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Abstract

Background The exogenous delivery of miRNA to mimic and restore miRNA-34a activity in various cancer models
holds significant promise in cancer treatment. Nevertheless, its effectiveness is often impeded by challenges, includ-
ing a short half-life, propensity for off-target accumulation, susceptibility to inactivation by blood-based enzymes,
concerns regarding patient safety, and the substantial cost associated with scaling up. As a means of overcoming
these barriers, we propose the development of miRNA-loaded Tat-A86 nanoparticles by virtue of Tat-A86's ability

to shield the loaded agent from external environmental factors, reducing degradation and inactivation, while enhanc-
ing circulation time and targeted accumulation.

Results Genetically engineered Tat-A86, featuring 16 copies of the interleukin-4 receptor (IL-4R)-binding peptide
(AP1), Tat for tumor penetration, and an elastin-like polypeptide (ELP) for presenting target ligands and ensuring
stability, served as the basis for this delivery system. Comparative groups, including Tat-E60 and A86, were employed
to discern differences in binding and penetration. The designed ELP-based nanoparticle Tat-A86 effectively con-
densed miRNA, forming stable nanocomplexes under physiological conditions. The miRNA/Tat-A86 formulation
bound specifically to tumor cells and facilitated stable miRNA delivery into them, effectively inhibiting tumor growth.
The efficacy of miRNA/Tat-A86 was further evaluated using three-dimensional spheroids of lewis lung carcinoma
(LLC) as in vitro model and LLC tumor-bearing mice as an in vivo model. It was found that miRNA/Tat-A86 facilitates
effective cell killing by markedly improving miRNA penetration, leading to a substantial reduction in the size of LLC
spheroids. Compared to other controls, Tat-A86 demonstrated superior efficacy in suppressing the growth of 3D
cellular aggregates. Moreover, at equivalent doses, miRNA-34a delivered by Tat-A86 inhibited the growth of LLC cells
in allograft mice.

Conclusions Overall, these studies demonstrate that Tat-A86 nanoparticles can deliver miRNA systemically, overcom-
ing the basic hurdles impeding miRNA delivery by facilitating both miRNA uptake and stability, ultimately leading
to improved therapeutic effects.

Keywords miRNA-34a, Tumor targeting, ELP nanoparticle, IL-4 receptor, Cell penetrating peptide, Apoptosis, 3D
spheroid, Tumor inhibition
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Introduction

MicroRNAs (miRNAs) have gained prominence in
cancer therapy because of their applications in can-
cer prognosis, pathogenesis, diagnosis, and treatment.
Comprising approximately 22 nucleotides in length,
miRNAs are small, highly conserved, and non-protein
coding molecules [1] that regulate gene expression,
influencing processes like cell growth, differentiation,
and death [2]. In cancer therapy, certain miRNAs can
function either as tumor suppressors or oncogenes, and
their targeted delivery to cancer cells can yield thera-
peutic benefits [3]. The miR-34 family, along with the
let-7 and miR-200 families, collectively constitute the
three major tumor-suppressive miRNA families. Down-
regulation or loss of expression of miR-34a is linked to
various cancers, including glioblastomas and malig-
nant peripheral nerve sheath tumors, as well as breast,
colon, ovarian, pancreatic, and prostate cancers [4—10].
Evidence indicates that miR-34a directly targets the 3’
UTRs of diverse oncogenic mRNAs, including Bcl-2,
SIRT1, Fra-1, E2F, c-Met, Notchl, Notch2, CDK4/6,
VEGE, ARAF, PIK3R2, cyclin D3, cyclin E2, and PLK1
[6, 7, 10-15], which may explain its tumor-suppressing
properties. Moreover, low miR-34a expression corre-
lates with larger tumor size [16]. Recent breakthroughs

in the field of miR-34a biology have sparked significant
enthusiasm among biopharmaceutical companies.
MiRNA replacement therapy, which involves reintro-
ducing miRNAs into cancer cells to restore their normal
function, has been widely assessed in preclinical trials
[17, 18]. Particularly, microRNA-34a (or miR-34a) has
been extensively investigated as a potential candidate
for lung cancer therapy [19]. Restoring miRNA-34a lev-
els in pancreatic cancer promoted the downregulation
of Bcl-2 and Notch 1/2 expression, impeding cell growth
and invasion [20]. Furthermore, the decreased expres-
sion of miRNA-34a implicated both the development
and progression of epithelial ovarian cancer [5]. Notably,
enforced miRNA-34a expression inhibited cell growth
and promoted apoptosis in p53-mutant gastric cancer
cells [21]. However, despite evidence of the potential
anti-cancer effects of miRNAs, their clinical application
is limited by practical challenges. The primary concern
when developing miRNA as new drugs is ensuring their
safety and effectiveness. The key obstacles associated
with miRNA delivery include challenges in accessing the
target cells and the risk of off-target effects. Moreover,
naked miRNA is ineffective due to its poor stability, short
half-life, and susceptibility to degradation or inactivation
by nucleic acid-degrading enzymes [22, 23]. Therefore,



Hong et al. Journal of Nanobiotechnology ~ (2024) 22:293

harnessing the therapeutic effects of miRNAs necessi-
tates the development of optimal delivery systems, such
as nanoparticles, to encapsulate and protect miRNAs
until they reach their target cells within tumors.

Currently, both non-viral and viral delivery systems
are employed for effective miRNA delivery. Non-viral
systems utilize organic, inorganic, or polymer-based car-
riers for miRNA delivery, whereas virus-based systems
employ lentiviruses, retroviruses, adenoviruses, and
adeno-associated viruses [24, 25]. While viral vectors
exhibit notable transfection efficiency, their application is
hindered by immunogenicity and cytotoxicity issues. In
contrast, non-viral delivery systems are usually less toxic
and immunogenic; however, they exhibit lower trans-
fection efficiency. Various synthetic polymers, includ-
ing poly(ethylene imine)s (PEIs) [26, 27], PLGA [28,
29], poly(e-caprolactone) (PCL) [30], and polyurethanes
(PUs) [31, 32], have been employed for miRNA deliv-
ery. However, their application in cancer therapeutics is
constrained by issues such as high cellular toxicity, inad-
equate encapsulation, and non-specific targeting effects
[33-35]. Several researchers have attempted to overcome
these limitations by modifying nanoparticle surfaces
with ligands that bind to receptors on target cells. This
modification facilitates receptor-mediated endocytosis of
nanoparticles, consequently improving the distribution
and localization of miRNAs within tissues [33, 36]. Nev-
ertheless, the use of polymers is often limited because
specialized techniques are required for modifying block
polymers with targeting peptides. Moreover, control-
ling their physicochemical properties, such as molecular
weight (MW) and polydispersity, is a complex endeavor
[37]. Thus, developing novel solutions to address these
challenges is imperative.

Here, we demonstrate that multifunctional elastin-like
polypeptide (ELP)-based nanoparticles are an effective
solution to overcome the aforementioned challenges
and can efficiently deliver miRNA to cancer cells, poten-
tially regulating gene expression and inhibiting tumour
growth. This approach has the potential to improve the
specificity and efficacy of cancer treatment while simul-
taneously minimizing the side effects on healthy tissues.
Numerous investigations have meticulously expounded
upon the merits of incorporating ELPs in gene delivery
systems [33, 38]. ELPs, derived from the hydrophobic
domain of tropoelastin, are composed of pentapeptide
(Val-Pro—Gly—Xaa—Gly) repeats, where the ‘guest resi-
due’ Xaa encompasses any amino acid except proline [39,
40]. Thus, ELPs are non-toxic, non-immunogenic, and
biodegradable; these features make them apt for gene
delivery applications [41]. Genetically encoded synthe-
sis offers exceptional control over the size, shape, and
physical attributes of ELP nanoparticles, enabling the
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incorporation of peptide or protein domains designed
for specific targeting [42]. Additionally, the temperature-
responsive behavior of ELP nanoparticles facilitates their
phase transition in aqueous solutions when heated above
their inverse transition temperature (Tt), followed by
complete resolubilization below their Tt [43]. This revers-
ible phase transition property of ELPs ensures both easy
purification and a high yield through the inverse transi-
tion cycling (ITC) method. Thus, ELP-based drug deliv-
ery systems have the potential to facilitate cost-effective,
efficient, and precise miRNA delivery.

In a previous study, we demonstrated the potential of
micelle-forming multivalent targeting based AP1-ELP
(A86) polymers, emphasizing their heightened bind-
ing activity, rapid cellular entry, and efficient process-
ing within the interleukin-4 receptor (IL-4R)-dependent
endocytic pathway across diverse cancer cell lines [44].
Exclusively, A86 exhibited superior tumor penetration
and substantial retention within tumor tissues while
also mitigating non-specific accumulation in critical
organs in a murine model with 4T1 allografted tumors.
In the present study, we genetically synthesized Tat-A86
nanoparticle-based delivery systems, aiming to improve
in vivo delivery, prevent degradation, and augment the
target specificity of miRNA-34a. We comprehensively
elucidated the mechanistic intricacies of miRNA delivery,
including encapsulation efficiency, ligand-specific uptake,
cellular entry, lysosomal escape, the interaction between
miRNA and its intracellular target, and tumor inhibition.
Furthermore, the cellular uptake, tumor penetration, and
antitumor activity of the miRNA/ELP nanoformulations
were evaluated using three-dimensional (3D) spheroids
and Lewis lung carcinoma (LLC)-bearing mice as the
in vitro and in vivo models, respectively.

Materials and methods

Protein purification

Escherichia coli BL21 competent cells were individually
transformed with pET 25b+vectors carrying the Tat-
E60, A86, and Tat-A86 genes. To initiate the culture, a
single colony was inoculated into 10 mL of Luria—Bertani
(LB) broth containing 0.1 mg of ampicillin and incubated
overnight at 37 °C in a shaking incubator. The resulting
starter culture was then transferred into 700 mL of fresh
terrific broth media supplemented with ampicillin and
incubated in a shaking incubator until its absorbance at
600 nm reached a value between 0.8 and 1.0. To induce
protein synthesis, 1 mM of isopropyl p- d-1-thiogalacto-
pyranoside (IPTG; Carbosynth Limited, Berkshire, UK)
was added to the culture and incubated for 4 h. Subse-
quently, the culture was centrifuged at 4000 rpm for
20 min at 4 °C and the pellet obtained was suspended in
3 mL of phosphate-buffered saline (PBS). Then, 20 mL of
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lysis buffer containing 0.1% protease inhibitor (Sigma-
Aldrich Co. LLC, USA) was added to the suspension and
the mixture was sonicated. Subsequently, the protein in
the samples was purified through four rounds of ITC.
Then, the MW and purity of the proteins were confirmed
using sodium dodecyl sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE). Furthermore, a UV-visible
spectrophotometer (Agilent Technologies, CA, USA) was
employed to measure the ELP concentration at 350 nm.

Cell culture

Cells of the LLC cell line and the murine breast cancer
cell line 4T1 were acquired from the American Type
Culture Collection (ATCC) and grown in Roswell Park
Memorial Institute (RPMI) medium (Hyclone, Invitro-
gen, Carlsbad, CA, USA) containing 10% fetal bovine
serum (FBS; Gibco, Canada), 100 pg/ml penicillin, and
100 pg/ml of streptomycin (Sigma Aldrich). They were
maintained at 37 °C in a humidified atmosphere with 5%
CO,.

Confocal microscopy

LLC and 4T1 cells (1 x 10°) were individually seeded onto
a four-well chambered slide and grown until they reached
80% confluence. Subsequently, the cells were incubated
with 0.5 pM fluorescein isothiocyanate (FITC)-labelled
ELPs for 1 h each at 4 °C and 37 °C. After incubation, the
cells were washed with PBS and fixed with 4% paraform-
aldehyde (Sigma Aldrich). Subsequently, their nuclei and
plasma membranes were stained with DAPI and Wheat
Germ Agglutinin, respectively, for 10 min, and the cells
were immediately observed under a Zeiss LSM-510
META confocal microscope (Carl Zeiss, Germany).

Cell binding assay

To assess the binding activities of the respective ELPs,
4T1 and LLC cells (1x10° cells) were individually incu-
bated with 0.5 uM fluorescein isothiocyanate (FITC)-
labelled proteins for 1 h at 4 °C. Subsequently, the cells
were washed three times with PBS to remove excess pro-
teins and then suspended in 300 pL of PBS. The binding
percentages were analyzed via flow cytometry (BD Bio-
science, San Jose, CA, USA), with 10,000 events collected
for each sample.

Gel retardation assay

The miRNA-34a mimic (mature miRNA sequence:
5'-UGGCAGUGUCUUAGCUGGUUG U-3’), nega-
tive control (mature miRNA sequence: 5 -UUGUAC
UACACAAAAGUACUGA-3"), and carboxyfluores-
cein (FAM)-labeled FAM-anti-miRNA were procured
from Bioneer, Daejeon, Republic of Korea. A gel retar-
dation assay was performed to evaluate the complex
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formation between specific ELP polymers and miRNA.
Negative control (NC) miRNA (10 uM) was mixed with
10-200 puM of ELPs to obtain samples with different
miRNA/ELP molar ratios and a final volume of 40 pL. All
samples were thoroughly vortexed and incubated at 25 °C
for 30 min. Subsequently, the samples were subjected
to electrophoresis on a 1% agarose gel and then stained
with ethidium bromide. The formation of miRNA/ELP
complexes was evident through the retarded migration
of samples on the agarose gel. Designations for the com-
plexes were based on their miRNA/ELP molar concen-
trations. For instance, in the designation 1:20, 1 and 20
correspond to 10 pM of miRNA and 200 uM of ELP (the
highest concentration of ELP used), respectively.

miRNA stability assay

For the miRNA stability test, 100 pM ELP and 5 pM of
NC miRNA were mixed to form complexes. These com-
plexes were then incubated with 1 pg RNase for 1 h at
37 °C. To disassemble the miRNA/ELP complexes, 7 pL
of Heparin Sodium (JW Pharmaceutical, S. Korea) was
added to the reaction mixture for 30 min. Subsequently,
the samples were electrophoresed on a 1% agarose gel in
tris—acetate-EDTA (TAE) buffer.

TEM imaging

For TEM imaging, 20 uL miRNA-34a/ELP complexes
solution was applied onto a carbon grid for 5 min. The
excess solution was removed and the grid was air dried
at room temperature. Subsequently, 20 uL 0.5% uranyl
acetate solution was applied to the specimen for 5 min
and the excess solution was removed. Lastly, the grid
was air dried and characterized under Bio-TEM (Hitachi
HT7700).

miRNA/ELPs uptake assay

Flow cytometry was employed to quantitatively assess
miRNA uptake. Briefly, LLC and 4T1 cells (1x10° cells)
were incubated with various fluorescein amidite (FAM)-
labeled nanoformulations, including FAM-NC miRNA-
Lipo2000, FAM-NC miRNA/Tat-E60, FAM-NC miRNA/
A86, and FAM-NC miRNA/Tat-A86. Each formulation
contained an equivalent amount of FAM—a chromogen-
labeled miRNA (Bioneer, Daejeon, Republic of Korea).
The cells were incubated with the nanoformulations for
1 h, then washed twice with PBS, centrifuged, and re-sus-
pended in 500 pL of PBS. Finally, the mean fluorescence
intensity (MFI) values, obtained using a flow cytometer,
were tabulated and graphed for analysis.

Lysosome staining
LLC and 4T1 cells were individually seeded onto a
cover glass inside a six-well chambered dish filled with
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appropriate culture media. After 24 h, the cells were
incubated with miRNA/ELP complexes (150 pmol of NC-
miRNA labeled with FAM, Bioneer, Daejeon, Republic of
Korea) for 1 h and 4 h at 37 °C. Subsequently, the cells
were washed with PBS and incubated in pre-warmed cul-
ture medium containing LysoTracker Deep Red (Molecu-
lar Probes, Life Technologies Corporation, Eugene, OR,
USA) for 1 h at 37 °C. Later, the cells were fixed with 4%
paraformaldehyde, their nuclei were stained with DAPI,
and observed under a confocal microscope.

Cytotoxicity of miRNA/ELP complex

LLC and 4T1 cells (5x10%) were individually seeded
into 96-well plates and allowed to grow for 24 h. Vari-
ous concentrations (50, 100, 200, and 400 nM) of NC
miRNA (MW: 13,323.78 Da) and miRNA-34a (MW:
14,019.55 Da) were encapsulated in ELPs at a molar
ratio of 1:20 (10 pM miRNA and 200 uM of ELPs). Sub-
sequently, the cells were treated with miRNA/ELP com-
plexes for 6 h and further incubated with fresh complete
media for 48 h. To assess the cytotoxicity effect, 10 uL of
CCK-8 (Dojindo laboratories, Japan) solution was added
to the wells, and the plate was further incubated at 37 °C
for 1 h. Cells without miRNA/therapeutic treatment
served as control. Finally, the absorbance of the cells was
measured at 450 nm using a microplate reader.

Cell cycle analysis

Exponentially growing LLC cells (5% 10°) were plated
onto a six-well plate. The following day, the cells were
treated with miRNA/ELP (400 nM miRNA/8 uM ELPs)
complexes at a ratio of 1:20 for 6 h. Subsequently, the
culture medium was replaced with fresh complete media
and incubated for 48 h. Next, aliquots of 1x10° cells
were fixed in 70% ethanol for 30 min at 4 °C and then
centrifuged. Afterward, the cell pellets were stained with
a solution containing propidium iodide (PI; 4 pg/ml) and
RNase A (100 pg/ml) for 30 min. Finally, the cell cycle
phases were analyzed using a fluorescence-activated cell
sorter.

Cell apoptosis analysis

To evaluate the anticancer efficacy of miR-34, apopto-
sis assays were conducted. Briefly, 5x10° LLC and 4T1
cells were individually seeded into six-well plates and
allowed to grow overnight. The cells were then treated
with miRNA/ELPs (400 nM miRNA/8 uM ELPs) com-
plexes at a ratio of 1:20 for 6 h. Subsequently, the culture
media was replaced with fresh complete media. After
24 h of incubation, both floating and adherent cells were
harvested, washed with PBS, and mixed with annexin V
binding buffer (BD Biosciences, San Diego, CA, USA).
Further, 2 pg mL™" of PI and 5 pL of FITC annexin V
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reagent (BD Biosciences, San Diego, CA, USA) were
added to stain necrotic and apoptotic cells. Annexin
V- and Pl-positive cells were quantified using flow
cytometry.

miRNA/ELPs inhibition in 3D model

Spheroid cultures of LLC cells were established in clear
96-well U-bottom plates with a cell-repellent surface.
Each well was seeded with 10,000 LLC cells in 200 pL
of culture medium, and spheroid formation was initi-
ated through centrifugation at 1000 Xg for 10 min. Sub-
sequently, the plates were incubated under standard cell
culture conditions (37 °C, 5% CO,) in humidified incuba-
tors, allowing the cells to grow for 72 h to form multi-
cellular tumor spheroids with an approximate diameter
of 400 um. To assess the inhibitory effect of miRNA-34a
on tumor growth, LLC-tumor spheroids were subjected
to treatments with either free ELPs or miRNA-34a/
ELPs, each at miRNA concentrations of 5 uM and 10 uM
equivalents. The diameter of the tumor spheroids in each
well was determined using an inverted phase microscope
(TS100-E, Nikon, Japan) for 10 days.

The cytotoxicity of the miRNA/ELP complexes in the
spheroids was determined using a Live/Dead Viability/
Cytotoxicity Kit (Biotium, Fremont, CA, USA). LLC
spheroids with a 400 pm diameter were incubated with
the complexes (miRNA-34a of 10 pM concentration).
Following respective incubation periods of 3 and 6 days,
the spheroids were gently rinsed with PBS and processed
following the manufacturer’s protocol. Images were cap-
tured using a fluorescence microscope (TS100-F, Nikon,
Japan).

Animal experiment

All animal experiments were conducted following the
guidelines of the Animal Care and Use Committee of
Kyungpook National University (Permit Number: KNU
2022-0328). Experiments also followed the guidelines of
the National Institute of Health (NIH) for the Care and
Use of Laboratory Animals. Thirty female (six-week-old)
C57BL/6 mice were housed in a specific pathogen-free
environment. Tumors were induced through subcutane-
ous injections of LLC cells (1x10° cells) into the right
flank. Tumor cells were then left to grow for a week.
When the tumor volume (V; mm?®) reached approxi-
mately 100 mm? (V =length X width?/2, measured using
a Vernier caliper), the tumor-bearing mice were ran-
domly divided into five groups (six mice per group) and
were treated with the following: (i) PBS (0.1 mL); (ii) free
miRNA-34a; (iii) miRNA-34a/Tat-E60; (iv) miRNA-34a/
AB86; and (iv) miRNA-34a/Tat-A86 at a dose of 6 mg/
kg miRNA-34a. All formulations were administered
via tail vein injection every other day for a total of five
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times. Tumor size and body weight were measured every
4th day. Finally, the mice were sacrificed 10 days after
the final injection, and their tissues (tumor, heart, liver,
spleen, lung, and kidney) were collected for further
analysis.

Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNEL) assay

Tumor tissues from each group of mice were isolated
and fixed with 4% paraformaldehyde overnight. Then,
the tumor tissues were rapidly frozen and cryosections
with a thickness of 8 um were prepared from the frozen
tumor tissues. Subsequently, the TUNEL assay (TUNEL
Apo-Green Detection Kit, Biotool.com, Seoul, Korea),
conjugated with fluorescein isothiocyanate (FITC), was
performed following the manufacturer’s protocol to
detect apoptosis. The number of TUNEL-positive cells
was counted in 10 randomly selected microscopic fields.

Hematoxylin and eosin (H&E) staining

After completing the therapeutic intervention, all major
organs (including the liver, kidney, spleen, heart, and
lungs) and tumor tissues were isolated from each treat-
ment group and fixed with 4% paraformaldehyde. Par-
affin-embedded blocks of each isolated tissue were
prepared and sliced to a thickness of 3 um. Then, H&E
staining was performed to assess tissue morphology.

Statistical analysis

Each experiment was independently repeated at least
three times. Data are presented as the mean * standard
deviation (SD). Statistical significance was assessed using
one-way analysis of variance (ANOVA) with the Graph
Pad Prism 8 software, and statistical significance was set
at P<0.05.

Results

Synthesis and characterization of ELP nanoparticles

for miRNA delivery

In pursuit of the development of a robust delivery system
for miRNA-34a, built upon our innovative delivery plat-
form utilizing multivalent ELP nanoparticles, this study
reports on the synthesis, characterization, and applica-
tion of Tat-A86 nanoparticles for the targeted delivery of
miRNA-34a, with a particular focus on its utility in the
context of replacement therapy for lung cancer. Addi-
tionally, this investigation underscores the comparative
advantages of employing ELP nanoparticle-mediated
methods over conventional naked miRNA delivery strat-
egies. Notably, the versatility of the ELP-based polymer
A86 enables the fine-tuning of drug delivery systems
through genetic modifications and integration of func-
tional peptides, such as the cell-penetrating peptide
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(CPP) Tat. In this study, Tat-A86 nanoparticles were
synthesized by integrating Tat at the C-terminus of
AB6 (Fig. 1a). While A86 was composed of a 16-residue
sequence designed as an interleukin-4 receptor-specific
targeting ligand (IL4RP1, AP1) for the purpose of tumor-
specific delivery, the inclusion of Tat ensured the efficient
and direct delivery of miRNA genes to the cytosol. To
validate the efficacy of Tat-A86, we established compara-
tive groups, namely Tat-E60 (comprising only Tat and
ELP) and A86 (comprising AP1 and ELP). The designed
ELP consisted of pentapeptide repeats (Val-Pro-Gly-Xaa-
Gly), where the Xaa residue represented valine (V), ala-
nine (A), or glycine (G).

The positively charged arginine (R) residue in Tat
(YGRKKRRQRRR) and AP-1 (RKRLDRN) of the differ-
ent ELP variants facilitated DNA condensation, causing
nanocomplex formation (Fig. 1b). Plasmids harbouring
Tat-E60, A86, and Tat-A86 were individually transformed
into competent E. coli BL21 cells. After high induction
of protein expression with IPTG (1 mM), the ELPs pro-
tein were purified by exploiting the inverse phase cycling
(ITC) method. Four cycles of repeated heating and cool-
ing method of ITC followed by centrifugation, resulted in
ELPs of high purities. Subsequently, the purity and MW
of the proteins were determined through SDS-PAGE and
Coomassie blue staining (Fig. 1c). The MW of Tat-E60,
AB6, and Tat-A86 was approximately 60.2 kDa, 85.7 kDa
and 86.7 kDa respectively. The additional bands with
MWs double the size of the expected ELP variants were
likely a result of dimer formation, attributed to the pres-
ence of cysteine residues at the C-terminal.

Analysis of the cell binding activities of ELP nanoparticles
The specificity and efficacy of the ELP nanoparticles were
assessed before using them for targeted miRNA delivery
to cancer cells. The cell binding activity of 0.5 uM of Tat-
E60, A86, and Tat-A86 was evaluated on both LLC and
4T1 cells; the quantitative assessment was performed
using flow cytometry. Tat-A86 demonstrated a higher
binding percentage compared to the other ELPs in both
LLC and 4T1 cells. The percentage of cell binding by Tat-
E60, A86, and Tat-A86 in 4T1 cells were 1.05%, 65.7%,
and 73.1%, respectively (Fig. 2a). In LLC cells, Tat-E60,
AB86, and Tat-A86 displayed 67.1%, 86.7%, and 92.6%
binding activity, respectively (Fig. 2b). Notably, Tat-E60,
which lacked AP-1, displayed considerably lower binding
percentages in both cell lines. This disparity in binding
efficiency underscores the importance of the AP-1 pep-
tide in enhancing cell binding activity through IL-4R-me-
diated endocytosis.

To further validate the cellular uptake and inter-
nalization of the ELP nanoparticles, confocal micros-
copy was employed. LLC cells were incubated with
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Fig. 1 Design and expression of miRNA-binding ELPs. a Schematic representation of chimeric fusion ELPs encoding A86, Tat-E60, and Tat-A86,
along with their corresponding amino acid sequences. b The carrier component of the ELP fusion protein is pivotal in mediating the interaction
with miRNA. The positively charged amino acids in ELPs induce complexation with the negatively charged nucleic acids to form stable nano
complexes. ¢ pET 25b + vectors harboring Tat-E60, A86, and Tat-A86 genes were individually transformed into the Escherichia coli strain BL21

for ELP protein expression. Purification of all fusion ELPs involved triggering a phase transition and a repeated cycle of hot spin to aggregate
protein, followed by cold spin to dissolve the ELP pellet, continued for four rounds to achieve homogeneity in fusion ELPs from cell lysate. The
size and purity of the purified fusion proteins were confirmed through sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE),
and Coomassie blue staining was employed for visualization. The size of each fusion ELP is indicated below the gel image

FITC-labeled ELPs for 1 h each at 4 °C and 37 °C. At  Tat-E60 displayed minimal cellular accumulation under
4 °C, both Tat-A86 and A86 accumulated promi- the same conditions. At 37 °C, Tat-A86 showed more
nently on the cell surface, as evidenced by the distinct accumulation in the cytoplasm than in the membranes
orange color, signifying the colocalization of the ELPs  (Additional file 1: Figure S1). High-magnification
(green) and cell membranes (red) (Fig. 2c). Conversely, images further confirmed the superior cytoplasmic

accumulation of Tat-A86 compared to other ELPs.
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Fig. 2 The binding of ELPs to LLC and 4T1 cells. LLC (@) and 4T1 (b) cells were incubated with fluorescein isothiocyanate (FITC)-labelled ELPs

(0.5 uM) at 37 °C for 1 h. The percentage of cell-binding was analyzed through flow cytometry (n=3). Graphical bars on the right represent

the percentage of ELP-bound cells as the mean + standard deviation (SD) of data obtained from three separate experiments performed in triplicate.
***P <0.001 (one-way analysis of variance (ANOVA)) indicates significant differences for Tat-E60, A86 and Tat-A86 compared with untreated control.
c LLC cells were treated with 0.5 uM of the respective fluorescein isothiocyanate (FITC)-labelled polypeptides at 37 °C for 1 h and observed

under confocal laser microscopy. Cell membranes and nuclei were stained with Wheat Germ Agglutinin Alexa 594 and Hoechst, respectively.
Representative confocal images from five independent experiments. Scale bar, 20 um
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Overall, among the studied ELPs, Tat-A86 exhibited the
best cell binding and uptake activities in LLC cells.

Gel retardation and stability assay of ELP/miRNA
complexes
The formation of miRNA/ELP complexes, a crucial
aspect of successful gene delivery applications, was con-
firmed using a gel retardation assay. NC miRNA (10 pM)
was mixed with varying concentrations (10, 30, 50, 100,
and 200 uM) of ELPs to create miRNA/ELPs complexes
with different molar ratios (1:1, 1:3, 1:5, 1:10, and 1:20).
Increasing the miRNA/ELP ratios from 1:1 to 1:20
resulted in less migration of miRNA in the gel, indicat-
ing their entrapment in complexes (Fig. 3a). Both Tat-
A86 and A86 efficiently encapsulated miRNA at a ratio
of 1:10 (10 uM miRNA: 100 uM ELP), while Tat-E60
achieved complete complexation with miRNA at a ratio
of 1:20. To enable a more comprehensive comparison and
analysis in vitro, we implement a 1:20 ratio in subsequent
experiments.

To further evaluate whether the formation of miRNA/
ELPs complexes protected the miRNAs against RNase-
mediated degradation, an RNase resistance assay was

a Tat-E60

s g
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b + miRNA
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&
AN A3 4D 4ADO

Page 9 of 24

performed. Briefly, the complexes were incubated
with or without RNase I for 1 h at 37 °C. As shown in
Fig. 3b, naked miRNA was entirely digested by RNase I
(Lane 3), while miRNA/Tat-E60, miRNA/Tat-A86, and
miRNA/A86 (Lanes 6, 9, and 12, respectively) retained
visible miRNA bands, indicating protection against
RNase-mediated degradation. Among the studied ELPs,
Tat-A86 (Lane 9) exhibited a notably high band intensity,
indicating robust miRNA protection. When exposed to
50% FBS at 37 °C, naked miRNAs underwent rapid deg-
radation (Fig. 3c). In contrast, miRNAs encapsulated by
ELPs remained clearly visible even after an extended 24 h
incubation period, highlighting the effective protection
offered by ELPs in a biologically relevant environment.

Characterization of miRNA/ELP complexes

The transition temperature (Tt) of ELPs is a critical factor
in their application for gene delivery. ELPs are biopoly-
mers that exhibit reversible phase transitions, shifting
from a soluble and disordered state to an insoluble and
coacervate-like state in response to temperature changes.
The Tt for each ELP and miRNA/ELP complex was meas-
ured at a rate of 1 °C per minute within a temperature

Tat-A86

v.
R\
AN D 45 AN

Tat-A86

50% serum

Fig. 3 Gel retardation assay of miRNA/ELP complexes. a The complexation of Tat-E60, A86, and Tat-A86 with miRNA was examined at different

miRNA/ELP ratios. Interactions between miRNA (10 uM) and ELPs (10-200 uM) were assessed using a gel retardation assay. The gels were visualized
by staining with ethidium bromide. Lane 1: 1 kb DNA ladder, Lane 2: naked miRNA (22 bp), Lanes 3-7: miRNA/ELP complexes at different molar
ratios. b The stability of encapsulated miRNA was evaluated by subjecting miRNA/ELP complexes to treatment with or without RNase A for 1 h. The
samples were loaded alongside naked miRNA (Lane 2) and in the presence of RNase | (Lane 3). Lanes 5, 8, and 11 depict untreated Tat-E60/miRNA,
Tat-A86/miRNA and A86/miRNA complexes, respectively. Lanes 6, 9, and 12 depict RNase A-treated Tat-E60/miRNA, Tat-A86/miRNA and A86/miRNA
complexes respectively. Electrophoresis was performed on a 1% agarose gel in tris—acetate-EDTA (TAE) buffer, and gel visualization was achieved
by staining with ethidium bromide. ¢ A naked miRNA (Lane 2) or miRNA/ELPs complexes (Lane 3-5) were incubated with the 50% mouse serum
for 24 h. Following incubation, the miRNA was liberated from the complexes utilizing heparin and subsequently subjected to analysis via agarose
gel electrophoresis
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range of 20 °C to 55 °C, as depicted in Fig. 4a. The Tt
of Tat-E60, A38, and Tat-A86 were determined to be
37.2 °C, 46.47 °C, and 39.27 °C, respectively. Subsequent
complexation with miRNA resulted in reduction of
these temperatures to 34.47 °C, 37.37 °C, and 37.47 °C,
respectively. The turbidity profile of Tat-E60 and Tat-A86
after complexation with miRNA revealed no significant
changes in its Tt upon complex formation. Conversely,
A86 demonstrated a significant decrease in Tt, with a
reduction of 11.10 °C, signifying a substantial alteration
in its transition behavior post-complex formation. This
decline in Tt is ascribed to the electrostatic interactions
between the positively charged residues on ELP and the
negatively charged phosphate groups on miRNA, dis-
rupting the hydrophobic interactions within the ELP
polymer network. Consequently, the coacervate state of
ELPs acts as a protective shield for encapsulated genetic
material (e.g., DNA, RNA), playing a vital role in main-
taining the stability and integrity of the genetic cargo in
biological environments.

Parallel dynamic light scattering (DLS) measure-
ments revealed that the particle size of miRNA com-
plexes increased compared to that of the free peptides
(Fig. 4b—g). The observed size and distribution charac-
teristics of miRNA/ELP complexes are promising for
in vivo systemic gene delivery applications. The parti-
cle size of both ELPs and miRNA/ELP complexes was
measured at 24 °C. At 24 °C, Tat-E60 exhibited particles
sizes of 20.79 nm and 203.1 nm (Fig. 4b). The presence
of ELPs with two different particle sizes indicated the ini-
tiation of a unimer-to-aggregation phase transition. In
contrast, A86 and Tat-A86 remained in a unimer state,
exhibiting sizes of approximately 28.31 nm (Fig. 4d) and
25.72 nm (Fig. 4f), respectively. When condensed with
miRNA, Tat-E60, A86, and Tat-A86 exhibited diameters
of 126.9 nm (Fig. 4c), 31.64 nm (Fig. 4e), and 145.5 nm
(Fig. 4g), respectively. The increase in particle sizes
observed after miRNA encapsulation implies the success-
ful condensation of miRNA by all three ELPs, leading to
the formation of a nanoformulation. However, Tat-E60
and Tat-A86 exhibit larger particle size than A86, sug-
gesting that Tat peptide might induce tighter packing or
aggregation of the complexes, leading to larger observed
sizes. Additionally, the structural characteristics of these
nanoformulation using TEM clearly showed that Tat-
E60, A86 and Tat-A86 retained their spherical micelle-
like structures with average diameter sizes of 67.2 nm,
90.7 and 106.5 nm (Fig. 4h) respectively. The expected
agglomeration within the dispersion is indicated by the
noticeable size difference detected by DLS for Tat-E60
and Tat-A86 when compared to the dimensions observed
in TEM images. The disparity in particle size between
DLS and TEM is due to agglomeration, leading to larger
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hydrodynamic sizes in DLS, which includes the solvent
shell, while TEM provides a direct measurement of par-
ticle size. For miRNA/A86 complexes, the average diam-
eter sizes are typically larger in TEM analysis compared
to DLS. It was speculated that A86 may undergo distinct
dynamic structural changes or rearrangements in solu-
tion, potentially differing from Tat-containing complexes.
Additionally, it was anticipated that A86 complexes
might aggregate or form larger assemblies when dried
onto the TEM grid, contributing to the observed larger
sizes in TEM images. In contrast, DLS measures particle
size in solution, where aggregation is less likely due to the
presence of solvent molecules.

Uptake of miRNA/ELP complexes by tumor cells

Next, we investigated the cellular uptake and internaliza-
tion of miRNA molecules upon their complexation with
ELPs. To assess the uptake activity, labeled FAM-miRNAs
(200 nM) were mixed with ELPs (4 pM) and individually
incubated with LLC and 4T1 cells for 1 h at 37 °C. Sub-
sequently, the uptake of the miRNA/ELP complexes was
measured using flow cytometry. In LLC cells, miRNA/
Tat-E60 demonstrated an uptake activity of 68.92%,
while A86 exhibited a higher uptake activity at 86.73%
(Fig. 5a). Notably, miRNA/Tat-A86 displayed the most
significant uptake activity of 92.60%, higher than that of
Tat-E60 and A86. Thus, ELPs, specifically A86 and Tat-
AB86, which contained IL-4R targeting peptides, markedly
increased the cellular uptake of FAM-labeled miRNA.
Similarly, in 4T1 cells, A86 and Tat-A86 revealed robust
uptake activities of 75.31% and 90.65%, respectively. In
contrast, miRNA/Tat-E60 complexes exhibited a 57.58%
uptake activity (Fig. 5b). Overall, the exceptional effec-
tiveness of Tat-A86 in promoting miRNA internalization
within both LLC and 4T1 cells highlights its potential in
miRNA-based therapies.

Subcellular localization of miRNA/ELP complexes

The efficient cellular uptake of miRNA, its escape from
subcellular compartments, and subsequent release into
the target cytosol are pivotal considerations in the field of
gene expression modulation, particularly in the domain
of miRNA replacement therapy. Therefore, the efficacy
of ELP carriers in facilitating miRNA translocation into
the cellular milieu was assessed using confocal micros-
copy. FAM-labeled miRNA was used to directly visualize
internalization patterns. The magnified images of cells
treated with different miRNA/ELP complexes revealed
both granular-shaped and diffuse signals. Granular sig-
nals, depicted in yellow, denoted the co-localization of
miRNA (green signals) with lysosomal complexes (red
signals), suggesting the sequestration of these miRNA
molecules within lysosomes (Fig. 5¢). Conversely, the
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Fig. 4 Physical characterization of miRNA/ELP complexes. a The turbidity profiles of the miRNA/ELP complexes (red) were assessed at 350 nm,

with a temperature increase of 1 °C/min, and compared with those of naive ELPs (black) at various temperatures. To validate the stable
condensation of miIRNA/ELP complexes, nanoparticle size was determined using dynamic light scattering (DLS) at 24 °C. The size parameters of ELPs
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the co-localization of miRNA with the lysosomal marker. Representative confocal microscopic images from five experiments (n=5) are presented,
with blue indicating nuclei stained with Hoechst, green representing miRNA/ELP complexes, and red corresponding to LysoTracker. Scale bar,

10 um

diffuse miRNA signals scattered throughout the cyto-  spots resulting from the superimposition of green and
plasm indicated active molecules that had escaped from red signals within the lysosomes after 1 h of incubation.
lysosomal confinement. Interestingly, in LLC cells, Tat- This observation unequivocally indicated the internali-
A86 displayed the most pronounced co-localization zation of miRNA/ELP complexes through an endocytic
with lysosomes, as evidenced by the conspicuous yellow  mechanism, with subsequent localization within the
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lysosomal compartments. However, after 4 h, the green
signal was more pronounced in the cytoplasm, indicat-
ing the disruption of the lysosomal membrane and sub-
sequent release of miRNA molecules into the cytoplasm.
Contrarily, A86 displayed minimal localization within
the lysosomes at 1 h but exhibited a substantial increase
after 4 h, signifying a slower escape from the lysosomal
compartment. In comparison, cells treated with miRNA/
Tat-E60 complexes alone displayed faint miRNA signals
primarily around the cell surface. This outcome may be
attributed to the relatively weaker binding capacity of
Tat-E60 or a possible loss of its cellular penetration abil-
ity after complexing with miRNA.

Similarly, in 4T1 cells, Tat-A86 exhibited the highest
co-localization with lysosomes at 1 h (Additional file 2:
Figure S2a), with subsequent accumulation in the cyto-
plasm after 4 h (Additional file 2: Figure S2b). Overall,
these findings highlight the efficient delivery of Tat-A86
and its role in facilitating the gradual release of miRNA
molecules, achieving the desired therapeutic effect.

Cytotoxicity analysis
miRNA-34a regulates several tumorigenesis-related
genes, including Myc, CD44, MET, Bcl-2, and TP53 [45,
46], and its down-regulation or loss has been linked to
the development of numerous types of cancer. Conse-
quently, restoring miR-34a expression could potentially
hinder tumor growth and progression, making it a prom-
ising candidate for cancer therapy [47, 48]. To evaluate
the inhibitory effect of miRNA-34a, LLC and 4T1 cells
were individually seeded into 96-well plates and treated
with varying concentrations of miRNA (50, 100, 200, and
400 nM) at a 1:20 miRNA/ELP molar ratio. The cytotoxic
effect of miRNA-34 was determined by comparing it to
NC miRNA (Fig. 6a, c). After 48 h, CCK-8-based cell via-
bility analysis revealed a dose-dependent reduction in cell
viability in both LLC and 4T1 cells. Evidently, complexing
tumor-suppressive miRNA-34a with Tat-A86 resulted.

in a higher cytotoxicity (41.45% cell viability) in LLC
cells (Fig. 6b), surpassing the cytotoxicity observed for
Tat-E60 (58.8% cell viability) and A86 (54.2% cell viabil-
ity). Similarly, in 4T1 cells (Fig. 6d), Tat-A86 complexed
with miRNA-34a exhibited the highest inhibition (26.45%
cell viability), as opposed to Tat-E60 (65.36% cell viabil-
ity) or A86 (102% cell viability). Overall, miRNA/Tat-A86
complexes demonstrated a more potent inhibitory effect
compared to miRNA/Tat-E60 or miRNA/A86 complexes.
Treatment of LLC cells with free ELPs did not result in
any inhibitory effects (Additional file 3: Figure S3). Fur-
thermore, NC miRNA complexed with ELPs had little to
no impact on cell viability in both cell lines (Fig. 6a, c).
Thus, this study clearly demonstrates the efficient deliv-
ery of miRNA by Tat-A86.
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Effect of miRNA-34a on LLC cell cycle distribution

and apoptosis

miRNA-34 family members, being direct p53 targets,
induce apoptosis and cell-cycle arrest [49]. To gain fur-
ther insights into the mechanisms underlying the height-
ened cell cycle distribution and apoptosis rates facilitated
by miRNA-34a/ELPs, their effects on tumor cells were
investigated. Specifically, the impact of miR-34a upregu-
lation on LLC cell cycle was examined, revealing G1 cell
cycle arrest (Fig. 7a). Transfecting LLC cells with 400 nM
miR-34a using lipofectamine resulted in a G1-GO arrest
in 57.89% of the cell population (Fig. 7c). Remarkably,
transfection with miRNA-34a/ELPs led to the majority of
LLC cells arresting in the G2 phase. Complexing miRNA-
34a with Tat-E60, A86, and Tat-A86 at the same 400 nM
miRNA concentration induced M/G2 arrest in 74.55%,
67.87%, and 75.24% of the cell population, respectively.
No significant differences were observed in the relative
proportion of cells in the G2 phase in the miRNA-34a/
ELP-treated groups at 48 h post-transfection.

Additionally, analysis of the cell-killing activity of
miRNA-34a/ELPs in LLC cells through annexin V assays
(Fig. 7b) revealed that miRNA-34a/Tat-A86 had signifi-
cantly higher cell-killing activity (~50.40%) compared
to the untreated and miRNA-34a/ELP controls (Fig. 7d).
Furthermore, treatment with miRNA-34a/Tat-E60 and
miRNA-34a/A86 induced at least 11.09% and 18.35%
apoptosis, respectively, indicating a moderate impact.
Overall, miRNA-34a/Tat-A86 notably increased the cell
populations in the G2/M-phase, reduced the cell popula-
tions in the S-phase, and significantly elevated the total
cell death rate due to apoptosis.

Furthermore, the impact of miRNA-34a/ELPs on the
tumorigenic potential of 4T1 cells was assessed via a
colony formation assay (Additional file 4: Figure S4a).
Treatment with miRNA-34a/Tat-A86 reduced colony for-
mation by ~48.8% compared to the PBS-treated control
group (Additional file 4: Figure S4b, S4c). As expected,
NC miRNA/ELPs had no direct cell-killing effect on 4T1
cells. Collectively, the results of the anticancer activ-
ity assays affirm the promising activity of miRNA-34a,
which is closely linked to its effective delivery via Tat-A86
nanoparticles.

Penetration and anti-tumor effects of miRNA-34a/ELPs

in the LLC spheroids model

Given the lack of knowledge regarding the optimal sys-
temically administered dose of miRNA-34a and its suc-
cess rate in reaching the tumor tissue, the effects induced
by miRNA-34a in an LLC-3D spheroid model were ini-
tially examined. For this purpose, first, LLC spheroids
with varying cell numbers (5,000, 10,000, and 15,000
cells) were prepared, and their growth was monitored at
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Fig. 6 Cell viability assay. The impact of miRNA-34a on the growth of LLC (a, b) and 4T1 (c, d) cells was assessed following transfection with miRNA/
ELPs. LLC or 4T1 cells (5% 10*/well) in a 96-well plate were treated with negative control (NC) miRNA/ELPs and miRNA-34a/ELPs at concentrations
ranging from 50 to 400 nM for 48 h. Cell proliferation was evaluated using a CCK assay. Specifically, 10 uL of CCK-8 solution was added to each well
and incubated for 1 h at 37 °C, and the change in absorbance was measured at a wavelength of 450 nm. One-way ANOVA was performed to assess
the statistical significance of the differences among groups treated with miRNA/ELP complexes at different miRNA concentrations. *P < 0.05, NC
mMiRNA/A86 vs. miRNA-34a/A86 (400 nM) delivery, and **P <0.001, NC miRNA/Tat-A86 vs. miRNA-34a/Tat-A86-mediated miRNA (400 nM) delivery

different time points (Additional file 5: Figure S5a, S5b).
The spheroid diameter in all groups exhibited a gradual
increase after an initial slight decrease (Additional file 5:
Figure S5a). Cell viability within the spheroids was exam-
ined using a Live/Dead Cell Assay Kit. The Live/Dead
Cell Assay Kit facilitated the discrimination of live cells
from dead ones by simultaneously staining live cells with
green-fluorescent calcein-AM (indicating intracellular
esterase activity) and dead cells with red-fluorescent eth-
idium homodimer-1 (which binds to intracellular nucleic
acids). The results revealed that cells within 10-day-old
spheroids retained their viability in the case of spheroids

containing 5,000 or 10,000 cells per micro-well (Addi-
tional file 6: Figure S6a-c). Conversely, spheroids with
15,000 cells per micro-well displayed a notable decrease
in cell viability. Therefore, spheroids generated from
10,000 cells per micro-well were selected for subse-
quent evaluations, considering their more favorable
characteristics.

The delivery of FAM-labeled miRNA facilitated by
ELPs was also assessed, specifically examining its pen-
etration within the LLC spheroid at 37 °C. This was sub-
sequently confirmed via confocal microscopy, as depicted
in Figure S7 (Additional file 7). It was illustrated that the
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fluorescence was primarily localized along the periph-
ery of the spheroid when treated with the FAM-labelled
miRNA complex with ELPs. A significantly higher fluo-
rescence intensity was detected in multicellular tumor
spheroids treated with Tat-A86, indicating the enhanced
penetration capability of miRNA/Tat-A86, as anticipated.
Furthermore, both Tat-E60 and A86 exhibited limited
penetration, resulting in lower FAM intensity within the
spheroid. These results highlight the superior tumor tis-
sue penetration ability of Tat-A86 (A86 modified with
Tat) compared to regular Tat-E60 or A86.

Next, the cytotoxicity of miRNA-34a/ELP complexes at
different miRNA-34a concentrations (5 pM and 10 pM)
was assessed by examining their capacity to suppress the
growth of tumor spheroids. Particularly, tumor sphe-
roids incubated in complete media displayed consistent
growth, with the spheroid volume increasing over the
10-day incubation period (Fig. 8a, b). At a miRNA-34a
concentration of 5 pM, the miRNA-34a/Tat-A86 exhib-
ited a gradual impact on tumor inhibition with reduc-
tion in spheroid size on day 10. Conversely, exposure to
miRNA-34a/Tat-A86 at a concentration equivalent to
that of miRNA-34a (10 pM) resulted in significant inhibi-
tion of tumor spheroid growth, manifested by alterations
in shape from day 6 onward (Fig. 8c, d), with a notewor-
thy decrease in spheroid size on day 10 post-treatment.
The results unveiled a dose-dependent response of tumor
cells to miRNA-34a, with higher concentrations signifi-
cantly reducing cell viability compared to lower concen-
trations. Interestingly, groups treated with miRNA-34a/
Tat-E60 or miRNA-34a/A86 displayed the slowest tumor
spheroid growth rates in a dose-dependent manner, lead-
ing to a subsequent reduction in tumor size on day 10
post-treatment.

Furthermore, when using ELPs alone at concentrations
of 100 and 200 puM for encapsulating miRNA-34a (5 uM
and 10 pM), minimal to negligible effects on the growth
of LLC spheroids were observed (Additional file 8: Figure
S8a—c). This outcome clearly indicates that the observed
inhibition in spheroid growth is specifically attributable
to the facilitation of miRNA-34a delivery by ELPs. The
superior tumor inhibition achieved through miRNA-34a/
Tat-A86 is attributed to the exceptional tumor-penetrat-
ing ability of Tat-A86.

In congruence with observed morphological altera-
tions, microscopic imaging of live (Calcein AM) and
dead (Ethidium homodimer) cell populations within
LLC spheroid cultures subjected to specified concentra-
tions of 10 uM miRNA-34a substantiates the efficacy
of miRNA-34a/Tat-A86-mediated tumor inhibition.
Remarkably, within the Tat-A86 treated cohort, discern-
ible apoptosis of tumor cells manifested at the periphery
of the spheroids after 3 days of treatment (Fig. 8e). This
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phenomenon was accompanied by a reduction in live cell
staining coupled with a statistically significant elevation
in dead cell staining by day 6 (Fig. 8f). Conversely, neither
miRNA-34a/A86 nor miRNA-34a/Tat-E60 treated LLC
spheroids exhibited an augmentation in dead staining at
3 days post-treatment, although discernible changes were
observed by day 6. Untreated cells-maintained viability at
both day 3 and day 6, as indicated by sustained intense
green fluorescence.

In vivo therapeutic effect

To assess whether the systemic delivery of miRNA-34a
or miRNA-34a/ELPs could impede lung tumor growth
in LLC-bearing C57BL/6 mice, miRNA-34a or miRNA-
34a/ELP formulations were administered to subcuta-
neous tumors via intravenous tail vein injections. The
treatment commenced 10 days after tumor implantation,
corresponding to a tumor size of approximately ~100
mm?®, Each dose contained 10 pM of formulated miRNA-
34a, equivalent to (6 mg/kg) per mouse with an average
weight of 20 g, and was administered every other day for
a total of five doses (Fig. 9a). Systemic intravenous treat-
ment with miRNA-34a/Tat-A86 nanoparticles effec-
tively inhibited tumor growth (~38%) compared to PBS
(Fig. 9b). In contrast, treatment with control miRNA-34a
had a considerably weaker effect on tumor growth by
77.5%. Likewise, the other control groups, Tat-E60 (64%)
and A86 (67%), demonstrated relatively modest reduc-
tions in tumor growth compared to Tat-A86. These find-
ings highlight that free miRNA-34a had a limited impact
on the growth of LLC tumors. Conversely, miRNA-34a
delivery using Tat-A86 nanoparticles resulted in substan-
tial antitumor activity. After completing the therapeutic
regimen, the excised tumors were photographed and
weighed (Fig. 9d). The mean tumor weight in the miRNA-
34a/Tat-A86 (0.37 g) group was significantly lower than
that in the miRNA-34a/Tat-E60 (0.56 g), miRNA-34a/
AB86 (0.85 g), and untreated (~0.94 g) groups (Fig. e).
These findings confirm the strong antitumor effect of
miRNA-34a/Tat-A86 nanoparticles in LLC. Furthermore,
miRNA-34a/Tat-A86 had no apparent signs of gross tox-
icity, as evidenced by the unchanged body weight during
the treatment (Fig. 9c).

Moreover, H&E staining of major organs revealed no
obvious tissue damage in the treatment groups compared
to the control (PBS-treated) group (Fig. 10). Due to the
low dosage of miRNA-34a (6 mg/kg) employed in this
study, no decrease in body weight or occurrence of tissue
injury was detected throughout the therapy. However,
analysis of the H&E tumor sections suggested consider-
ably enhanced cell death in the miRNA-34a/Tat-A86-
treated group compared to the control group. TUNEL
staining of the tumor tissues validated the apoptotic
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Fig. 8 Growth inhibition assay using the LLC spheroids. a-d LLC spheroids were treated with different miRNA/ELP complexes, featuring varying
miRNA-34a concentrations (5 or 10 uM) encapsulated within different ELPs. The time-dependent increase in the diameter of LLC spheroids

was monitored for 10 days using bright-field imaging. Representative images of spheroid treated with miRNA/ELP complexes are presented.
LLC spheroids cultured in Roswell Park Memorial Institute (RPMI) medium served as a control. Scale bar, 500 um. Growth curve of LLC spheroids

after various treatments. **P <0.01, Tat-A86/miRNA-34a treated vs. control gro
sized spheroids (day 3 and day 6) using live/dead staining with ethidium hom
while nonviable cells are shown in red. Scale bar, 500 um

activity of the miRNA-34a/ELP formulations (Fig. 11).
The miRNA-34a/Tat-A86-treated group showed higher
apoptotic activity compared to the PBS-treated group.

3

up from day 6 onwards. e, f Cell viability assay of the differently
odimer-1 and calcein AM. Viable cells are depicted in green,

TUNEL-positive cells were observed in both miRNA-

4a/Tat-E60 and miRNA-34a/A86 groups but to a lesser

extent than that in the Tat-A86 group.
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Fig. 9 The antitumor effect of miRNA-34a/ELPs in vivo. a LLC allograft mice were randomly divided into five groups and administered intravenous
injections of either free miRNA-34a (6 mg/kg) or miRNA-34a/ELPs (6 mg/kg on days 1, 3, 6, 8, and 10). Tumor volumes (mm?) were monitored
every after 3 days for 20 days. b Tumor volumes are presented as mean+SD (n=5 per group). ¢ The average body weight of each group

is expressed as the mean+SD (n=5 per group). d Tumors in each group, including the control (PBS), free miRNA-34a, Tat-E60, A86, and Tat-A86
groups, were excised and photographed after 20 days. e Average tumor weight in each group at the end of the experiments. Columns represent
the mean for three replicate determinations, while bars indicate SD. ***P <0.001 indicates the statistically significant difference in the miRNA-34a/
Tat-A86-treated group compared to the control PBS group

Discussion the MW and size of nanoparticles on the efficacy and
We pioneered a robust miRNA delivery platform, safety of miRNA delivery systems, we employed a recom-
addressing the intricate challenges related to miRNA  binant ELP-based multivalent targeting approach. In our
replacement therapy, including the imperative for tissue-  preliminary investigations, we highlighted the enhanced
specific delivery and concerns regarding safety and poten-  binding activity of the high molecular weight A86 nan-
tial off-target effects. Considering the critical impact of  oparticles (38—40 nm in diameter) transitioning to a
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staining. Following the treatment regimen, tumor sections were

excised from the LCC tumor-bearing mice. Nuclei are stained in blue, while the extracellular matrix and cytoplasm are stained in red using H&E

staining. Scale bar, 50 um

micelle-like structure. Furthermore, in vivo assessments
across diverse mouse models reaffirmed the promis-
ing potential of A86 in tumor localization and retention.
Acknowledging the demand for precise miRNA delivery
to specific cellular locations, we sought to enhance the
therapeutic performance of A86 by fusing it with Tat, a
short CPP derived from human immunodeficiency virus.
The resulting fusion, Tat-A86, ensured successful miRNA
transport to intracellular locations, enabling the modu-
lation of miRNA expression and activity, and paving the
way for potential advancements in cancer treatment.

In this study, we investigated the potential of our novel
multidomain ELP nanoparticle, Tat-A86, as a carrier for
miRNA-34a delivery. Through recombinant DNA engi-
neering, Tat-A86 and other ELP variants were precisely
designed for optimal gene delivery and easy purification
(using the E. coli bacterial system). The phase transition
characteristic of ELPs enabled their isolation using the
simple, inexpensive, and non-chromatographic batch
method—ITC. Additionally, the ELPs were engineered to
possess a Tt matching physiological conditions, enabling
controlled release, genetic material protection, enhanced
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Fig. 11 Analysis of apoptosis based on terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) assay. Apoptosis
in tumor tissues across various groups (n=>5) was assessed through TUNEL staining. Apoptotic cells are represented by green spots, while intact

DNA is marked in blue stain using DAPI. Scale bar, 50 um

cellular uptake, and targeted gene delivery to specific tis-
sues or cells.

Prior to miRNA delivery, we assessed the capacity
of Tat-A86 to target specific tumor cells. In vitro flow
cytometry analysis revealed that both Tat-A86 and A86
exhibited significantly enhanced binding to LLC and
4T1 murine cancer cells compared to Tat-E60 (Fig. 2a,
b). Consistent with these findings, confocal imaging
clearly revealed the substantial cellular accumulation
and uptake of Tat-A86 and A86, while Tat-E60 exhibited
minimal accumulation. This observation emphasized that
the improvements were primarily attributed to the pres-
ence of AP-1 rather than nonspecific penetration by Tat
(Fig. 2c and additional file 1: Figure S1).

Next, we investigated the condensation of miRNA with
Tat-E60, A86, and Tat-A86, revealing successful encap-
sulation at different molar ratios (Fig. 3a). The interac-
tion was facilitated by binding of the positively charged
amino acids in Tat to the negatively charged miRNA.
Notably, condensation at a lower molar ratio, particu-
larly in the case of Tat-A86, may be attributed to the
higher positive charge conferred by the arginine residue
of AP1. Importantly, the encapsulation of miRNA by
the ELPs effectively shielded it from RNase A degrada-
tion (Fig. 3b), with Tat-A86 exhibiting superior miRNA

protection when compared to the other ELPs. The sub-
stantial number of positively charged arginine residues
in Tat-A86 strengthened its miRNA binding, thereby
enhancing its miRNA encapsulation capacity and pro-
tection. In contrast, Tat-E60 exhibited nucleic acid con-
densation at a higher molar ratio owing to the absence
of AP1. This suggests that ELP does not directly interact
with nucleic acids but primarily imparts thermal sensitiv-
ity and stability. Thus, the increased number of arginine
residues in Tat-A86 contributes to the overall stability of
the nanocomplex.

The imperative retention of ELP phase transition
characteristics post-condensation with genetic materi-
als is essential for effectively facilitating targeted gene
delivery. The conspicuous decrease in the Tt indicated
an intensified hydrophobic effect during the complex
formation process. This reduction in Tt is attributed to
the interaction of positively charged ELPs with the nega-
tively charged miRNA, leading to the establishment of a
highly hydrophobic state (Fig. 4a) [50]. Furthermore, the
positive charges on ELPs play a crucial role in neutraliz-
ing the negative charges on miRNA, thereby contribut-
ing to the sustained hydrophobicity and, consequently,
the observed depression in Tt. This intricate interplay
between ELPs and miRNA highlights their potential in
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forming stable nanocomplexes for gene delivery applica-
tions. This observation was further substantiated by con-
clusive evidence from concurrent DLS and TEM analysis.
The DLS results delineated the enlargement in particle
sizes after miRNA condensation, offering additional
confirmation of the successful formation of stable nano-
complexes (Fig. 4b—g). These cumulative insights under-
score the significance of comprehending and preserving
ELP phase transition properties within the gene delivery
paradigm, establishing a robust foundation for efficacious
therapeutic interventions at anatomically precise sites.

The cellular uptake of miRNA/ELP complexes, their
subsequent release from subcellular compartments, and
their eventual delivery into the target cytosol are pivotal
factors in the field of gene expression regulation. There-
fore, analyzing the interaction of ELP variants with cel-
lular membranes and their subsequent cellular entry is
significant, especially in the context of miRNA replace-
ment therapy. Thus, we assessed the effectiveness of
ELPs in facilitating the translocation of miRNA into the
cellular milieu using confocal microscopy. To directly
visualize internalization patterns, we employed FAM-
labeled miRNA. Colocalization of the nanocomplex
was confirmed through the merged green fluorescence
between the red fluorescence (LysoTracker) of the lyso-
some (Fig. 5c). The colocalized miRNA/ELP complex
was observed to be distributed around the nucleus in
the form of particles in the cytoplasm. These forms rep-
resent a lysosome containing nanocomplex. In contrast,
the spread of green fluorescence might indicate that
miRNAs dissociated from nanocomplexes after escaping
from lysosomes. Interestingly, the miRNA/Tat-A86 com-
plex exhibited the highest localization in lysosome within
1 h, followed by dissociation after 4 h. Since miRNA/
Tat-A86 formulations can be internalized through endo-
cytosis, they efficiently approach the cell membrane and,
crucially, evade lysosomal degradation. Consequently,
the complex efficiently transports miRNA into the cyto-
plasm. This shows that Tat-A86, with its multiple copies
of AP1 ligand and Tat peptide, can easily target tumor
cells. This observation supports the hypothesis that Tat-
A86 is advantageous for targeted miRNA delivery. There-
fore, this formulation possesses favourable properties for
improved miRNA delivery and cellular uptake, poten-
tially contributing to its anticancer properties.

The restoration of miRNA-34a activity has been estab-
lished as an effective strategy to impede cancer cell pro-
liferation [25]. After successfully restoring miRNA-34a
activity in LLC and 4T1 cells via lipofectamine-based
miRNA-34a overexpression or using the designed ELP
formulations, we confirmed the antiproliferative effects
of miRNA-34a through cell viability assays (Fig. 6b, d).
Cell proliferation was remarkably inhibited using varying
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treatment concentrations in miRNA-34a/lipofectamine
(miR-34a/lipo) and miR-34a/ELP transfected cells com-
pared to NC miRNA-lipofectamine or NC miRNA/ELPs
formulation alone. Notably, the complexation of tumor-
suppressive miRNA-34a with Tat-A86 improved its cyto-
toxicity in LLC and 4T1 cells, surpassing the cytotoxicity
achieved with Tat-E60 and A86. Especially, treating 4T1
cells with miRNA-34a complexed with Tat-A86 resulted
in heightened efficacy and, consequently, a significant
reduction in colony formation compared to that achieved
using miRNA-34a complexed with Tat-E60 or A86 (Addi-
tional file 4: Figure S4). This underscores the pronounced
efficacy of miRNA/Tat-A86 complexes, emphasizing
their potential as a formidable platform for targeted can-
cer therapy.

Furthermore, we assessed the impact of increased
miRNA-34a expression facilitated by lipofectamine and
ELP nanoparticles on the cell cycle. miRNA-34a targets
anti-apoptotic proteins such as Bcl-2 and survivin, foster-
ing augmented apoptosis and contributing to cell cycle
arrest [11, 51]. Given the close interconnection between
apoptosis and cell cycle progression, the regulatory role
of miRNA-34a in apoptosis can intricately influence cell
cycle dynamics. The upregulation of miRNA-34a via
lipofectamine induced a discernible G1 phase cell cycle
arrest, while the miRNA-34a/ELP formulations arrested
the cell cycle at the G2/M phase (Fig. 7a, c). Intrigu-
ingly, Tat-A86 exhibited superior cellular accumulation
in both G2 and M phases compared to the other experi-
mental groups. The G2/M DNA damage checkpoint,
a critical regulatory point in the cell cycle, ensures that
cells refrain from initiating mitosis until any damaged
or incompletely replicated DNA is adequately repaired
post-replication [52]. Cells harbouring a defective G2/M
checkpoint proceed into mitosis without proper DNA
repair, leading to apoptosis or cell demise post-division
[53]. In our study, exposure to miRNA-34a/ELPs resulted
in cell cycle arrest specifically in the G2/M phase, sug-
gesting potential apoptosis induction. Consequently,
treatment of LLC cells with the miRNA-34a/Tat-A86
complex induced substantial cell apoptosis compared to
the miRNA-34a/Tat-E60 or miRNA-34a/A86 complexes.
The heightened cell apoptosis observed in miRNA-34a/
Tat-A86 complexes may be attributed to stable complexa-
tion with miRNA-34a, improved uptake efficiency, and
successful miRNA-34a release (Fig. 7b, d). These factors
collectively contribute to inhibiting cell cycle progression
in the LLC cells.

Targeted miRNA delivery is an effective strategy in can-
cer therapy because it allows for selectively influencing
cancer cells while sparing normal cells. In vitro assess-
ments definitively illustrated the pronounced efficacy
of the miRNA/ELP formulations in facilitating miRNA
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delivery into LLC cells. However, before conducting
the in vivo tumor inhibition study, the efficacy of FAM-
miRNA delivery using diverse ELP formulations was
assessed using an in vitro 3D model. Notably, Tat-A86
facilitated deeper penetration of FAM-miRNA, in con-
trast to the restricted penetration observed with Tat-E60
or A86, which remained confined to the outermost cellu-
lar layers of the spheroids at 4 h (Additional file 7: Figure
S7). The mean intensity of FAM-miRNA/Tat-A86 within
LLC spheroids consistently surpassed that of FAM-
miRNA-loaded ELPs across all treatment durations. This
observation underscores the discernibly superior sphe-
roid-penetrating capability of Tat-A86 compared to the
other formulations.

Next, we optimized therapeutic regimens utilizing
3D spheroids of LLC cells before progressing to in vivo
studies. Dose—response analyses, encompassing a range
of miRNA-34a concentrations (5 uM, and 10 pM), were
conducted within the 3D model to gain insights into
the potential in vivo efficacy of miRNA-based therapies.
The results revealed that LLC spheroids treated with
either fresh culture medium or ELPs alone exhibited no
discernible inhibition of spheroid growth over a 10-day
period (Additional file 8: Figure S8a—c). The spheroid
diameter increased over time, with the cells becoming
densely compacted due to intercellular interactions and
extracellular matrix (ECM) secretion, indicative of cell
proliferation in the outer layers of the spheroids (Fig. 8a—
d). In contrast, treatment with miRNA-34a/Tat-A86 sig-
nificantly inhibited spheroid growth for 6 d (Fig. 8c, d).
By day 10, the spheroid diameter decreased markedly,
suggesting that the outer layer cells were effectively elimi-
nated due to the antitumor effects of miRNA-34a. Simul-
taneously, spheroid diameters in groups treated with
miRNA-34a/Tat-E60 and miRNA-34a/A86 exhibited
inhibition on day 10 post-treatment, probably because
of the gradual release of miRNA-34a from the nanoparti-
cles. Moreover, a significant reduction in spheroid diam-
eter was observed at miRNA concentration of 10 pM.
Overall, the results indicated that miRNA-34a-loaded
Tat-A86 inhibited the growth of LLC spheroids more effi-
ciently than the other ELPs.

After validating different therapeutic regimens with 3D
spheroids of LLC cells, the therapeutic efficacy of Tat-
A86-mediated miRNA-34a delivery was assessed in an
allograft LLC model in C57BL/6 mice. Systemic intra-
venous administration of miRNA-34a/ ELPs effectively
inhibited tumor growth compared to the PBS-treated
control group (Fig. 9b). Thus, systemic administration
of miRNA-34a alone had no discernible effect on LLC
tumor growth. This lack of efficacy can be attributed to
the inherent susceptibility of free miRNA-34a to deg-
radation by nucleases, limiting its stability and half-life

Page 22 of 24

in circulation. In contrast, Tat-A86-mediated delivery
of miRNA-34a resulted in enhanced antitumor effects.
To elucidate the intrinsic advantages of various ELP
nanoparticles, we deliberately used a suboptimal dose
of miRNA-34a (6 mg/kg). The results revealed that the
administration of miRNA-34a/Tat-A86 substantially
augmented tumor growth inhibition by~ 2.6-fold. This
robust effect strongly supports the postulation of tar-
geted delivery, specifically facilitated by Tat-A86 nano-
particles. Tumor volume and weight measurements at
the end of the therapy revealed a statistically significant
reduction in mean tumor weight in the miRNA-34a/Tat-
A86 group (0.37 g) compared to both the miRNA/Tat-
E60 group (0.56 g) and the untreated cohort (~0.94 g)
(Fig. 9e). These findings unequivocally affirm the potent
antitumor effect exerted by miRNA-34a/Tat-A86 nano-
particles in LLC cells. Remarkably, no discernible reduc-
tions in body weight or indications of tissue injury were
observed before or after the therapeutic intervention.
The sustained equilibrium in body weight through-
out the treatment duration provides clear evidence that
miRNA-34a/Tat-A86 elicited no overt signs of gross
toxicity (Fig. 9c). Furthermore, H&E staining of major
organs revealed no apparent tissue damage relative to the
PBS-treated control group (Fig. 10). TUNEL staining of
tumor tissues further validated the proapoptotic activity
of the miRNA-34a/Tat-A86 nanoparticles (Fig. 11). Fur-
thermore, a comprehensive analysis of the H&E-stained
tumor sections suggested a notably heightened degree
of cellular death in the miRNA-34a/Tat-A86 group com-
pared to the respective control groups.

Overall, the Tat-A86 nanoparticle formulation for
miRNA-based cancer therapy is a highly promising
candidate for clinical application, primarily due to its
favorable toxicity profile. Additionally, the Tat-A86 nan-
oparticle showcases an impressive ability to selectively
target tumor sites, thereby augmenting the therapeutic
effectiveness of miRNA-based interventions. Delivering
miRNA-34a through a unified formulation with precise
targeting of tumor tissues constitutes a pivotal advan-
tage in the current paradigm. Furthermore, the integra-
tion of Tat-A86 facilitates the comprehensive evaluation
of miRNA-34a functionality in both in vitro experiments
and animal models. Such outcomes contribute signifi-
cantly to cancer research and advance the potential of
miRNA-based therapies.

Conclusion

This study explored the potential therapeutic appli-
cation of a novel miRNA delivery system based on
Tat-A86—an ELP-based nanoparticle. This approach
holds promise for modulating miRNA expression and
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activity, offering new avenues for miRNA replacement
therapy in cancer treatment. Tat integration into the
A86 framework, which comprises multiple iterations of
the IL-4R targeting peptide AP-1 along the ELP back-
bone, augments the efficiency of miRNA gene delivery
to the cytosol. This augmentation, in turn, enhances
the precision and efficacy of therapeutic interven-
tions. After successfully synthesizing the miRNA-34a/
Tat-A86 nanoformulation, its impact on LLC cells was
systematically assessed both in vitro and in vivo. The
miRNA-34a/Tat-A86 nanoformulation exhibited high
suitability for miRNA-34a delivery to tumor sites by
actively targeting IL-4R, a receptor highly expressed
in most types of solid tumors. The ELP-based Tat-A86
nanoparticle adeptly condensed miRNA molecules into
stable nanocomplexes under physiological conditions.
Furthermore, the nanocomplexes showed ease in asso-
ciating with cellular membranes and facilitated efficient
cellular uptake, likely through endocytosis. These prop-
erties make it a promising formulation for improved
miRNA delivery and cell uptake, contributing to poten-
tial anticancer properties. Additionally, miRNA-34a/
Tat-A86 complexes induced maximum cell apoptosis
compared to other ELPs, demonstrating successful
intracellular miRNA-34a release facilitated by Tat-A86.
In 3D LLC spheroids, Tat-A86-mediated miRNA-34a
delivery resulted in superior penetrating ability com-
pared to free miRNA, Tat-E60, or A86 nanoparticles.
In vivo tumor inhibition examinations showed that
Tat-A86 nanoparticles are more effective in imped-
ing tumor growth compared to free miRNA and other
formulations. This substantiates the conjecture that
the Tat-A86 delivery system holds promise for broader
applicability across diverse cancer types and with var-
ied miRNAs. The comprehensive findings of this study
underscore the proficient accomplishment of non-viral
miRNA delivery using the novel ELP-based Tat-A86
nanoparticles, thereby unveiling prospective applica-
tions in precision-targeted cancer therapeutics.

Abbreviations
CPP Cell-penetrating peptide

ELP Elastin-like polypeptide

IL-4R Interleukin-4 receptor

ITC Inverse transition cycling

Tt Transition temperature

TEM Transmission electron microscope

DLS Dynamic light scattering

oD Optical density

Da Daltons

PBS Phosphate buffer saline

LLC Lewis lung carcinoma

ECM Extracellular matrix

Pl Propidium iodide

H&E Hematoxylin and eosin

TUNEL  Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling

Page 23 of 24

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-024-02559-5.

[ Additional file 1. }

Author contributions

JH performed most of the in vitro and in vivo experiments, while DS helps

in preparation of the ELPs. Design of experiments, concept and wrote the
manuscript by VS. R-W P supervised the project and B-HL helps in revising the
manuscript.

Funding

This study was supported by National Research Foundation of Korea (NRF)
grant funded by the Korea government was funded by a grant (Grant number:
2021R1A5A2021614). This research was supported by a grant of the Brain
Korea 21(BK21), Republic of Korea (Grant number: 4199990714163).

Data favailability
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

Animal experiments were reviewed and approved by the Committee on the
Ethics of Animal Experiments of the Kyungpook National University (Permit
Number: KNU 2022-0328).

Consent for publication
All authors approved the final manuscript and the submission to this journal.

Competing interests

The authors declare that they have no competing financial interests or per-
sonal relationships that could have appeared to influence the work reported
in this paper.

Author details

!'Department of Biochemistry and Cell Biology, Cell & Matrix Research Institute,
Kyungpook National University, School of Medicine, Daegu 41944, Republic

of Korea.

Received: 27 January 2024 Accepted: 16 May 2024
Published online: 27 May 2024

References

1. Wery M, Kwapisz M, Morillon A. Noncoding RNAs in gene regulation.
Wiley Interdiscip Rev Syst Biol Med. 2011;3:728-38.

2. Esquela-Kerscher A, Slack FJ. Oncomirs—microRNAs with a role in cancer.
Nat Rev Cancer. 2006;6:259-69.

3. Menon A, Abd-Aziz N, Khalid K, Poh CL, Naidu R. miRNA: a promising
therapeutic target in cancer. Int J Mol Sci. 2022,23:11502.

4. Chang T-C, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, Lee KH,
et al. Transactivation of miR-34a by p53 broadly influences gene expres-
sion and promotes apoptosis. Mol Cell. 2007,26:745-52.

5. Corney DC, Hwang C-l, Matoso A, Vogt M, Flesken-Nikitin A, Godwin
AK; et al. Frequent downregulation of miR-34 family in human ovarian
cancers. Clin Cancer Res. 2010;16:1119-28.

6. LiL,YuanL, Luo J, Gao J, Guo J, Xie X. MiR-34a inhibits proliferation and
migration of breast cancer through down-regulation of Bcl-2 and SIRT1.
Clin Exp Med. 2013;13:109-17.

7. LiY,Guessous F, Zhang Y, DiPierro C, Kefas B, Johnson E, et al. MicroRNA-
34a inhibits glioblastoma growth by targeting multiple oncogenes. Can
Res. 2009;69:7569-76.

Subramanian S, Thayanithy V, West RB, Lee CH, Beck AH, Zhu S, et al.
Genome-wide transcriptome analyses reveal p53 inactivation mediated


https://doi.org/10.1186/s12951-024-02559-5
https://doi.org/10.1186/s12951-024-02559-5

Hong et al. Journal of Nanobiotechnology ~ (2024) 22:293

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

loss of miR-34a expression in malignant peripheral nerve sheath tumours.
J Pathol. 2010;220:58-70.

Tazawa H, Tsuchiya N, Izumiya M, Nakagama H. Tumor-suppressive miR-34a
induces senescence-like growth arrest through modulation of the E2F path-
way in human colon cancer cells. Proc Natl Acad Sci USA. 2007;104:15472-7.
Yang S, LiY,Gao J, Zhang T, Li S, Luo A, et al. MicroRNA-34 suppresses breast
cancer invasion and metastasis by directly targeting Fra-1. Oncogene.
2013,32:4294-303.

. HeL, He X, Lim LP, De Stanchina E, Xuan Z, Liang Y, et al. A microRNA com-

ponent of the p53 tumour suppressor network. Nature. 2007,447:1130-4.
TarasovV, Jung P, Verdoodt B, Lodygin D, Epanchintsev A, Menssen A, et al.
Differential regulation of microRNAs by p53 revealed by massively parallel
sequencing: miR-34a is a p53 target that induces apoptosis and G1-arrest.
Cell Cycle. 2007,6:1586-93.

Vogt M, Munding J, Griner M, Liffers S-T, Verdoodt B, Hauk J, et al. Frequent
concomitant inactivation of miR-34a and miR-34b/c by CpG methylation in
colorectal, pancreatic, mammary, ovarian, urothelial, and renal cell carcino-
mas and soft tissue sarcomas. Virchows Arch. 2011,458:313-22.

Bc B. Therapeutic inhibition of the miR-34 family attenuates pathological
cardiac remodeling and improves heart function. Proc Natl Acad Sci USA.
2012;109:17615-20.

Lal A, Thomas MP, Altschuler G, Navarro F, O'Day E, Li XL, et al. Capture of
microRNA-bound mRNAs identifies the tumor suppressor miR-34a as a
regulator of growth factor signaling. PLoS Genet. 2011,7: €1002363.
Sobczak-Kupiec A, Igbal MJ, Qureshi MZ, Mansoor Q, Nabavi SM, Purenovic
J, etal. Role of TRAIL and miR-34a as therapeutic agents in prostate cancer:
increasing the armory of micro-musketeers. In: Faroogi AA, Ismail M, edi-
tors, et al, Molecular oncology: underlying mechanisms and translational
advancements. Cham: Springer; 2017. p. 237-45.

Cho WC. MicroRNAs as therapeutic targets for lung cancer. Expert Opin Ther
Targets. 2010;14:1005-8.

Bader AG, Brown D, Winkler M. The promise of microRNA replacement
therapy. Can Res. 2010;70:7027-30.

Igbal MJ, Javed Z, Sadia H, Mehmood S, Akbar A, Zahid B, et al. Targeted ther-
apy using nanocomposite delivery systems in cancer treatment: highlighting
miR34a regulation for clinical applications. Cancer Cell Int. 2023;23:84.
JiQ,Hao X, Zhang M, Tang W, Yang M, Li L, et al. MicroRNA miR-34 inhibits
human pancreatic cancer tumor-initiating cells. PLoS ONE. 2009;4: e6816.
JiQ,Hao X, Meng Y, Zhang M, DeSano J, Fan D, et al. Restoration of tumor
suppressor miR-34 inhibits human p53-mutant gastric cancer tumor-
spheres. BMC Cancer. 2008;8:1-12.

Cheng CJ, Bahal R, Babar IA, Pincus Z, Barrera F, Liu C, et al. MicroRNA silenc-
ing for cancer therapy targeted to the tumour microenvironment. Nature.
2015;518:107-10.

Fortunato O, lorio MV. The therapeutic potential of MicroRNAs in cancer:
illusion or opportunity? Pharmaceuticals. 2020;13:438.

Hobel S, Koburger I, John M, Czubayko F, Hadwiger P, Vornlocher HP, et al.
Polyethylenimine/small interfering RNA-mediated knockdown of vascular
endothelial growth factor in vivo exerts anti-tumor effects synergistically
with Bevacizumab. J Gene Med. 2010;12:287-300.

Yang N. An overview of viral and nonviral delivery systems for microRNA. Int
JPharm Investig. 2015;5:179.

Lee HJ,Namgung R, Kim WJ, Kim JI, Park I-K. Targeted delivery of micro-
RNA-145 to metastatic breast cancer by peptide conjugated branched PEI
gene carrier. Macromol Res. 2013;21:1201-9.

Ibrahim AF, Weirauch U, Thomas M, Grinweller A, Hartmann RK, Aigner A.
MicroRNA replacement therapy for miR-145 and miR-33a is efficacious in a
model of colon carcinoma. Can Res. 2011;71:5214-24.

Cosco D, Cilurzo F, Maiuolo J, Federico C, Di Martino MT, Cristiano MC, et al.
Delivery of miR-34a by chitosan/PLGA nanoplexes for the anticancer treat-
ment of multiple myeloma. Sci Rep. 2015;5:17579.

Saraiva C, Talhada D, Rai A, Ferreira R, Ferreira L, Bernardino L, et al. Micro-
RNA-124-loaded nanoparticles increase survival and neuronal differentia-
tion of neural stem cells in vitro but do not contribute to stroke outcome
in vivo. PLoS ONE. 2018;13: e0193609.

Liu Q Li R-T, Qian H-Q, Wei J, Xie L, Shen J, et al. Targeted delivery of miR-
200c/DOC to inhibit cancer stem cells and cancer cells by the gelatinases-
stimuli nanoparticles. Biomaterials. 2013;34:7191-203.

Chiou G-Y, Cherng J-Y, Hsu H-S, Wang M-L, Tsai C-M, Lu K-H, et al. Cationic
polyurethanes-short branch PEI-mediated delivery of Mir145 inhibited

Page 24 of 24

epithelial-mesenchymal transdifferentiation and cancer stem-like proper-
ties and in lung adenocarcinoma. J Control Release. 2012;159:240-50.

32. Yang Y-P, Chien'Y, Chiou G-Y, Cherng J-Y, Wang M-L, Lo W-L, et al. Inhibition
of cancer stem cell-like properties and reduced chemoradioresistance of
glioblastoma using microRNA145 with cationic polyurethane-short branch
PEl. Biomaterials. 2012;33:1462-76.

33. Cun D, Jensen DK, Maltesen MJ, Bunker M, Whiteside P, Scurr D, et al. High
loading efficiency and sustained release of siRNA encapsulated in PLGA
nanoparticles: quality by design optimization and characterization. Eur J
Pharm Biopharm. 2011;77:26-35.

34. Decuzzi P Godin B, Tanaka T, Lee S-Y, Chiappini C, Liu X, et al. Size and shape
effects in the biodistribution of intravascularly injected particles. J Control
Release. 2010;141:320-7.

35. Kim SH, Mok H, Jeong JH, Kim SW, Park TG. Comparative evaluation of
target-specific GFP gene silencing efficiencies for antisense ODN, synthetic
SIRNA, and siRNA plasmid complexed with PEI— PEG— FOL conjugate.
Bioconjug Chem. 2006;17:241-4.

36. Chen X, GuS, Chen B-F, Shen W-L, Yin Z, Xu G-W, et al. Nanoparticle delivery
of stable miR-199a-5p agomir improves the osteogenesis of human mesen-
chymal stem cells via the HIF1a pathway. Biomaterials. 2015;53:239-50.

37. Nguyen J, Szoka FC. Nucleic acid delivery: the missing pieces of the puzzle?
Acc Chem Res. 2012;45:1153-62.

38. ChenT-HH, BaeY, Furgeson DY. Intelligent biosynthetic nanobiomaterials
(IBNs) for hyperthermic gene delivery. Pharm Res. 2008;25:683-91.

39. Wang J, Dzuricky M, Chilkoti A. The weak link: optimization of the ligand-
nanoparticle interface to enhance cancer cell targeting by polymer micelles.
Nano Lett. 2017;17:5995-6005.

40. Chilkoti A, Dreher MR, Meyer DE. Design of thermally responsive, recombi-
nant polypeptide carriers for targeted drug delivery. Adv Drug Deliv Rev.
2002;54:1093-111.

41. Monfort DA, Koria P. Recombinant elastin-based nanoparticles for targeted
gene therapy. Gene Ther. 2017,24:610-20.

42. Dash BC, Mahor S, Carroll O, Mathew A, Wang W, Woodhouse KA, et al.
Tunable elastin-like polypeptide hollow sphere as a high payload and
controlled delivery gene depot. J Control Release. 2011;152:382-92.

43. Dreher MR, Raucher D, Balu N, Colvin OM, Ludeman SM, Chilkoti A. Evalu-
ation of an elastin-like polypeptide—doxorubicin conjugate for cancer
therapy. J Control Release. 2003;91:31-43.

44. SarangthemV, Seo B-Y, Yi A, Lee Y-J, Cheon S-H, Kim SK; et al. Effects of
molecular weight and structural conformation of multivalent-based
elastin-like polypeptides on tumor accumulation and tissue biodistribution.
Nanotheranostics. 2020;4:57.

45. Wang X, Zhou J, Han M, Chen C, Zheng Y, He X, et al. MicroRNA-34 a
regulates liver regeneration and the development of liver cancer in rats by
targeting notch signaling pathway. Oncotarget. 2017;8(8):13264-76.

46. CaiH, ZhouH, MiaoY, LiN, Zhao L, Jia L. MiRNA expression profiles reveal the
involvement of miR-26a, miR-548| and miR-34a in hepatocellular carcinoma
progression through regulation of ST3GALS5. Lab Invest. 2017,97:530-42.

47. Bader AG. miR-34-a microRNA replacement therapy is headed to the clinic.
Front Genet. 2012;3:120.

48. Daige CL, Wiggins JF, Priddy L, Nelligan-Davis T, Zhao J, Brown D. Systemic
delivery of a miR34a mimic as a potential therapeutic for liver cancer. Mol
Cancer Ther, 2014;13:2352-60.

49. Hermeking H.The miR-34 family in cancer and apoptosis. Cell Death Differ.
2010;17:193-9.

50. Urry DW. Free energy transduction in polypeptides and proteins based on
inverse temperature transitions. Prog Biophys Mol Biol. 1992,57:23-57.

51. Bommer GT, Gerin |, Feng Y, Kaczorowski AJ, Kuick R, Love RE, et al.
p53-mediated activation of MiRNA34 candidate tumor-suppressor genes.
Curr Biol. 2007;17:1298-307.

52. Stark GR, Taylor WR. Analyzing the G2/M checkpoint. In: Schonthal AH,
editor. Checkpoint controls and cancer. Reviews and model systems, vol. 1.
Cham: Springer; 2004. p. 51-82.

53. Cuddihy AR, O'Connell MJ. Cell-cycle responses to DNA damage in G2. Int
Rev Cytol. 2003;222:99-140.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Multifunctional elastin-like polypeptide nanocarriers for efficient miRNA delivery in cancer therapy
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Protein purification
	Cell culture
	Confocal microscopy
	Cell binding assay
	Gel retardation assay
	miRNA stability assay
	TEM imaging
	miRNAELPs uptake assay
	Lysosome staining
	Cytotoxicity of miRNAELP complex
	Cell cycle analysis
	Cell apoptosis analysis
	miRNAELPs inhibition in 3D model
	Animal experiment
	Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) assay
	Hematoxylin and eosin (H&E) staining
	Statistical analysis

	Results
	Synthesis and characterization of ELP nanoparticles for miRNA delivery
	Analysis of the cell binding activities of ELP nanoparticles
	Gel retardation and stability assay of ELPmiRNA complexes
	Characterization of miRNAELP complexes
	Uptake of miRNAELP complexes by tumor cells
	Subcellular localization of miRNAELP complexes
	Cytotoxicity analysis
	Effect of miRNA-34a on LLC cell cycle distribution and apoptosis
	Penetration and anti-tumor effects of miRNA-34aELPs in the LLC spheroids model
	In vivo therapeutic effect

	Discussion
	Conclusion
	References


