibit reversible phase transitions from soluble to insoluble
aggregates at a certain temperature, known as transition temperature
(Tt). ELPs are soluble in aqueous solutions below their transition tem-
peratures (Tt) but insoluble above. This phase transition is highly depen-
dent on the guest residue, ionic state, and molecular weight [33]. Con-
secutively, ELPs can be easily incorporated with biofunctional groups
or crosslinking peptides either at the polypeptide termini or flanked
by pentapeptide repeats of ELPs without compromising with their ther-
mally responsive behavior [34,35]. Even by varying the amino acid com-
position or including positively charged residues in ELP molecules, the
stability under physiological conditions can be improved. The fusion
of ELPs with cell-penetrating peptides (CPP) has been employed as a
promising vector for delivering drugs and therapeutic peptides into solid
tumors [36,37]. Recently, it was reported that the fusion of oligolysine
along ELPs significantly encapsulated plasmid DNA and delivered into
the cells. However, although effective DNA delivery, cytotoxicity effects
due to the oligolysine residues were observed [38].

As ELP can be precisely designed at the molecular level through re-
combinant DNA engineering, here we are attempting to develop an ELP-
based targeted carrier to overcome limitations of other polymers and
improve the delivery of genetic materials. Exploiting the facile recom-
binant technique, Tat (a CPP) peptide and single or multiple copies of
AP-1 (an IL-4 receptor specific ligand) was incorporated into an ELP
molecule to facilitate their ability to condense DNA for gene delivery.
AP-1 is an atherosclerotic plaque and breast tumor tissue-homing pep-
tide, which was discovered by the phage screening method [39,40]. It
specifically targets interleukin-4 receptors (IL-4Rs), which are highly
expressed in a wide variety of human solid tumors, including renal cell
carcinoma, squamous cell carcinoma of the head and neck, malignant
glioma, AIDS-associated Kaposi’s sarcoma, and breast carcinoma [41-
44].

Recently, we have described the potency of Tat and AP1 functional-
ized ELPs constitutes (Tat-A1E,g or Tat-A4V,g) in delivering siRNA to
the target site of action and inducing significant gene silencing activ-
ity in murine breast carcinoma 4T1 allograft mice model [45]. In this
study, functionalized ELPs were further analyzed for its role in deliver-
ing DNA, as an approach for effective therapy against cancer, autoim-
mune and infectious disease etc. Herein, the tumor-specific delivery of
plasmids bearing EGFP genes by functionalized ELPs was studied in dif-
ferent cancer cell lines. The transfection mechanisms mediated by ELPs-
DNA complexes, including cellular uptake, payload release and expres-
sion of genes of interest in vitro were well investigated.

2. Materials and methods
2.1. Cell culture

Human breast carcinoma cell MDA-MB231, canine epithelial kidney
cell MDCK, human lung cancer cell lines H460 and A549 cells were ob-
tained from the American Type Culture Collection (ATCC). MDA-MB231
and MDCK cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Hyclone, Invitrogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum (Gibco, Canada) and 100 U/mL penicillin and 100 pg/mL
streptomycin (Sigma Aldrich). Human lung cancer cell lines, A549 and
H460 were maintained in RPMI-1640 medium (Gibco, Canada). Cells
were maintained at 37°C in a humidified 5% CO, atmosphere.
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2.2. Nomenclature

We used ELP variants (E,g, Tat-Eog, Tat-A;Eog, and Tat-A4V,g) for
DNA delivery applications. Here, E,g stands for [VgF,G3A-2], where the
guest residue X of ELP pentapeptide VPGXG was substituted with Valine,
Phenylalanine, Glycine and Alanine. A; and A4 of Tat-A,E,g, and Tat-
A4V g specified one or four unit of targeting peptide AP-1. In Tat-A, Vg,
Vg represents 48 monomers of VPGVG pentapeptides.

2.3. Thermal characterization

All polypeptides (Eqg, Tat-Eog, Tat-A;Esg and Tat-A4V,g) were di-
luted to 25 and 50 uM with phosphate saline-buffered (PBS) and their
transition temperatures (Tt) were determined by monitoring turbidity
profiles at 350 nm between the temperature range of 20°C and 55°C us-
ing UV-visible spectrophotometer. The absorbance was monitored while
increasing temperature at 1°C/min.

The phase transition of respective polypeptides after complexa-
tion with nucleic acid was further analyzed. To determine the Tt of
ELPs/pEGFP-N1 complexes, 1 ug of pEGFP-N1 plasmid was mixed with
respective ELP variants (25-200 uM) at a molar ratio of 1:25 to 1:200
(DNA: ELPs). Tt values were determined at 350 nm from 20°C to 55°C
using a UV-visible spectrophotometer.

2.4. Gel retardation assay

To assess the ability of complexation of respective polypeptides with
DNA, a gel retardation assay was performed. pEGFP (1ug) of plasmid
DNA was mixed with various concentrations of ELPs (25-200 uM) and
incubated for 20 min at room temperature to form ELPs/pEGFP com-
plexes with different molar ratios (mixtures were adjusted with DEPC
water to the same volume). Samples were prepared by mixing DNA and
ELPs at a constant molar ratio and subjected to 1% agarose gel elec-
trophoresis in the TBE buffer to confirm encapsulation.

2.5. DNase A stability test

DNase I digestion test was performed to assess the ability of ELPs in
preventing pEGFP from nuclease degradation [46]. ELPs/pEGFP com-
plexes was prepared by mixing 500 ng of pEGFP with 200 uM of ELP
variant (i.e., Eog, Tat-Eqg, Tat-A;Eog or Tat-A;Vyg) and treated with 1.5
ul of EDTA (50 mM) to terminate the reaction. DNase [ activity was then
inactivated at 65 °C for 15 min. Afterward, for dissociation of complexes
6 ul of heparin sodium (2 pl/ml) (JW Pharmaceutical, S. Korea) were
added to each protein mixtures and subsequently incubated at 37 °C
for 2 h. Later, the reaction mixture was subsequently analyzed on 1%
agarose gel electrophoresis in TBE buffer system.

2.6. Determination of particle sizes and surface charges

All ELPs were diluted to 25 uM with phosphate saline-buffered (PBS)
and particle size distributions and zeta potentials was determined us-
ing an ELS-Z2 (Otsuka Electronics Korea Co, Ltd., Korea). ELPs/pEGFP
complex were also prepared using PBS in the same manner at a mo-
lar ratio of 1:200 (pEGFP-N1: ELPs). Particle size distributions and sur-
face charges of complexes were further examined using the ELS-Z2. The
shapes and sizes of nanocomplexes were further examined by trans-
mission electron microscopy (TEM, CM30 Electron Microscope, Philips,
CA). ELPs/pEGFP complexes were dropped on the grid and allowed to
dry for 10 min and after negative staining with 2 wt.% uranyl acetate
solution was observed using the TEM.

2.7. Analysis of transfection efficiencies by pEGFP/ELPs

ELPs/pEGFP complexes were prepared at a molar ratio of 1:200.
Briefly, 1 pg of pEGFP was mixed with 200 uM of each ELP variant in
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Opti-MEM reduced serum medium. MDA MB231 (2.5x10%) cells grown
to 80% confluence in 6-well plates were treated with ELPs/pEGFP com-
plexes for 6 h and media were then replaced with complete media. EGFP
expression levels in transfected cells were also visualized by fluores-
cence microscopy 48 h after transfection.

The correlation of transfection efficiency in relation with level of
IL-4R expression was examined using different cell lines such as MDA
MB231, H460, and A549, including normal epithelial kidney cell lines
MDCK. Briefly, 10° cells each type were plated in 24 well-plates and
incubated with the ELP/pEGFP complexes for 4 h. Then, media were
replaced with complete media and incubated for 48 h. To observe the
transfection efficiency, the cells were collected after trypsinization and
centrifuged at 1500 rpm for 3 min. After washing with PBS, the cells
were resuspended in 0.3 ml PBS and transfection efficiency was mea-
sured using BD FACS Aria system (Becton-Dickinson, USA).

Additionally, the transfection efficiency was assessed in the presence
and absence of serum. MDA-MB231 and A549 cells were treated with
complexes for 4 h in complete media containing 10% FBS or 10% FBS
with 5% glycerol. The cells were trypsinized 48 h following transfection,
and the expression of EGFP was analysed by FACS.

2.8. Cytotoxicity assay

5x103 of MDA MB231 and A549 cells per well were individually
seeded in 96-well plates and cultured for 24 h to achieve 75-85% con-
fluence. Then, cells were incubated with 0.2 ml of fresh serum contain-
ing DMEM containing various ELP/pEGFP complexes for 4 h. The cells
were re-cultured in fresh complete media. After 48 h post incubation,
10 pul of CCK-8 stock solution (Dojindo Molecular Technology Inc.) was
added to each well. Optical density was measured at 450 nm using an
ELISA microplate reader (Bio-Rad, USA) after 1 h of incubation. The rel-
ative cytotoxicity was calculated as a percentage of absorbance of the
treated to untreated cells.

2.9. Statistical analysis

The significance of differences between the test and control groups
were analyzed using the student’s t-test for two groups or by one-way
analysis of variance (ANOVA) for more groups. Statistical significance
was set for p values of ***P < 0.0001 and is denoted by asterisks in all
figures.

3. Results
3.1. Preparation of the ELP variant and its physical characterization

In this study, we focused on the investigation of ELP variants (E,g,
Tat-Eog, Tat-A;E,g, and Tat-A,V,g) in terms of physical and biochemi-
cal properties for enhanced DNA delivery applications. The ELP variants
were precisely constructed using recombinant DNA engineering by com-
bining the coding sequence of Tat (cell-penetrating peptide, CPP) and IL-
4 receptor specific-targeting ligand (AP1) along with ELP sequence and
synthesized as monodisperse molecules in bacterial cultures (Fig. 1A).
Two ELP variants, Tat-A;E,g (A; represent one AP1-unit and E,g repre-
sent 28 ELP repeat and Tat-A4V,g (A, represent four AP1-unit and Vg
represent 48 repeats of ELP) were used as tumor-specific vectors. On
the other hand, Tat-E,g and E,g were used as non-targeted vectors. It
was already depicted that the positively charged Arginine, (R) residue
present in Tat (YGRKKRRQRRR) and AP-1 (RKRLDRN) in ELP variants
facilitated siRNA condensation, causing nano-complex formation. Simi-
larly, positive-charged arginine (R) residue in ELP variants would easily
bind with DNA molecules in order to form a stable nano-formulation
(Fig. 1A). With these multidomain ELP variants, it is anticipated there
will be an enhanced transfection efficiency in IL-4R highly expressing
tumor cells, with more nuclei-localized genetic materials for better ex-
pression of targeted genes (Fig. 1B). All the ELPs were successfully ex-
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pressed in Escherichia coli and purified by exploiting the inverse phase
cycling method. Thus, after four cycles of repeated heating and cooling
followed by centrifugation, resulted in high purities. Protein purity and
molecular weights were confirmed by SDS-PAGE followed by copper
chloride (0.3 M) staining (Fig. S1). A SDS-PAGE showed that the molec-
ular weights were nearly equivalent to the theoretical MW calculation
using amino acid contents as follows; E,g (12.18 KDa), Tat-Eog (13.19
KDa), Tat-A;E,g (15.00 KDa), and Tat-A4V,g (26.81 KDa).

3.2. Gel retardation and stability assay

ELPs are further investigated for their ability to interact with DNA
molecules, which is vital for successful transfection. At first complexes
of DNA and ELPs were prepared by mixing 1 ug of pEGFP-N1 with differ-
ent concentrations of ELPs (25-200 uM), incubated at room temperature
for 20 min and mobilities were assessed using an agarose gel DNA mo-
bility assay. The ELP variants such as Tat-E,g, Tat-A;Eyg and Tat-A4V,g
showed effective condensation with DNA, indicated by retarded migra-
tion of pEGFP-N1 at different molar ratios. The association of pEGFP-
N1lwith ELP variants was evident at molar ratios of 200:1(200 uM of
ELPs: 1 pg pEGFP). Among ELPs, Tat-A,V,g showed efficient encapsu-
lation of pEGFP-N1 at a lower molar ratio of 50:1 (Tat-A4V4g: pEGFP).
Whereas Tat-A, E,g achieved complete complexation with pEGFP-N1 at
molar ratios of 150:1 (Tat-A;E,g: pEGFP) and Tat-E,g at 200:1 (Tat-
E,g: pEGFP), respectively (Fig. 1C). The control E,g did not encapsulate
plasmid DNA at any concentration showing Tat and AP1 were solely
responsible for the observed interactions.

Next, the stability of ELPs/pEGFP complexes against DNase I degra-
dation was investigated by incubating the complexes with or without
DNase I for 3 h at 37 °C. A DNase I protection test aimed at evaluating
the stability of ELPs/pEGFP complexes was done at 200:1 molar ratio.
As indicated in Fig. 1D, naked pEGFP and sample containing E,q/pEGFP
was completely digested by DNase I (lane 3 and lane 5, respectively).
While Tat-E,g/pEGFP, Tat-A;E,g/pEGFP and Tat-A,4E,;s/pEGFP, (lane
7, lane 9 and lane 11) DNA bands remained in the lane, suggesting the
ability to protect DNA from DNase I degradation.

3.3. Biophysical characterization of ELPs/pEGFP complexes

The sizes, and surface charges of ELPs/pEGFP complexes in compari-
son with naked ELPs were characterized through DLS. Parallel measure-
ments of particle sizes of complexes revealed dramatic increases in par-
ticle sizes when Tat-Eog, Tat-A;Eog and Tat-A4V,g was condensed with
PEGFP. The sizes of E,g, Tat-Eog, Tat-A;Eog, and Tat-A,V,g were 390,
78.1, 30.1 and 29 nm respectively. After complex formation, the aver-
age particle diameters of Tat-E,g, Tat-A; Eog and Tat-A4V,g/pEGFP com-
plexes raised upto 182.8 + 21.1 nm, 234.9 + 14.3 and 578.3 + 18.8 nm,
respectively (Table 1). Since E,g protein did not interact with pEGFP, no
changes in sizes or charges were observed. In addition, surface charges
of ELPs/pEGFP complexes were analyzed using the zeta potential ana-
lyzer. The condensation of ELPs with pEGFP resulted in a slight decrease
in the zeta potential compared with naked ELPs (Table 1). The sizes and
structure of nanocomplex after association with pEGFP were further
confirmed by transmission electron microscopy (TEM). The TEM im-
ages of Tat-A;E,g and Tat-A4V,g complexes displayed dispersed spher-
ical nanostructures (Fig. 1E), while no particle formation was detected
in the case of E,g complexes.

The thermal behaviors of the ELPs were monitored by measuring tur-
bidity profiles using UV-visible spectrophotometry at 350 nm (ODgs5()
while increasing temperature at 1°C/min. The transition temperature,
T, values (defined as the temperature at which turbidity of a protein
solution reached 50%) were determined at a concentration of 25 ;M
(Fig. 2A-D) and 50 yM (Fig. S2A-2D) in PBS. The Tt values of E,g, Tat-
E,g, Tat-A;Eog and Tat-A4V,g were ~37°C, 40.5°C, 42.3 and 36.7°C, re-
spectively. Further analysis of turbidity profile after complexation with
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Fig. 1. ELPs/pEGFP formulation and mechanism of trasfection (A) Schematic representation of the amino acid sequences of the ELP variants (E,g, Tat-E,g, Tat-
A;E,g, and Tat-A,V,g). The positively charged Arginine (R) residue present in ELPs induced complexation with negatively charged DNA to form nano-complex. (B)
Targeted-ELPs variants allowed efficient transfection to IL-4R highly expressing tumor cells, bypass the nuclear membrane, successfully delivered the DNA molecules
where it was transcribed, then translated the gene of interest. (C) Interactions between pEGFP (1 pg) and the ELPs (E,g, Tat-E,g, Tat-A;Eyg, and Tat-A,V,g) were
assessed using a gel retardation assay at various ELPs to pEGFP molar ratios (25 to 200 uM :1ug). Gels were visualized by staining with ethidium bromide. Lane 1:
1 kb DNA ladder, naked plasmid DNA. Lane 2: naked pEGFP (4733 bp), Lanes 3-5: ELPs/pEGFP complexes at different molar ratios. (D) Stability of ELPs/pEGFP
complexes were determined through DNase I protection assay, complexes were prepared by mixing 1 ug of pEGFP with 200 M of ELPs in the presence or absence of
DNase I. The naked pEGFP (lanes 2 and 3) is loaded with or without DNase I. The lanes 4-11 indicate complexes treated or untreated with DNase I. (E) TEM images

of ELPs/pEGFP complexes at room temperature. Scale bar, 100 nm.
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Table 1

Physical characteristics of ELP variants before and after the encapsulations of pEGFP.

Biomaterials and Biosystems 6 (2022) 100050

Free ELPs ELPs/pEGFP-N1complex

ELPs Tt Diameter Zeta- Tt (°C)! Diameter Zeta-
°C)! (nm)? potential (nm)? potential

(mV)* (mVy’
Eos 36.8 390.6+ 57.2 1.90£ 1.2 36.8 390.6+ 57.1 1.91+1.2
Tat-Eog 40.5 78.1£29.9 2.68£1.8 40.5 182.8 £21.1 -2.1+0.1
Tat-A Eas 423 30.1+£2.7 5.82+2.8 42.6 2349+ 14.3 4.3+0.8
Tat-A4Vas 36.7 29+ 7.1 0.097+0.6 | 36.47 578.3 +18.8 0.68+0.2

ELPs signifies E,g, Tat-E,g, Tat-A; E,g and Tat-A,V,g.! Transition temperatures (Tt) implies 50% of maximum
coacervation of ELPs in aqueous solution. > Mean diameters of ELP variants as determined by dynamic light
scattering analysis.>Zeta-potentials of ELPs and ELPs/pEGFP complexes. Errors designate +SD from at least

three separate experimentations.

PEGFP revealed no significant changes in the transition temperature
upon complex formation.

3.4. The ELPs/pEGFP complexes mediated transfection in MDA MB231

In vitro transfection experiments were executed to determine the
suitability of the ELPs/pEGFP complexes for application in gene de-
livery. Confocal images taken at 48 h after transfection confirmed the
enhanced green fluorescence (EGFP) expression in MDA MB231 cells.
Profound EGFP expression was observed in cells transfected with Tat-
A4V,43/PEGFP followed by relatively lesser EGFP expression in Tat-
E,g/PEGFP transfected cells (Fig. 2E), and no EGFP expression was ob-
served in E,g/pEGFP transfected cells.

3.5. Determination of transfection efficiency of ELPs/pEGFP in different
cancer cells

Having visualized the transient transfection potential of ELPs/pEGFP
complexes in MDA MB231, we further quantified the selective transfec-
tion activity in different cell lines. Tumor cells line H460, (Fig. 3C, D),
MDA MB231 (Fig. 3E, F) and A549 (Fig. 3G, 3H) along with normal kid-
ney cells MDCK (Fig 3A, B) were treated with E,g, Tat-Eqg, Tat-A;Eqg,
or Tat-A,V,45/pEGFP complexes and subjected to flow cytometry 48 h
post-transfection. MDA MB231 and A549 cells were used to determine
the targeting ability of Tat-A; E,g, or Tat-A4V,g toward IL-4R (IL-4R pos-
itive) compared to MDCK and H460 cells with low IL-4R expression. All
the complexes displayed minimum or no transfection in terms of en-
hanced green fluorescence expression in MDCK and H460 cells. In MDA
MB231, the percentage of enhanced green fluorescence expression was
observed to be 73.01 and 69.30% in cells transfected with Tat-

A Egg or Tat-A4V,g PEGFP, respectively (Fig. 3F). Non-targeted Tat-
E,g displayed 48.6 % EGFP gene expression, whereas no expression was
observed in E,g mediated transfection.

Comparatively, Lipofectamine 2000 showed lower transfection effi-
ciency in MDA MB231 or H460 and higher in MDCK (48.93%) or A549
(36.36%). These results clearly indicated that Tat-A;Eog, or Tat-A,V,g
possess greater transfection efficiency and cell selectivity than the con-
trols and Lipofectamine 2000. Furthermore, the time-dependent anal-
ysis, after complex treatment for 1, 3, and 6 h revealed a subsequent
increase of EGFP expression as a function of time (Fig. S3A-S3C).

Likewise, Tat-AjE,g or Tat-A,V,s,pEGFP demonstrated 25.5 and
77.1 % enhanced green fluorescence expression in A549 cells (Fig. 3H).
Tat-Eog or E,g mediated transfection showed 9.6% and 0.3% enhanced
green fluorescence expression. Thus, higher transfection efficiency in-
duced by Tat-A;E,g or Tat-A,V,3/pEGFP complexes in both MDA
MB231 and A549 cells clearly indicated dependency of IL-4R expres-
sion. The fact that only IL-4R highly expressing cells were well trans-
fected specified that the complexes were internalized by IL-4R mediated
endocytosis.

3.6. Effect of ELPs/pEGFP complexes on transfection under different
conditions and cytotoxicity assay

To further study the potential of ELPs in vitro gene delivery,
ELPs/pEGFP complexes at their optimal molar ratios (1:200) were in-
cubated with MDA MB231 and A549 cells under serum conditions. As
shown in Fig. 4A and C, the transfection efficiency of Tat-A,V,g/pEGFP
in both cells were reduced under serum (10%) conditions. But incuba-
tion in the presence of 5% glycerol with serum further enhanced trans-
fection efficiencies in both the cell lines (Fig. 4B and

Fig. 4D). Targeting multidomain polymer, Tat-A4V48 could retain
and even have higher transfection activity under serum-containing me-
dia after stabilizing of complexes with glycerol. No significant changes
in the EGFP expression were observed in MDCK cells transfected with
Tat-A; Eog or Tat-A,V,g/ pEGFP complexes under serum conditions (Fig.
S5).

The cytotoxicity of ELPs/pEGFP complexes prepared at 1:200 mo-
lar ratio was also evaluated in the absence/presence of serum in MDA
MB231 (Fig. 4E) and A549 (Fig. 4F) cells. ELPs/pEGFP complexes trans-
fected cell lines showed above 80% cell viability, suggesting the safety
of the complexes for gene transfection. There was a slight decrease in
the percentage of cell viability in MDA MB231 cells, treated with Tat-
A4V ,43/PEGFP complexes in the absence of serum. But under serum con-
dition the viability of the transfected cells was almost like that of un-
treated control. Overall, the incubation of cells with ELPs/pEGFP com-
plexes did not affect cell viability and they are very less toxic to the
cells.

4. Discussion

Designing of multidomain peptides consisting of CPP along with tar-
geting ligands are commonly exploited for formulations with genetic
materials to facilitate the specific gene delivery. Using this approach,
DNA will be easily interacted with, followed by enhanced uptake due to
receptor-mediated endocytosis. In this study, we have reported a novel
multifunctional thermal responsive, targeted ELP-based gene delivery
system consisting of Tat and single or multiple repeats of IL-4 receptor
targeting peptide AP-1 along the backbone of ELP. Through recombi-
nant DNA engineering, ELP variants were precisely constructed to have
useful attributes in gene delivery and purified with ease using E. coli
bacterial system [45]. The phase transition characteristic of ELPs al-
lows for separation by simple, inexpensive, batch non-chromatographic
method called Inverse Transition Cycling (ITC).

Our investigations on the condensations of pEGFP with Tat-E,g, Tat-
A, E,g and Tat-A4V,g revealed successful encapsulation at different mo-
lar ratios. Among the ELP variants, targeted polymers (Tat-A; E,g or Tat-
A4V,g) could condense DNA more effectively, could easily be associated
with the cellular membranes and subsequently enter cells probably by
endocytosis. Condensation at a lower molar ratio, as displayed by Tat-
A4V,g, may have been due to a greater positive charge of the arginine
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Fig. 2. Thermal characterization of ELPs/pEGFP complexes and analysis of the transfection efficiencies. (A-D) Turbidity profiles of ELPs were determined
by observing the optical density (0.D.) at 350 nm while increasing temperature at 1°C/min. The thermal responsiveness of ELPs/pEGFP complexes (Blue) were
monitored compared with those of ELP variants at different temperatures. (E) MDA MB231 cells was incubated with ELPs/pEGFP complexes for 6 h at 37 °C and
EGFP expression were confirmed by fluorescence microscopy 48 h post-transfection. Scale bar, 100 um.

residue in Tat and AP-1. E,g was not found to condense with nucleic
acid, indicating that ELP does not interact with nucleic acid but rather
provides thermal responsive self-assembly, shields the DNA molecules,
and increases the stability. The designed ELPs variant such as Tat-E,g,
Tat-A;Eog and Tat-A,V,g protected pEGFP from digestion by DNase I

more effectively. The stability of ELPs/pEGFP complexes against DNase
I degradation is important for DNA with an intact assembly to advance
entry into the nucleus.

The retention of phase transition properties of ELP after condensa-
tion with genetic materials are of great importance for effective gene
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delivery at therapeutic sites. The slight reduction in Tt clearly indicated
an increased hydrophobic effect on complex formation. The positive
charges on the ELPs might neutralize the negative charges on pEGFP,
thereby remaining in a highly hydrophobic state, which in turn resulted
in the depression of Tt [47]. Parallel DLS analysis showed that parti-
cle size increased after condensation with pEGFP, which strongly indi-
cates the formation of stable nanocomplexes, and this was confirmed
by TEM images. After complexing Tat-A;E,g or Tat-A,V4g with pEGFP
molecules, zeta potentials decreased and increased slightly. It was stated
that a more positive zeta potentials are advantageous for nanocom-
plex to increase interactions with cell membranes and entry into cells
[48,49]. Thus, the negative zeta potential of Tat-E,g/pEGFP might result
in low transfection efficiency.
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In vitro gene expression analysis of EGFP protein revealed that the
higher efficiencies of Tat-A;E,g and Tat-A,V,g transfections than that
of Tat-E,g into MDA MB231 cells were due to improved cellular uptake.
This demonstrated the presence of AP1 peptide resulted in higher EGFP
gene expression. In addition, a higher density of positive charges and
larger sizes of Tat-A,V,g might increase the cellular membrane associa-
tion, sedimentation of complexes and gene release. On the other hand,
Tat- Eog and Eog had minimal EGFP gene expression, which evidently
showed that Tat peptide had the slightest effect on cellular uptake. In
comparison, Lipo 2000 achieved only a 3.3% transfection efficiency in
MDA MB231 cells, while it had a 36.2% transfection efficiency in A459
cells. Intriguingly, Lipo 2000 seems to be non-type-specific, whereas Tat-
A;E,g and Tat-A,V g transfections were mediated by IL-4Rs.
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Fig. 4. Evaluation of transfection efficiencies of ELPs/pEGFP complex in different condition. MDA MB231 cells were incubated with ELPs/pEGFP complexes in
absence (A) and presence (B) of 5% glycerol under serum condition for 6 h at 37° C. The influence of serum on transfection efficiencies of ELPs/pEGFP complexes was
assessed by flow cytometry after 48 h post-transfection. Graphical bars represent the percent of EGFP expressed cells as mean +SD of data obtained from six separate
experiments performed in triplicate. ***P<0.0001, **P<0.001, one-way ANOVA; n = 6. (C-D) Similarly A459 cells were incubated with ELPs/pEGFP complexes in
the absence or presence of 5% glycerol under seum conditions and EGFP expression was confirmed after 48 h. (E-F) The percentage of cell viability of both the cells
were estimated 48 h post-transfection using CCK-8 kit. Graphical bars (on right) represent the percentage of EGFP expressed cells as mean +SD of data obtained from

six separate experiments performed in triplicate (n = 3).

The serum-tolerance ability of cationic polymers is a vital charac-
teristic for in vivo applications. There is a decrease in Tat-A,V,g trans-
fection when serum is present in MDA MB231 and A549 cells. With
5% glycerol, the efficiency of the transfection system was maintained,
despite the presence of serum. It was anticipated that primary amines
presence on the Tat-A;V,g polymer surface can easily be associated
with serum proteins, which may be a reason for their lower transfec-
tion activity under serum conditions. So, further protection of an amine
group with glycerol prevents aggregation with serum protein and in-

creased stability of the nanocomplex, resulting in restoring the transfec-
tion activity [50]. It was stated that glycerol prevents protein aggrega-
tion by inhibiting protein unfolding via interactions with hydrophobic
surface residues which in turn stabilizes the aggregation-prone inter-
mediates. Thus, stabilization of the complexes gave the propensity of
Tat-A,V,g polymer to retain its transfection activity and exhibit higher
transfection activity under serum conditions.

Furthermore, cell viability assays after ELPs/pEGFP complexes trans-
fection produced no evidence of cytotoxicity. Tat-A4V,g/pEGFP com-
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plexes treated MDA MB231 cells in the absence of serum showed a de-
crease in the percentage of cell viability. But when serum was added,
cell function was improved and cytotoxicity was reduced. Therefore,
these studies suggest Tat-A, Vg displays superior tumor-specific trans-
fection efficacy, serum-tolerance, and low cytotoxicity in various tumor
cell lines, making it a safer vehicle for gene transfection.

5. Conclusions

Gene delivery using ELP-based vectors is a promising approach in
terms of safety, low cost, and ease of manufacture. The major limitations
inherited in other polymers such as cytotoxicity and relatively poor de-
livery efficiency in the presence of serum can be overcome easily with
ELPs. Our data suggest that through multidomain ELP polymer it is pos-
sible to achieve cell-specific targeting as a means of facilitating plasmid
DNA delivery through receptor-ligand interactions. ELP polymers con-
taining Tat, and AP1 showed considerable potential as a gene delivery
system, which increased the versatility for various biomedical applica-
tions. It was evidenced that ELP vectors can interact with plasmid DNA
and self-assemble to form nanocomplex that were stable under physio-
logical conditions. This system was found to deliver plasmids harboring
the EGFP gene selectively and effectively to tumor cells, and enhanced
expression of the gene of interest. Thus, we concluded that our designed
ELP system fulfills the crucial requirement for efficient delivery vehicle
such as (1) successfully condensed with DNA and form stable complexes,
which facilitates their cellular uptake and unpacking of the complexes
in the cytoplasmic compartment (2) to impart stability to the complexes
in the biological environment (3) IL-4R binding ligand enhanced target
ability to impart a more efficient cellular uptake. With nanoparticle-
DNA complexes gaining successful applications, our designed targeted
polymer can be used to deliver functional DNA to target cells. Various
tumor models have also been used to conduct studies with nanoparticles
to deliver DNA for antitumor treatments. We suggest that the described
ELP-based systems offer a promising strategy for gene therapy applica-
tions that specifically target tumor cells expressing IL-4R at high levels.
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