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Graphical Abstract 
 

Abstract 
Pancreatic cancer (PC) is one of the most lethal malignancies, primarily due to its dense extracellular 

matrix and poor vascularization, which limit effective drug accumulation and therapy. Here, we de-
scribe a local siRNA delivery system using thermosensitive hydrogel-embedded nanoparticles (NPs). 
siRNA against VAV1 (siVAV1), a key protein implicated in PC, was encapsulated in poly(lactic-co-
glycolic acid) (PLGA)-based NPs decorated with an ApoB-derived peptide as the targeting ligand. The 
ApoB-targeted NPs exhibited optimal physicochemical properties, including nanoscale size, low poly-
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dispersity index, and a neutral charge. The sustained-release siRNA-NPs were incorporated into a ther-
mosensitive hydrogel (poloxamer) and locally injected into the pancreas of tumor-bearing mice. Treat-
ment with targeted NPs in gel (tNPs@G) resulted in a notable increase in accumulation within the tumor 
(1.9-fold) and spleen (1.3-fold) 72 hours post-injection, with minimal systemic exposure and no local 
cytotoxicity. Intra-tumoral implantation of the gel-laden siVAV1 NPs in PC-bearing mice led to a sig-
nificant reduction in tumor growth and volume (2.6-fold), mediated by the inhibition of both VAV1 
mRNA and protein, and improved survival rates. The developed local siRNA delivery system provides 
a minimally invasive and effective therapeutic approach for PC, addressing key drug delivery barriers. 

Keywords: PLGA, VAV1, siRNA, poloxamer hydrogel, local delivery, pancreatic cancer 
Rationale, Purpose, and Limitations 
Pancreatic cancer (PC) remains one of the 

deadliest malignancies, primarily due to its 
dense stromal environment, poor vasculariza-
tion, and resistance to conventional therapies. 
Gene therapy, particularly small interfering 
RNA (siRNA)-based approaches, holds great 
promise for PC treatment but faces significant 
barriers, including rapid degradation, poor tu-
mor penetration, and off-target effects. To ad-
dress these challenges, this study introduces a 
localized siRNA delivery system that integrates 
thermosensitive hydrogel-embedded nanoparti-
cles (NPs) against VAV1, a protein implicated 
in PC progression. The NPs were decorated 
with an ApoB-derived peptide, enhancing tu-
mor retention and accumulation. This approach 
aims to maximize local drug accumulation, 
minimize systemic exposure, and improve ther-
apeutic efficacy in an orthotopic PC model. The 
localized siVAV1 delivery resulted in enhanced 
tumor targeting and efficacy. However, its effi-
cacy against distant metastases was limited. 
The developed local siRNA delivery system 
provides a minimally invasive (e.g., by laparos-
copy) and effective therapeutic approach for 
PC, addressing key barriers to drug delivery. 

Introduction 
PC is one of the most aggressive and fatal ma-

lignancies, with a 5-year survival rate of merely 
10% [1-3]. This high mortality is driven by 
rapid disease progression, early metastatic 
spread, and late-stage diagnosis, which restricts 
surgical resection options to fewer than 20% of 
patients. The tumor's distinct microenviron-
ment heightens this challenge, significantly 
hindering traditional treatments' effectiveness 
[4]. These limitations highlight an urgent need 
for alternative treatment strategies that can 
overcome the physical and physiological barri-
ers of PC [4, 5]. 

siRNA-based therapeutic approach has 
emerged as a promising therapeutic modality 
for cancer, including PC [6-14]. siRNA enables 
precise gene silencing, disrupting key onco-
genic pathways. The progress of RNA interfer-
ence (RNAi)-based therapies is hindered by the 
very short half-life due to rapid degradation by 
blood nucleases, rapid clearance by the liver 
and kidneys, and inadequate cellular uptake be-
cause of their negative charge and large molec-
ular weight. However, challenges such as inef-
ficient NPs penetration into the dense tumor 
stroma, resulting in limited accumulation, and 
the potential for rapid clearance by the mono-
nuclear phagocyte system (MPS) remain signif-
icant limitations. Therefore, to bypass the sys-
temic delivery route hurdles, local implants of 
various drugs have been explored for enhanced 
therapy [15-19]. We hypothesized that a local-
ized siRNA delivery system of targeted NPs 
embedded in a thermosensitive hydrogel could 
enhance drug retention and therapeutic efficacy 
in PC while minimizing systemic exposure and 
off-target effects.  

VAV1, a hematopoietic signaling protein ab-
errantly expressed in tumor cells, has been iden-
tified as a novel and promising therapeutic tar-
get in PC due to its role in tumor progression 
and metastases [20-24]. Our earlier studies 
demonstrate that systemic administration of 
poly(lactic-co-glycolic acid) (PLGA)-based 
NPs containing siRNA against VAV1, si-
VAV1, effectively inhibits tumor growth and 
metastases in PC-bearing mice [23, 24]. Never-
theless, a local delivery system could enable 
sustained drug release at the tumor site, improv-
ing therapeutic efficacy while reducing sys-
temic toxicity [15-19]. Thermosensitive and bi-
odegradable hydrogels have been shown as 
promising local delivery systems [25-30]. Un-
like polymeric implants, which require invasive 
procedures, injectable biodegradable hydrogels 
offer a minimally invasive approach through 
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laparoscopic techniques [31]. The thermosensi-
tive gelling agent, poloxamer 407, has gained 
particular attention due to its ability to undergo 
sol-to-gel transition at physiological tempera-
ture, biocompatibility [32-37], and sensitizing 
multidrug-resistant cancer (MDR) cells [38, 
39]. 

In this study, we developed a local siRNA de-
livery system of poloxamer gel-embedded NPs-
laden siVAV1. To enhance the retention of the 
siVAV1 NPs in the pancreas, the NPs were dec-
orated with an ApoB-derived peptide, a 25-
amino-acid sequence from ApoB100 
(SVKAQWKKNKHRHGCGRLTRKRGLK), 
specifically from amino acid residues 3145-
3157 and 3359-3367. These segments were 
linked via a glycine-cysteine-glycine bridge 
[24, 40, 41]. The contribution of these peptide 
dimers to ApoB100's affinity for proteoglycans 
(PGs) and LDL receptors (LDLrs) is well estab-
lished [42-48], which are abundantly expressed 
in PC cells and their extracellular matrix [49-
51]. Here, we present this delivery system's for-
mulation, characterization, and preclinical eval-
uation in an orthotopic PC mouse model.  

Experimental Design 
We hypothesized that enhanced therapeutic 

efficacy of PC could be achieved by local im-
plantation of a thermosensitive hydrogel em-
bedded with targeted NPs containing siRNA. 
We have developed targeted PLGA-based 
siRNA-loaded NPs against VAV1, a key pro-
tein implicated in PC progression, and embed-
ded them into a thermosensitive poloxamer hy-
drogel to enable controlled and localized deliv-
ery. An orthotopic pancreatic tumor mouse 
model was selected for its clinical relevance, as 
it closely mimics the tumor microenvironment 
and disease progression seen in human PC. An-
imals were randomized into treatment groups 
receiving a gel loaded with targeted or non-tar-
geted siRNA NPs via intra-tumoral injection. 
All experiments strictly followed ethical guide-
lines set by the Hebrew University of Jerusalem 
and the NIH (USA) (ethics approval number: 
MD-21-16763-5). The experimental strategy 
encompassed NPs formulation and characteri-
zation, hydrogel rheological assessment, in 
vivo biodistribution studies, evaluation of the 
therapeutic efficacy in terms of tumor growth 
suppression, survival rate, metastases for-

mation, and safety assessments, including his-
topathological analysis. This comprehensive, 
translational approach thoroughly evaluates 
gel-embedded siRNA NPs as a promising local 
delivery system for PC therapy. 

Materials and Methods 
All reagents were purchased from Sigma, Is-

rael, unless stated otherwise.  
PLGA-PEG-ApoB synthesis 
The targeting peptide, ApoB 

(SVKAQWKKNKHRHGCGRLTRKRGLK, 
SynPeptide, China) [24, 40, 41], was linked to 
PLGA (PURASURB PDLG 5002, Corbion, 
The Netherlands) as previously described [24]. 
In short, following a redox reaction converting 
disulfide bonds to free thiol groups, ApoB was 
linked to PLGA-Polyethylene glycol-malei-
mide. The final product was confirmed by Fou-
rier-transform infrared spectroscopy (FTIR, Ni-
colet 6700, Thermo Fisher Scientific, USA) and 
elemental analysis (Analytical chemistry lab, 
The Hebrew University of Jerusalem, Jerusa-
lem, Israel). It was dialyzed, lyophilized, and 
kept at -20°C until further use. 

Formulations of nanoparticles 
Targeted (t) and non-targeted (nt) NPs were 

prepared as previously described [23, 24] by the 
double-emulsion solvent-diffusion (DESD) 
technique [52, 53]. The siRNA against VAV1 
protein (21 base-pairs): sense: 5'-
CGUCGAGGUCAAGCACAUUdTdT-3'; an-
tisense: 5'-AAUGUGCUUGACCUCGAC-
GdTdT-3' (1 mg/ml; Tamar Ltd., Israel) in 
RNase-free tris-EDTA (TE) buffer, was emul-
sified in ethylacetate:DMSO: acetonitrile, 
65:20:15 containing 3% w/v PLGA and PLGA-
PEG-ApoB (9:1 weight ratio), and the posi-
tively-charged counter ion, LL37 (GL Bio-
chem, China) in an N:P ratio of 4 (nitrogen to 
siRNA's phosphate ratio). The solution was 
sonicated over an ice bath, and the resulting pri-
mary emulsion was added dropwise to TE 
buffer containing 2% w/v poloxamer 407, 
yielding double water in oil in water emulsion 
(W/O/W). The organic phase was evaporated, 
and the NPs were washed twice to remove ex-
cess poloxamer and free siRNA, re-suspended 
in a sterile 20% w/w poloxamer solution, ly-
ophilized, and stored at -20°C until further use. 
NPs free of siRNA were prepared using the 
same procedure, omitting siRNA. Fluorescent 



Prnano.com, https://doi.org/10.33218/001c.136412  Andover House, N. Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC 4.0 

 

1485 

NPs were prepared by replacing 10% PLGA 
with PLGA-Cy5 (PolySciTech, Akina, Inc., IN, 
USA). 

To prepare a suspension of NPs, the required 
amount of lyophilized nanoparticle powder was 
re-suspended in TE buffer under gentle agita-
tion to ensure uniform particle dispersion. 

For formulating NPs in a gel, a pre-weighed 
amount of poloxamer 407 was slowly added to 
the cold NPs suspension under stirring. The 
mixture was then stored at 4°C overnight to al-
low complete dissolution and uniform distribu-
tion of poloxamer 407, forming a stable 20% 
w/w thermosensitive gel-laden NPs. 

Physicochemical characterization 
Size and surface charge 
An aliquot (20 µL) of the suspension or gel of 

nanoparticles was added to 1 mL of TE buffer. 
NPs size, polydispersity index (PDI), and sur-
face charge (zeta potential) were determined by 
dynamic light scattering (DLS) at 4°C 
(Zetasizer Nano-ZSP, Malvern Instruments, 
UK). 

siRNA release 
Free siVAV1 or siVAV1 NPs in the gel were 

placed at the bottom of test tubes for 30 min at 
37°C to form a stable gel. Pre-warmed TE 
buffer (1 mL; 37°C), containing 0.1% w/v 
Tween and 1 mg/mL heparin, pH 7.4, was gen-
tly added above the formed gels under shaking 
(30 rpm). The release medium was collected 
and replaced with an equal volume of fresh TE 
buffer in duplicates at each time point. To de-
termine siVAV1 release from the NPs in sus-
pension, duplicate test tubes for each time point 
containing 1 ml of the NP suspension were 
shaken at 37°C. At each time point, the NPs 
were separated from the medium by ultracen-
trifugation (45000 rpm). siVAV1 concentration 
in the supernatant was determined using ultra-
violet spectrophotometry (NanoDrop) at 260 
nm. 

Rheological properties of the gel 
The rheological behavior of the gel was as-

sessed over a temperature range of 4–37°C us-
ing a parallel-plate geometry rheometer (Anton 
Paar MCR 101, Germany). The measurements 
were conducted with a 25 mm parallel plate ge-
ometry and a fixed gap of 0.5 mm, ensuring 
proper and uniform sample loading. A temper-

ature-controlled system maintained and stabi-
lized the sample at each desired temperature. 
The gel's flow properties were investigated by 
applying an increasing shear rate from 100 to 
7000 s⁻¹, and the viscosity was continuously 
measured over the shear rate range to character-
ize the flow behavior. 

Orthotopic PC mouse model 
Animal Care  
Animal care and procedures adhered to the 

standards for the care and use of laboratory an-
imals established by the Hebrew University of 
Jerusalem, Israel, and the National Institutes of 
Health (NIH, USA; ethics approval number, 
MD-21-16763-5). Animals were provided with 
standard laboratory chow and tap water ad libi-
tum. 

Lentiviral overexpression of luciferase and 
GFP (green fluorescence protein) 

All cell culture reagents were purchased from 
Biological Industries (Sartorius, Beit-Haemek, 
Israel). Dan-G cells, a human pancreatic adeno-
carcinoma cell line (DSMZ, Germany), were 
routinely cultivated in RPMI-1640 medium 
supplemented with 10% fetal bovine serum 
(FBS), 2 mM L-glutamine, 100 units/ml peni-
cillin, and 100 μg/ml streptomycin (37°C, 5% 
CO2). 

Dan-G cells were transduced by a lentiviral 
vector (pLVX-Luc and pLVX-eGFP) for a sta-
ble expression of firefly luciferase (LUC) and 
GFP, as previously described [23, 24]. Briefly, 
HEK293T cells were seeded and transfected 
with the lentiviral vector and packaging plas-
mids by calcium precipitation. A mix of VSV-
G (vesicular stomatitis virus glycoprotein; viral 
envelope), gag-pol (Δ8.9 for lentiviral vector), 
lentiviral vector (pLVX-EF1a-IRES-Puro; No-
voPro, China), and 0.5 M CaCl2 was prepared 
in 2.5 mM HEPES pH 7.5. The mix was added 
dropwise on HEK293T cells, and after the me-
dium change, the supernatant of the virus-pro-
ducing HEK293T cells was collected. Dan-G 
cells were incubated overnight with the viral su-
pernatant, followed by medium replacement 
and selection by puromycin. A similar trans-
duction protocol was followed for GFP expres-
sion, and GFP+ was sorted by flow cytometry 
(BD FACSAria III Sorter, BD Biosciences, 
Canada). 
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Mouse PC model 
As previously described, [23, 24], an ortho-

topic mouse PC model was used to evaluate the 
bioactivity and biodistribution of NPs@G fol-
lowing intra-tumor administration. Since the tu-
morized pancreas is a single continuous tissue 
with no visible boundary, treatments were in-
jected into the pancreas/tumor tissue. A detailed 
schematic representation of the experimental 
setup is shown in Figure S2. The localization of 
the pancreas and tumor was performed as de-
scribed [54], with some modifications. A small 
incision was made on the left abdominal flank 
to locate the pancreas/tumor, and the underly-
ing muscle was gently elevated and incised to 
access the abdominal cavity, avoiding injury of 
organs. The muscle incision was extended, re-
vealing the spleen. The pancreas/tumor and 
spleen were carefully exteriorized, and the pan-
creas/tumor was retracted laterally (Figure 
S1a). A needle was inserted into the pancreas of 
female athymic nude mice (7-8 weeks old, Har-
lan Laboratories, Israel) to inoculate the Dan-
GLuc/GFP PC cells (0.5 × 106 cells in 20 µl of Mat-
rigel, Corning, AZ, USA) forming a fluid-filled 
bubble in the pancreatic parenchyma. After re-
moving the needle, the pancreas was left out-
side for a few min to check for possible hemor-
rhage or leakage. The organs are then returned 
to the peritoneal cavity, and the muscle and skin 
layers are stitched separately. 

NPs' bioactivity in pancreatic tumor-bear-
ing mice  

An orthotopic mouse PC model was adopted 
as previously described [23, 24]. Tumor growth 
was monitored weekly via bioluminescence for 
up to 60 days. D-luciferin (150 mg/kg, Carbo-
synth Ltd., UK) was injected intraperitoneally, 
and the luminescence was measured 10 min 
later using IVIS Spectrum imaging system 
(PerkinElmer, Inc., MA, USA) and analyzed 
with Living Image software (PerkinElmer, Inc., 
MA, USA). Two weeks post-inoculation, the 
bioluminescence signal reached approximately 
10⁷ p/s. Based on the data obtained at sacrifice 
time points, this represents a tumor size of 0.05 
to 0.1 cm³ (a similar correlation was reported in 
the literature [55]). Mice were randomly as-
signed to four treatment groups: siVAV1-
tNPs@G (n=6), empty NPs@G (n=5), si-
VAV1-ntNPs@G (n=6), and siVAV1-Lipofec-
tamine@G (n=5) prepared according to the 

manufacturer's protocol (Thermo Fisher Scien-
tific, USA). See Figures S1 and S2 for the de-
tailed experimental outline. A single intra-tu-
mor injection (150 µg/mouse of siVAV1) was 
administered on day 14, following the surgical 
procedure described above, exposing the tumor 
for injection. Mice were euthanized upon reach-
ing the humane endpoints (10% weight loss 
over 2 days or 20% total weight loss or any 
other signs of distress). Survival rates were ex-
pressed using the Kaplan-Meier curve. 

Quantification of mRNA levels in tumors  
Tumor samples were embedded in TRI rea-

gent solution and homogenized, and total RNA 
was isolated per the manufacturer's protocol, as 
we previously described [23, 24]. RNA concen-
tration was determined using NanoDrop 1000 
(Thermo Fisher Scientific). cDNA was synthe-
sized from 1 mg of extracted RNA, and VAV1 
and GAPDH mRNA levels were quantified by 
SYBR green-based quantitative real-time poly-
merase chain reaction (qRT-PCR), using the 
CFX Connect Real-Time PCR Detection Sys-
tem (Bio-Rad, CA, USA). Primers sequences 
used: human VAV1, forward: 5'-TGG CAA 
GGT CAT CTA CAC CCT-3'; reverse: 5'-TCG 
TCG ATC TGG TCG GAC A-3'; human 
GAPDH, forward: 5'-TCA AGC TCA TTT 
CCT GGT ATG-3', reverse: 5'-GTG GTC CAG 
GGG TCT TAC TC-3'. Thermal cycling in-
cluded 95°C for 10 min, followed by 40 cycles 
at 95°C for 5 s and 60°C for 15 s. Results are 
expressed as relative gene expression normal-
ized to GAPDH and siVAV1-lipofectamine@G 
treated animals. 

Semi-quantitative analysis of protein levels 
in tumors (Western blot) 

As previously described [23, 24], tumors were 
lysed in radio-immunoprecipitation lysis buffer 
(RIPA; supplemented with protease and phos-
phatase inhibitors), cleared by centrifugation, 
mixed with Laemmli buffer, and protein con-
centrations determined by QPRO-BCA Kit 
(Cyanagen Reagents for Molecular Biology, It-
aly). Equal protein amounts were separated on 
SDS-PAGE gel and transferred onto polyvinyl-
idene difluoride membranes (Merck, Ireland) 
using PowerPac basic power supply (Bio-Rad, 
CA, USA). The membranes were blocked with 
5% w/v skim milk in tris-buffered saline/tween 
20 buffer (TBS-T buffer) and then with rabbit 
primary Abs, VAV1 (ab97574, Abcam, MA, 
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USA), and β-actin (#4967, cell signaling tech-
nology, MA, USA). After washing with TBS-T 
buffer, the membranes were incubated with 
HRP-conjugated secondary goat anti-rabbit 
(Jackson ImmunoResearch, Inc., ab111-035-
144, PA, USA). Ag/Ab complexes were visual-
ized using an ECL detection kit (Immobilon 
Crescendo Western HRP Substrate, Millipore, 
USA), and β-actin was used as the loading con-
trol. Blots were developed by Bio-Rad Chemi-
Doc XR (Bio-Rad, CA, USA) and analyzed by 
Image Lab software (Bio-Rad, CA, USA), fol-
lowed by quantification of the bands' intensity 
using the ImageJ software. 

Metastatic grade 
Mice were monitored and euthanized at the 

pre-determined endpoints. Metastases for-
mation in distal organs, liver, lungs, and guts 
was evaluated by means of the Typhoon FLA 
9500 (GE Healthcare, UK) for GFP fluores-
cence (λEx=488 nm, λEm=510 nm), followed by 
quantification by image analysis (ImageJ soft-
ware) that was normalized to siVAV1-lipofec-
tamine@G treated animals.  

Biodistribution studies in pancreatic tu-
mor-bearing mice 

NPs biodistribution was examined in a pan-
creatic tumor-bearing mice model (for the de-
tailed experimental setup, see Figure S2b). Two 
weeks after PC inoculation, a single intra-tumor 
implantation of fluorescently labeled (PLGA-
Cy5) empty tNPs@S (n=8), tNPs@G (n=8) and 
saline (n=4) were administered, following the 
surgical procedure described above exposing 
the tumor for injection (150 µg/mouse of si-
VAV1, equivalent to the total dose adminis-
tered in the bioactivity study; Figure. S2a). 
Mice were euthanized 24- and 72-h following 
treatment, and blood and organs were analyzed 
for NPs accumulation using fluorescence imag-
ing (Typhoon FLA 9500, GE Healthcare, UK) 
followed by image analysis (ImageJ software). 
The mean fluorescent intensity obtained was 
normalized to the auto-fluorescence in the sa-
line-treated group. 

In addition, we took advantage of the eu-
thanized animals in the bioactivity experiment 
(see the experimental setup in Figure S2a), 
which reached the humane endpoints, and ex-
amined NPs biodistribution. The accumulation 
of the NPs in the harvested organs was exam-

ined on days 10-21 following the gel implanta-
tion. Organs were analyzed for NPs accumula-
tion using fluorescence imaging (Typhoon FLA 
9500, GE Healthcare, UK) and image analysis 
(ImageJ software). The mean fluorescent inten-
sity was normalized to the auto-fluorescence in 
the siVAV1-Lipofectamine@G treated mice. 

Uptake by monocytes 
NPs uptake by monocytes was examined in a 

pancreatic tumor-bearing mice model (see the 
experimental setup in Figure S2b). Blood was 
collected, vortexed with HPLC-grade water, 
followed by the addition of 5% w/v bovine se-
rum albumin (BSA) in ×10 PBS to remove 
erythrocytes, and centrifuged (400 g, 10 min) as 
previously described [23, 24]. Circulating mon-
ocytes (CD11b+/Ly-6C+) were incubated with 
V450-labeled anti-CD11b (1:200, BD Biosci-
ences) and FITC-labeled anti-Ly-6C (1:200, 
BD Biosciences), or isotype controls. Cells 
were re-suspended in 0.5% w/v of BSA and an-
alyzed by flow cytometry (CytoFlex S, Beck-
man Coulter, Inc., IN, USA) for Cy-5 positive 
cells. Saline-treated animals were used as con-
trols. The number of stained cells and their flu-
orescent intensities were calculated from the 
histograms obtained (CytExpert software 2.3, 
Beckman Coulter, Inc., IN, USA). 

Statistical Analysis  
All data are expressed as the mean ± standard 

deviation unless noted otherwise. The one-way 
analysis of variance (ANOVA) with Tukey's 
post hoc analysis was used for statistical analy-
sis. Differences were considered significant at 
p < 0.05. 

Results 
NPs in gel characterization 
Targeted (t) and non-targeted (nt) PLGA-

based NPs containing siVAV1 were success-
fully synthesized. They exhibit a mean diameter 
of approximately 100 nm, a narrow size distri-
bution, and a neutral surface charge (Table 1). 
No significant changes in these key parameters 
were observed after incorporating both types of 
NPs into the gel (Table 1). 

Gel rheology 
The rheological properties of NPs-loaded gel 

(NPs@G) were evaluated across various tem-
peratures. The gel remained liquid at 4-20°C 
but transitioned to a gel-like phase at tempera-
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tures above 20°C (Figure 1a). The same rheo-
logical behavior was obtained following the in-
corporation of the NPs into the gel compared to 
the blank gel (Figure 1b-e). Within the 4–20°C 
range, gels exhibited constant viscosity despite 
increasing shear rates, indicating a Newtonian 
behavior (Figure 1b and d). Of note, at 20°C, an 

increase in viscosity of both gel types was ob-
served (Figure 1b and d). Nevertheless, at 
higher temperatures (25- and 37°C), both gels 
exhibited decreased viscosity plastic rheologi-
cal behavior as the shear rate increased (Figure 
1c and e). 

 

Table 1. The Physicochemical Properties of NPs in Gel 

Formulation Size 
(nm) 

PDI Zeta Potential 
(mv) 

siVAV1-tNPs@suspension 123.2 ± 1.6 0.16 ± 0.03 0.4 ± 0.1 

siVAV1-tNPs@gel 122.8 ± 0.8 0.16 ± 0.02 0.6 ± 0.4 

siVAV1-ntNPs@suspension 98.5 ± 0.5 0.28 ± 0.07 −2.0 ± 0.8 

siVAV1-ntNPs@gel 100.1 ± 5.3 0.33 ± 0.02 −1.9 ± 0.5 

  NPs=nanoparticles; PDI=polydispersity index; Mean ± SD 
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Figure 1. Rheological properties of the gel. a) A photomicrograph illustrating the phase transition from liquid 
(4–20°C) to gel (37°C). The viscosities of the blank gel (b-c) and NPs-loaded gel (d-e) were assessed across a 
broad temperature range (4–37°C). 

 

 
Figure. 2. The release profile of siVAV1 from NPs in gel (siVAV1-NPs@G) in comparison to free siVAV1 in gel 

(siVAV1@G) and to siVAV1 in NPs suspension (siVAV1-NPs@S). The NPs were separated from the medium by 
ultracentrifugation, and the amount of siRNA in the supernatant was quantified by means of UV 
spectrophotometry (Nanodrop). Mean ± SD 

 
siRNA release  
The suspension of siVAV1-loaded NPs (si-

VAV1-NPs@S) exhibited an initial burst ef-
fect; 40% of siVAV1 were released within the 
first 30 min, followed by a steady-state release 
with 66% after 12 h. In contrast, a gradual and 
exponential rate of 100% release after 12 h was 
observed from the free siVAV1 formulated in 
gel (siVAV1@G). siVAV1-loaded NPs in gel 
(siVAV1-NPs@G) exhibited a similar but 
slower release kinetics pattern of the siRNA, 
with 75% released after 12 hours (Figure 2).  

NPs biodistribution following implanta-
tion 

Local injection of tNPs@G in the tumor re-
sulted in relatively high accumulation in the 
spleen and tumor after 24 and 72 h, similar to 
tNPs@S administration (Figure 3). Although 
no significant accumulation differences were 

observed across all examined organs between 
the formulations, a strong tendency of higher 
accumulation of the tNPs@G was noted in the 
spleen and tumor after 72 h, 1.3- and 1.9-fold, 
respectively (Figure 3). 

NPs biodistribution was also evaluated in an-
imals, reaching a humane endpoint in the bio-
activity study. All types of NPs@G exhibited 
insignificant higher concentrations in the tumor 
for up to 21 days post-injection (Figure 4). Cir-
culatory monocyte uptake (CD11b+ and Ly-
6C+) by both formulations revealed similar low 
levels 24 h post-treatment, 21±8% and 17±2%, 
tNPs@S and tNPs@G, respectively (Figure 
5b). A decreased uptake was noted after 72 h, 
declining to 1.5±1% and 7±6%, tNPs@S and 
tNPs@G, respectively (Figure 5b). Both formu-
lation types displayed high plasma levels 24 h 
post-treatment, significantly decreasing after 72 
h (Figure. 5c). 
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Figure 3. The biodistribution of targeted NPs in gel (tNPs@G) in comparison to targeted NPs in suspension 

(tNPs@S) following treatment (single intra-tumor injection) in pancreatic tumor-bearing mice. a) Experimental 
setup of the biodistribution study (see Figure S2b for more details). b) Representative biodistribution images, c) 
Fluorescence intensity analysis. The organs, L&H (lungs & heart), K (kidneys), S (spleen), L (liver), G (Gut), and 
T (tumor), were harvested after 24 and 72 h and analyzed using a Typhoon scanner. (n=4 at each timepoint; mean 
± SEM). 
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Figure 4. NPs biodistribution following gel-embedded targeted and non-targeted NPs (tNPs@G and ntNPs@G) 

treatments of mice in the bioactivity study reaching humane endpoints. a) Experimental setup of the bioactivity 
study (see Figure S2a for more details). b) Representative biodistribution images. c) Fluorescence intensity 
analysis. The organs, L&H (lungs & heart), K (kidneys), S (spleen), L (liver), G (Gut), and T (tumor) were 
harvested and examined using a Typhoon scanner. (n=1-3 at each timepoint; Mean ± SEM). 
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Figure 5. NPs circulatory retention time and uptake by monocytes following treatment (single intra-tumor 

injection) with targeted NPs in gel (tNPs@G), in comparison to targeted NPs in suspension (tNPs@S) in 
pancreatic tumor-bearing mice. a) Experimental setup for the biodistribution study (see Figure S2b for more 
details). Blood specimens were analyzed 24 and 72 h after treatment for monocyte uptake (b) and retention time 
in plasma (c) using flow cytometry and a Typhoon scanner, respectively. (n=4 at each time point; mean ± SEM). 

 

Local cytotoxicity of implanted gels 
The possible tissue cytotoxicity of the gel was 

assessed in intact mice. Histological analysis 48 
h after implantation revealed no signs of tox-
icity on the pancreatic tissue across all treat-
ments (Figure 6). 

Bioactivity following local delivery  
The bioactivity of local treatments on tumor 

growth was monitored up to 60 days after tumor 
inoculation (for the detailed experimental 
setup, see Figure S2a). Only the treatment with 
siVAV1-tNPs@G reduced tumor growth rate 
and size (2.6-fold) compared to all other treat-
ment groups (Figure 7b-c). Moreover, siVAV1-

tNPs@G treatment resulted in a higher survival 
rate, though statistically insignificant, com-
pared to all other treatment groups. Half of the 
mice survived beyond three weeks post-implan-
tation, compared to 100% mortality observed in 
all other treatment groups (p=0.09, Figure 7d). 
The successful therapeutic effect of siVAV1-
tNPs@G significantly reduced the tumor's 
VAV1 mRNA and protein levels (80±9% and 
49±9%, respectively; Figure 7e-f). In contrast, 
the empty NPs group exhibited relatively 
higher VAV1 mRNA levels (~2.5-fold) than 
the siVAV1-Lipofectamine@G group, and no 
tumor inhibition was obtained.  

 
Figure 6. Local cytotoxicity of implanted gel-embedded NPs (NPs@G) in the pancreas of intact mice in 

comparison to blank gel, NPs suspension (NPs@S) and saline treatments. Representative micrographs (×4 and 
×10 magnification) of hematoxylin/eosin-stained sections 48 h following local implantation (n=2 in each group). 
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Figure 7. The bioactivity of non-targeted (nt) and targeted (t) NPs@G implants in comparison to siVAV1-

lipofectamine@G following local injection in the pancreatic tumor-bearing mice model. a) Experimental setup of 
the bioactivity study (see Figure S2a for more details). b) Tumor growth rate, c) Tumor volume, and (d Kaplan-
Meier survival curves. The knockdown of e) VAV1 mRNA and f) VAV1 protein levels in the tumors were evaluated 
using RT-PCR and western blot, respectively. VAV1 mRNA levels were normalized to GAPDH and siVAV1-
Lipofectamine@G treated mice, and VAV1 protein levels were normalized to β-actin and siVAV1-
Lipofectamine@G treated mice. n=5-6 in each treatment group; mean ± SEM. *p<0.05; **p<0.01; @p<0.01 vs. 
siVAV1-Lipofectamine@G; #p<0.05 vs. siVAV1-ntNPs@G. 

 
The effect of NPs@G implants on metas-

tases formation  
Metastases formation in distal organs (liver, 

lungs, and gut) was evaluated by means of the 

GFP signal. None of the formulations affected 
metastatic grade in distal organs compared to 
the siVAV1-lipofectamine@G treatment group 
(Figure 8a-b). 
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Figure 8. The effect of non-targeted (nt) and targeted (t)  NPs@G implants in comparison to siVAV1-

lipofectamine@G on metastases formation in the liver, lungs, and gut at sacrifice upon reaching humane 
endpoints (see Figure S2a for more detailed experimental setup). Representative images (a) and quantitative 
analysis (b) of metastases analyzed by means of GFP fluorescence, normalized to siVAV1-lipofectamine@G 
treated animals (n=5-6 in each treatment group; Mean ± SEM). 

 
Discussion 
Over the past few decades, identifying effec-

tive treatments for PC has remained a signifi-
cant challenge, with very few drugs showing 
substantial efficacy [3]. Various strategies have 
been explored to overcome the challenges 
posed by chemotherapy-resistant PC, including 
nanomedicines [8-14, 56-58] and local implants 
[15-19]. In this study, we explored a treatment 
modality of a gel for the local delivery of si-
VAV1, which was encapsulated in ApoB-tar-
geted NPs. We successfully developed a 
PLGA-based siRNA NPs formulation embed-
ded in a thermosensitive gel system designed 
specifically for local PC therapy. This approach 
offers several key advantages, such as sustained 
siRNA release, enhanced tumor accumulation, 
and improved therapeutic outcomes in the chal-
lenging orthotopic PC model. 

The targeted (t) and non-targeted (nt) NPs 
containing siVAV1 were successfully prepared 
using the DESD technique previously described 
by us for encapsulating siRNA [23, 24, 52, 53]. 
Spherical NPs approximately 100 nm in size, 
exhibiting a narrow size distribution and a neu-
tral surface charge, have been successfully de-
veloped (Table 1). These neutral charge NPs 
possess optimal physicochemical properties, 
which are particularly advantageous for sys-
temic and local administration [59-62]. Their 
neutral charge minimizes adverse interactions 

with biological tissues, promoting enhanced lo-
calization and improving therapeutic efficacy in 
localized treatments. 

We successfully incorporated these NPs into 
the poloxamer 407 hydrogel matrix without 
compromising their properties (Table 1). The 
rheological behavior of the poloxamer 407 hy-
drogel demonstrated a phase transition from 
liquid to hydrogel at physiological temperatures 
(Figure 1). Moreover, the gel maintained con-
sistent viscosity at low temperatures while tran-
sitioning to a plastic-like behavior under physi-
ological conditions (Figure 1). The siVAV1-
NPs@G formulation exhibited a sustained-re-
lease profile, with 75% of siRNA released dur-
ing 12 h, in contrast to the burst release ob-
served in the suspension formulation, siVAV1-
NPs@S (Figure 2). This controlled release, fa-
cilitated by the hydrogel matrix, ensures pro-
longed therapeutic exposure at the tumor site, 
thereby ensuring effective delivery and reten-
tion following local implantation. Poloxamers 
use is advantageous since they are effective in 
reversing and sensitizing MDR cancer cells by 
inhibiting the drug efflux transporter P-glyco-
protein and modifying the micro-viscosity of 
the cellular membrane [39, 63]. Overall, the 
specific poloxamer used played a triple role as 
a surface-active agent, a cryoprotectant in pre-
paring the siRNA-NPs, and as the gelling mate-
rial. The favorable gelling properties and the re-
lease kinetics obtained attributes resulted in a 
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promising drug delivery system for local PC 
treatment, which can be used in a laparoscopy 
technique. 

In this study, we employed the orthotopic 
mouse VAV1+ PC model [23, 24], which ap-
propriately reflects the tissue-specific pathol-
ogy observed in primary tumors of human PC 
patients [64]. Biodistribution studies are essen-
tial for correlating accumulation with both 
safety and efficacy. It is reasonable to expect 
that a higher concentration of siRNA would be 
present in the tumor due to the longer retention 
time of NPs, which can be affected by the type 
of delivery vehicle and its targeting properties. 
Since the PLGA used begins to erode after ap-
proximately ~1-2 weeks, completely eroding 
after 4-6 weeks, the Cy5 signal primarily re-
flects intact NPs rather than degraded polymer. 
The primary biodistribution study's aim was to 
compare tumor retention of targeted NPs when 
delivered in suspension versus a gel delivery 
system (up to 3 days; Figure 3). Local intra-tu-
mor administration of tNPs@G resulted, after 3 
days, in a significant, though not statistically, 
increase in accumulation in the tumor (1.9-fold) 
and spleen (1.3-fold) compared to tNPs@S 
(Figure 3). An additional biodistribution study 
was conducted on animals that reached humane 
endpoints in the bioactivity study 10–21 days 
following treatment (Figure 4). The gel delivery 
system, whether for targeted or non-targeted 
NPs, demonstrated high tumor accumulation 
and prolonged retention, lasting up to three 
weeks after gel implantation (Figure 4). These 
findings indicate that employing gel-embedded 
NPs enhances local retention, facilitating sus-
tained release of siVAV1. The enhanced tumor 
retention is likely attributed to the hydrogel's 
unique gelation properties, which promote lo-
calized retention at the implantation site. At the 
same time, the increased spleen accumulation 
may result from its anatomical proximity to the 
tumor and as a clearing organ for NPs [59-62]. 
Overall, the low plasma levels and minimal 
monocyte uptake observed 72 h post-implanta-
tion (Figure 5), combined with histopathologi-
cal analysis of no signs of pancreatic tissue tox-
icity (Figure 6), indicate that the hydrogel for-
mulation effectively limits systemic exposure 
and potential side effects. 

Poloxamer 407 exhibits desirable thermosen-
sitive properties that enable gelation near phys-
iological temperatures, making it suitable for in 

situ applications [33]. However, the application 
of poloxamer hydrogels in local cancer gene 
therapy has been reported only in breast cancer 
therapy [65, 66]. To our knowledge, this is the 
1st report on a thermosensitive poloxamer hy-
drogel incorporating siRNA-loaded NPs for PC 
treatment.  

In our previous study, an ApoB-targeted 
PLGA-based NPs encapsulating siVAV1 was 
developed, and effective therapy was achieved 
by 6 injections on alternate days (3 IP injections 
per week [24]). This study implemented a sin-
gle intra-tumoral administration of a thermo-
sensitive hydrogel following preliminary eval-
uations of dosing regimens. This method used 
only 50% of the total systemic dose (150 
µg/mouse compared to 300 µg/mouse) to 
demonstrate the surpassing efficacy of the hy-
drogel formulation. As anticipated, the en-
hanced accumulation and retention of siVAV1-
tNPs@G in the tumor resulted in significant tu-
mor growth rate and volume suppression com-
pared to the empty NPs@G and siVAV1-
Lipofectamine@G (Figure 7b-c). Furthermore, 
this treatment improved survival, with 50% of 
mice surviving beyond three weeks post-im-
plantation, in contrast to 100% mortality ob-
served in all other treatment groups (p=0.09; 
Figure 7d). The successful therapeutic effect 
was associated with significantly reducing the 
tumor's VAV1 mRNA and protein levels (Fig-
ure 7e-f), consistent with our previous findings 
[23, 24]. As expected, the empty NPs group did 
not affect mRNA levels, resulting in higher 
VAV1 expression levels (~2.5) than the si-
VAV1-Lipofectamine@G group. Moreover, 
both groups exhibited insignificant tumor inhi-
bition, likely due to insufficient VAV1 knock-
down. This aligns with the significantly lower 
VAV1 mRNA levels observed after siVAV1-
tNPs@G treatment than the siVAV1-Lipofec-
tamine@G and empty NP groups.  

Unexpectedly, the siVAV1-ntNPs@G treat-
ment showed neither effect on tumor growth or 
volume (Figure 7b-c) nor on mRNA and protein 
levels (Figure 5e-f). This apparent lack of anti-
tumorigenic activity, in contrast to findings 
from our previous study [23], could be ex-
plained by the lower dosage employed in the 
current study and/or rapid elimination. Interest-
ingly, this result underscores the rationale be-
hind selecting a reduced dose to highlight the 
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superior efficacy of the targeted gel formula-
tion. The enhanced effects of siVAV1-tNPs@G 
can be attributed to its increased accumulation 
and retention at the tumor site (Figure 3), medi-
ated by the specific interaction between the tar-
geting ligand (ApoB), PGs, and LDLrs, as pre-
viously reported by our group [24, 40, 41]. 

The rapid formation of metastases in PC is a 
major factor influencing survival outcomes, as 
they are a leading cause of mortality in this dis-

ease [1-3]. However, none of the treatments re-
sulted in an anti-metastatic effect on distal or-
gans (Figure 8), most probably due to the lack 
of accumulation in these organs. While the si-
VAV1@tNPs-G formulation demonstrated 
promising results in reducing tumor burden, its 
effect on metastatic grade was limited, most 
probably due to the timing of treatment and/or 
dose, which should be investigated in future re-
search.  

 

Conclusions 
This study underscores the potential of targeted, gel-embedded siRNA NPs delivery systems in over-

coming systemic and microenvironmental barriers associated with PC therapy, addressed by integrating 
sustained release, active targeting, and localized delivery. For local PC treatment, the PLGA-based 
siVAV1 NPs formulation embedded in a poloxamer thermosensitive hydrogel was successfully formu-
lated. This approach demonstrated improved tumor targeting, accumulation, and retention. The hydro-
gel enables sustained siRNA release, effectively reducing tumor growth and improving survival rate, 
mediated via the reduction of both VAV1 mRNA and protein levels in the tumor in the orthotopic PC 
model. The lack of anti-tumor impact on metastases calls for further research. 
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