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a b s t r a c t 

The integrated lipopeptide (RVA)/gene complexes are fabricated with bi-directional regulation on tumor 

cells and micro-environment. After self-assembling and target coating modification, the poly( γ -glutamic 

acid) ( γ -PGA)/RVA nano-vectors can sequentially respond to pH & redox stimuli, and guarantee efficient 

therapeutic gene delivery and control release of all- trans retinoic acid. The design provides a facile but 

promising strategy to treat refractory cancers. 

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Gene therapy is becoming a crucial tool for the genetic dis- 

ase treatment and vaccine- based pandemics prevention, provid- 

ng more options for pathema that cannot be addressed by conven- 

ional therapies [ 1 , 2 ]. Replacing, correcting or removing the onco- 

ene of tumor cell is the general treatment for cancer therapy 

3] . However, directing against tumor cell alone is less effective, 

s the educated tumor microenvironment (TME) often help tumor 

eteriorate and evade immune surveillance [ 4 , 5 ]. Pancreatic cancer 

s a very typical solid tumor with complicated external environ- 

ent, which always lead to a high rate of relapse after conven- 

ional treatment and oncogenes knockout therapy ( e.g. , Kras and 

P53) [6] . 

TME is generally a redox disordered and acidic system with 

umor associated macrophages and fibroblasts infiltration, which 

rotect tumor from drug killing and form a vicious circle with 

umor growth [7–9] . Thus, a parallel strategy that combines tu- 

or inhibition with TME regulation is exploring for overcoming 

efractory cancers. For example, co-delivery of two drugs (pacli- 

axel and marimastat) showed a completely suppressed metastasis 
∗ Corresponding authors. 
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001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and I
f breast cancer. The paclitaxel inhibited malignant proliferation of 

umor cells while marimastat reduced activity of matrix metallo- 

roteinase in TME [10] . Another successful combination was gem- 

itabine and all- trans retinoic acid (ATRA) for treatment of pancre- 

tic cancer. 

The ATRA could remodel the complex dense extracellular ma- 

rix by reducing connective tissue, thus improved chemotherapeu- 

ics of gemcitabine penetration into the tumor tissues. As a result, 

he killing effect of gemcitabine on tumors is enhanced by ∼50% 

 11 , 12 ]. Our group also confirmed that a ferric oxide gene delivery

ystem with M1 polarization of tumor associated macrophages and 

umor growth inhibition by Fenton effect, shows much satisfactory 

n vivo efficacy on breast cancer therapy [13] . 

While, the accumulation of multiple functions in one delivery 

ystem usually complicates the components and structure of gene 

anocarriers. Facile and reasonable design without compromising 

herapeutic effect is demanded. Recently, integrated fabrication of 

ow molecular drug as prodrug carrier provides a good reference 

14–16] . Our group also tried to integrate fluorescence probes in 

ene delivery vehicles for in vivo imaging and tracing [17] . Ad- 

ances of these integrations include high loading capacity, better 

ontrollable release, more accurate tracing and facile formulation 

reparation [18] . In addition, some TME-responsive design in ve- 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Scheme 1. Construction of integrated lipopeptide nanovector ( γ -PGA/RVA/siRNA 

complexes) with parallel effect on both tumor and micro-environment regulation 

for tumor gene therapy. The hydrophilic part with arginine-rich coronary struc- 

ture ensures efficient delivery of therapeutic gene, and hydrophobic core of all- trans 

retinoic acid is directed to restore the resting state of extracellular matrix. During 

delivery process, γ -PGA and disulfide bonds sequentially responds to specific pH 

and glutathione (GSH) conditions. 
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icles could also promote delivery efficiency [19–21] . Pinpointed 

ascading design (based on pH-, redox-, or enzyme-response) and 

argeting decoration has confirmed to promote gene expression by 

rders of magnitude in our previous studies [ 17 , 22 , 23 ]. With our

ontinuing interests in facile integrated nanomaterials for tumor 

ene therapy, we believe that efficient co-delivery of gene and drug 

y integrated drug carrier should be considered, and a “sequen- 

ial” response design to TME (such as pH and redox) in the carrier 

ight also benefit for the delivery. 

Herein, based on the established lipopeptides platform [24–

6] , we designed and synthesized an upgraded gene delivery sys- 

em the poly( γ -glutamic acid)/integrated lipopeptide ( γ -PGA/RVA), 

iming at achieving parallel effect on tumor and TME regulation, 

ith pH & redox dual-response. Prodrug of all- trans retinoic acid 

ATRA) was used as the hydrophobic part of carrier, as it has ef- 

ects on TME regulation [27] . The cationic dendritic arginine was 

eveloped as the hydrophilic part for aggregation of nucleic acid, 

hile a disulfide bond was used to connect these two moieties 

or the following self-assembly. After sequential addition of gene 

nd γ -PGA by electrostatic action, the γ -PGA/RVA/gene complexes 

ere formed. The outer γ -PGA layer can specifically combine to 

amma-glutamyl transpeptidase (GGT) overexpressed on the sur- 

ace of tumor cells, and induce cellular entry of particles. Under 

he acidic lysosomal conditions, γ -PGA changed its conformation 

nd falls from the RVA/gene complexes, which facilitates the fol- 

owing lysosome escape and cytoplasm entry of therapeutic gene. 

n the reductive cytoplasm, gene complexes are disintegrated due 

o break of disulfide bonds. The released gene and prodrug con- 

equently exert their individual and synergistic impact on treat- 

ent [ 28 , 29 ]. As a proof-of-concept, reporter siRNA was used to 

erify the transfection efficiency, and siMMP-9 and siKras were se- 

ected to evaluate cure efficacy in the treatment of pancreatic can- 

er ( Scheme 1 ) [ 30 , 31 ]. 

The chemical structure of ATRA integrated dendritic lipopep- 

ides (RVA) and its related characterization is shown in Fig. 1 

 32 , 33 ]. The characteristic peaks of hydrophobic ATRA at δ 1.05 

-CH 3 ), cystamine’s peaks at δ 2.51-3.03 (m, -CH 2 CH 2 -) and peaks 

f arginine dendritic molecule (compound 2 in Fig. 1 A) at δ
.95, 3.14 (-NHCH 2 -) all appeared in the 1 H NMR spectrum of 

VA ( Fig. 1 B). Meanwhile, the result of matrix-assisted laser des- 

rption/ionization time-of-flight mass spectrometry (MALDI-TOF 

S) also confirmed the successful integration ([M + H] + = 875.70, 

ig. 1 C), agreed well with the theoretical molecular weight 

[M + H] + = 875.25). In order to fabricate nano-scaled gene com- 

lexes, we mixed RLS [24] and RVA with a molar ratio of 5:1 

Fig. S1 in Supporting information), and prepared the RVA self- 

ssemblies by common injection method. The Z-average diameter 

f obtained particles was 220.5 nm with zeta potential of + 41.5 

V ( Fig. 2 A). 

The cationic RVA self-assemblies were then sequentially co- 

ncubated with anionic siRNA and γ -PGA to form binary 

RVA/siRNA) and ternary ( γ -PGA/RVA/siRNA) gene complexes. Op- 

imal N/P ratios were screened by the dynamic light scattering 

DLS) investigation on particle size and zeta potential ( Fig. 2 A). Re- 

ults showed that by N/P ratio increasing from 10 to 40, size of 

he complexes fluctuated between 186 nm to 220 nm, and zeta 

otential was in the range of 38 mV to 44 mV. While at lower 

/P of 5, size of complexes was very large ( ∼807 nm), which was

robably caused by the poor compressing capacity of RVA self- 

ssemblies. After some preliminary experiments, RVA/siRNA binary 

omplexes with N/P of 30 were selected for the following incuba- 

ion with the targeting motif of γ -PGA (Fig. S1) [24] . The mod- 

fication of negatively charged γ -PGA decreased zeta potential in 

 dosage-dependent mode, showing -36 mV at weight ratio of 5 

 γ -PGA: siRNA) ( Fig. 2 B). The γ -PGA/RVA/siRNA complexes was 

ispersed in the medium containing 10% fetal bovine serum to 
2 
tudy its stability under physiological conditions ( Fig. 2 C). The re- 

ults showed that the particle size of γ -PGA/RVA/siRNA complexes 

s around 200 nm and remain unchanged within 5 d, while the 

eta potential is also maintaining stability during the test. It indi- 

ates that the complexes of γ -PGA/RVA/siRNA has good stability 

nder physiological conditions. Morphology of RVA assemblies and 

-PGA/RVA/siRNA complexes exhibited globular grain by transmis- 

ion electron microscopy (TEM) observation with an average di- 

meter ∼75 and 125 nm, respectively ( Figs. 2 D and E). From the 

garose gel electrophoresis evaluation, RVA assemblies were able 

o completely compress siRNA at N/P ratios higher than 6 ( Fig. 2 F).

dding of negatively charged γ -PGA did not disturb the conden- 

ation capacity ( Fig. 2 G) [34] . In the tumor mimicking microenvi- 

onment (5 mmol/L glutathione solution, GSH), migration bands of 

iRNA could be observed in RVA/siRNA complexes ( Fig. 2 F). This 

SH responsiveness indicated a redox sensitive release instinct of 

VA gene complexes [35] . In addition, the release of ATRA at dif- 

erent concentrations was measured by an ultraviolet spectropho- 

ometer at 365 nm and a standard curve for ATRA release was plot- 

ed ( Fig. 2 H), as well as the release of ATRA in the RVA assem-

ly in PBS and GSH (5 mmol/L) conditions. When PBS was used 

lone, the release of ATRA was markedly slow, with a 48 h cumu- 

ative release rate of only 20.76% ( Fig. 2 I). In contrast, the release of

TRA under GSH condition was significantly accelerated, indicating 

 supersensitive reaction of the disulfide bonds with cumulative 

elease of 67.15% after 48 h. 

Followingly, we evaluated the gene delivery efficiency of each 

tep on Aspc-1 (pancreatic adenocarcinoma cells) and PSCs (pan- 

reatic stellate cells) by Cy3 labeled siRNA complexes. First step 

as the cell membrane penetration process. After treatment with 

y3-siRNA loaded RVA or γ -PGA/RVA, cells were subjected to the 

onfocal laser scanning microscopy (CLSM) observation. Significant 
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Fig. 1. The chemical synthetic route and characterization of all- trans retinoic acid-based siRNA delivery compound (RVA). (A) Chemical synthetic route. (B) 1 H NMR spectrum 

and (C) MALDI-TOF MS characterization of RVA. 

d

d  

h

s

i

c

v

s

p

(

o

a

P

p

o

u

m

d

c

s

s

c

g

a

a

c

a  

d

r

c

F

t

c

l

w

c

L

fl

r

n

g

p

h

r

p

(

o

e

c

c

r

ifference between complexes with or without γ -PGA coating was 

etected at 0.5 h in PSCs cells ( Figs. 3 A and B), that γ -PGA en-

anced the cellular uptake efficiency from 45% to 60%. While, no 

ignificant difference was detected in Aspc-1 cells. The difference 

s possibly due to the different GGT expression levels on these two 

ell types [36] . 

The intracellular fate of γ -PGA/RVA/siRNA complexes were in- 

estigated next, with expectation of environment triggered re- 

ponses. pH sensitive disassociation of γ -PGA from the gene com- 

lexes was evaluated by fluorescence resonance energy transfer 

FRET) phenomenon through CLSM observation ( Fig. 3 C) [37] . Flu- 

rescence from FITC labeled γ -PGA (green) could work as donor, 

nd the Cy3 labeled siRNA (red) was the acceptor. When the γ - 

GA coating was closely interacted with RVA/siRNA core, the FRET 

henomenon could be obvious. While, once the coating dropped 

ff under acidic condition of lysosome, signal of FRET might grad- 

ally weaken. Because the distance between the fluorescent donor 

olecules of FITC and acceptor Cy3 would no longer meet the con- 

ition of FRET ( < 10 nm) [38] . 

As expected, at the beginning (first 2 h), all observed fluores- 

ence points were yellow and orange-red, and the superimposed 

ignal was originated from FRET. After 4 h co-incubation, both FITC 

ignal and FRET-mediated Cy3 signal enhanced, due to increased 

ellular uptake of gene complexes. Meanwhile, some single FITC 

reen fluorescent dots began to appear, although most of the FITC 

nd FRET-mediated Cy3 signals were overlapping. It suggested that 

 portion of FITC- γ -PGA was dissociated from the ternary gene 
3

omplexes. At this time, the distance between some FITC molecules 

nd Cy3 no longer met the condition of FRET [ 37 , 39 ], resulting in

ecrease of FRET-mediated Cy3 signal and increase of green fluo- 

escence signal from FITC. Over time, more single FITC green spots 

ould be observed (at 6 h), whereas the fluorescence intensity of 

RET-mediated Cy3 attenuated gradually. Through the calculation, 

he FRET efficiency of FITC- γ -PGA/RVA/Cy3-siRNA complexes de- 

reased from 99.3% (2 h) to 73.4% (6 h) ( Fig. 3 D). 

Next, whether this pH induced de-shielding could benefit for 

ysosomal escape and intracellular distribution was investigated, 

ith incubation of FITC- γ -PGA(green)/RVA/Cy5-siRNA(red) gene 

omplexes on Aspc-1 cells for 6 h. Lysosome was stained with 

ysotracker Red, and set to be a blue pseudo-color in the following 

uorescence co-localization experiments ( Fig. 3 E). During early pe- 

iod of time (2 h, without de-shielding of γ -PGA), fluorescence sig- 

al was cyan (green and blue superposition) and even white (red, 

reen and blue superposition), due to a large number of gene com- 

lexes retention in lysosome. 4 h later, when the signal of FITC was 

ighly overlapped with the signal of thelysosome (showing cyan), 

ed fluorescent spots from RVA/Cy5-siRNA binary complexes ap- 

eared. It indicated that when the γ -PGA gradually dropped off

 Figs. 3 E and F), it was retained in the lysosome. Meanwhile, some 

f RVA/Cy5-siRNA binary complexes started to realize lysosomal 

scape, and more red fluorescent spots were observed after 6 h in- 

ubation. The co-localization evaluation by Pearson correlation (Rr) 

alculation ( Fig. 3 F) also confirmed the difference [40] . Rr of fluo- 

escence from Cy5-siRNA (red) and lysosome (blue) were reduced 
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Fig. 2. Physicochemical characterization of gene complexes (RVA/siRNA binary and γ -PGA/RVA/siRNA ternary complexes) in the prepared reductive conditions. (A) Size and 

zeta potential of RVA/siRNA binary complexes at varied N/P ratios. (B) Size and zeta potential of γ -PGA/RVA/siRNA ternary complexes (N/P 30) with varied γ -PGA/siRNA 

weight ratios. (C) Size and zeta potential changes of γ -PGA/RVA/siRNA complexes (N/P 30, siRNA 3 μg) under physiological conditions. (D) Morphology observation of 

optimized RVA assemblies and (E) γ -PGA/RVA/siRNA complexes (N/P 30, γ -PGA: siRNA = 5, w/w) by transmission electron microscope (scale bar = 100 nm). (F) Release 

behavior of siRNA from the gene complexes with or without GSH after 2 h-incubation. (G) Agarose gel electrophoresis of γ -PGA/RVA/siRNA complexes at different γ -PGA: 

siRNA weight ratios (N/P 30). (H) Standard curve for release of ATRA at different concentrations. (I) The quantitative release profile of ATRA in the RVA self-assembly was 

analyzed by an ultraviolet spectrophotometer. 

Fig. 3. Intracellular fate of different siRNA complexes in Aspc-1 or PSCs cells. (A) Cellular uptake at 0.5 and 1 h through confocal laser scanning microscopy (CLSM). Red 

fluorescence was provided by Cy3-labeled siRNA, and blue fluorescence was provided by Hoechst 33342 stained nuclei. Scale bar: 10 μm. (B) Flow cytometry analysis of 

Aspc-1/PSCs cells after incubation with Cy3-siRNA complexes for 0.5 or 1 h. (C) The dissociation of γ -PGA/RVA/siRNA complexes in Aspc-1 cells at different time points. 

Green: signal of FITC; Red: signal of FRET mediated Cy3; Blue: signal of Hoechst 33342 for cell nuclei staining; Yellow: the overlay signal of FRET Cy3 and FITC. Scale bar: 10 

μm. (D) Semiquantitative fluorescence signals of FITC and FRET mediated Cy3, as well as corresponding FRET efficiency. The FRET efficiency was calculated according to the 

ratio of FITC to FRET mediated Cy3 signals. (E) CLSM images of Aspc-1 cell after incubation with Cy5-labeled siRNA complexes at different time points for endosomal escape 

assessment. Blue: signal of Lysotracker red, Green: signal of FITC, Red: signal of Cy5. (F) Pearson’s correlation (Rr) calculation from CLSM images to evaluated endosomal 

release efficiency. Rr (R/B) and Rr (G/B) are calculated to express the colocalization degree of Cy5-siRNA and Lysotracker Red and the colocalization degree of FITC- γ -PGA and 

Lysotracker Red, respectively. Scale bars: 25 μm. ∗P < 0.05, N.S.: no significance. 

4 
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Fig. 4. Silence effect of siKras or siMMP-9 complexes in Aspc-1 cells: qRT-PCR analysis of Kras (A) or MMP-9 (B) suppression on transcriptional levels in Aspc-1 cells after 

treatment by different formulations for 24 h. Western blot analysis of Kras (C) or MMP-9 (D) suppression at protein levels in Aspc-1 cells after treatment with different 

formulations for 48 h. (E) Semi-analysis of Kras and MMP-9 protein expression as the ratio of target protein to reference gene of β-actin from immune blot results. (F) Cell 

viability of Aspc-1 and PSCs cells after treatment with various formulations for 48 h. ∗∗P < 0.01, ∗∗∗P < 0.001, N.S.: no significance. 
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y more than one-half at 6 h, as the gene complexes largely sep- 

rated from the lysosome. In contrast, few changes were observed 

n Rr of signals from FITC- γ -PGA (green) and lysosome (blue). This 

uggested that γ -PGA is trapped in the lysosome after pH respon- 

ive disassociation from gene complexes. 

As the delivery process has been confirmed unimpeded, we fur- 

her utilized therapeutic siRNA of Kras (an oncogene with high 

utation rate in pancreatic cancer) [30] and MMP-9 (a matrix met- 

lloproteinase capable of regulate TME) [41] for incorporation ef- 

ect evaluation on pancreatic cancer with this integrated delivery 

ystem. Kras is a carcinogenic gene with high mutation rate in 

ancreatic cancer [30] . We hypothesized that downregulation of 

ras can synergistically work with the integrated all- trans retinoic 

cid in carrier materials to inhibit tumor more intuitively. MMP-9, 

s an important component of extracellular matrix, which partici- 

ates in multiple processes of extracellular matrix [41] . Selection 

f it as the downregulation target gene could enhance the effect of 

icro-environment regulation, together with all- trans retinoic acid. 

irst, the target gene silence efficiency was validated by quantita- 

ive real-time PCR (qRT-PCR) and Western Blot at both mRNA and 

rotein levels ( Fig. 4 ) on Aspc-1 cells. In general, the siRNA deliv-

ry efficiency of γ -PGA/RVA system is better than commercial gold 

tandard Lipo20 0 0. After γ -PGA/RVA/siRNA treatment, the expres- 

ion of Kras decreased to 28.3% of the γ -PGA/RVA/siN.C., and that 

f MMP-9 mRNA declined to 49.8% ( Figs. 4 A and B). Meanwhile 

he silence efficiency of RVA/siKras and RVA/siMMP-9 binary gene 

omplexes were relatively lower, with 50.4% and 53.7% respec- 

ively. The corresponding protein level evaluation also supported 

he above results. Silence effect of the γ -PGA/RVA/siRNA group 

as the most significant one (75.1% for Kras and 73.0% for MMP- 

, respectively). In addition, compared with the γ -PGA/RVA/siN.C., 

TRA itself has no effect on kras and MMP-9 gene expression ( Figs. 

 C-E). 
5 
The gene mutation in Kras causes function loss of molecular 

witch, which makes Kras protein always be in an activated state. 

nd it activates many subsequent cellular processes such as tu- 

or cell proliferation, transformation and invasion. The aim of 

illing tumor cell can be achieved by specifically silencing Kras 

ene with siRNA drug. Therefore, we investigated the inhibitory 

rowth effect of siKras gene complexes on both pancreatic cancer 

ell (Aspc-1) and pancreatic stellate cell (PSCs) by CCK-8 analysis 

 Fig. 4 F). Cell viability of Aspc-1 and PSCs declined to about 58.4% 

nd 65.7% respectively, when compared to the group treated with 

-PGA/RVA/siN.C. Of note, ATRA has no significant effect on cell 

urvival in both two kinds of cells. 

Finally, the regulation effect of integrated co-delivery system on 

umor microenvironment was studied. In normal pancreas, PSCs 

re in quiescent state with many lipid droplets containing vita- 

in A in the cytoplasm [42] . When the pancreatic cancer occurs, 

hey would be activated, with disappearance of lipid droplets, over- 

xpression of α-SMA (alpha-smooth muscle actin), secretion of a 

arge amount of extracellular matrix (ECM) components (mainly 

enotes collagen I and fibronectin). The ECM components can ex- 

edite the development of pancreatic fibrosis and accelerate the 

ccurrence of tumors by depositing collagen fibers [ 43 , 44 ]. Thus, 

he regulation evaluation was lied on lipid droplets formation, α- 

MA expression, as well as collagen I and fibronectin secretion 

 Fig. 5 ). 

In order to detect the reversion effect of ATRA conjugated in the 

VA system, PSCs are firstly activated by the conditioned medium 

mixture of Aspc-1 cells supernatant and fresh medium, v/v = 1:1). 

nd with the help of florescent staining by Nile red, it was ob- 

ious that cells in ATRA containing groups ( γ -PGA/RVA/siKras, 

-PGA/RVA/siMMP-9, γ -PGA/RVA/siN.C., ATRA) showed bright red 

uorescence from droplets, due to the quiescent state restoration 

 Figs. 5 A-D). Among them, free ATRA was the most efficient on 
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Fig. 5. Reversion of activated PSCs and TME regulation in vitro . (A, B) Nile red staining/Sirius red staining for lipid droplets/collagen I in the cytoplasm of PSCs cells with 

various treatments (scale bar = 75 μm). (C, D) The mean fluorescence intensity (MFI) of lipid droplet in different groups. (E, F) qPCR analysis for α-SMA, collagen Ⅰ , fibronectin 

(markers of activated PSCs). ∗∗P < 0.01, ∗∗∗P < 0.001, N.S.: no significance. 

c

l

p

o

t

9

t

a

m

[

l

fi

c

P

5

t

a

c

[

S

p

c  

c

P

i

I

a

r

a

t

e

P

p

R

Fig. 6. In vivo targeting and distribution of gene complexes in heterotopic pancre- 

atic cancer mice. (A) Representative in vivo imaging at 2, 4, 8 and 24 h after tail 

vein injection of free siRNA, RVA/siRNA, γ -RGA/RVA/siRNA respectively in mice with 

heterotopic pancreatic cancer. (B) Representative ex vivo images of tumor and major 

organs in heterotopic pancreatic cancer mice 24 h after injection (PBS, Free siRNA, 

RVA/siRNA and γ -RGA/RVA/siRNA. 
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ell reversion, which may attribute to the direct cellular uptake of 

ipidic ATRA without controlled release from the integrated com- 

ounds ( Figs. 5 A and B). Interestingly, siKras gene showed no effect 

n the lipid restoration, whereas siMMP-9 seems to promote it up 

o 20% ( Figs. 5 C and D). According to the published reports, MMP- 

 can degrade collagen IV in the normal basement membrane, and 

hen activate PSCs cells to promote the development of pancre- 

tic cancer [45] . Therefore, we speculate that siMMP-9 and ATRA 

ay synergistically reverse the activated PSCs cells to be quiescent 

 33 , 46 ]. 

Secretion of ECM components as well as the deposition of col- 

agen I was detected. The mRNA level of α-SMA, collagen I and 

bronectin in activated PSCs cells were all downregulated by ATRA 

ontaining reagents ( γ -PGA/RVA/siKras, γ -PGA/RVA/siMMP-9, γ - 

GA/RVA/siN.C., ATRA) at the same concentration of 5 μmol/L ( Figs. 

 E and F). Lipo/siKras with no effect on α-SMA expression illus- 

rated that, Kras gene itself could neither regulate α-SMA gene, nor 

ffect collagen I and fibronectin expression. So, the decreased se- 

retion of ECM was primarily attributed to ATRA in these groups 

33] . However, in group of Lipo/siMMP-9, the expression of α- 

MA, collagen I and fibronectin exhibited a downward trend. It is 

robably because that MMP-9 itself can reverse the activated PSCs 

ells into a quiescent state [ 45 , 47 ]. After treatment with the ATRA

ontaining complexes ( γ -PGA/RVA/siKras, γ -PGA/RVA/siMMP-9, γ - 

GA/RVA/siN.C., ATRA), the color of collagen I with Sirius red stain- 

ng was much lighter than that in control, indicating less collagen 

 in these groups ( Figs. 5 A and B) [48] . 

These results indicated that the co-delivered ATRA achieved 

 successful reverse of active stromal PSCs with lipid droplets 

estoration and relative genes downregulation ( α-SMA, collagen I 

nd fibronectin). siRNA of oncogene Kras has no effect on the state 

urnover of activated PSCs, while siMMP-9 revealed the improved 

ffect. 

Results from in vivo fluorescence imaging showed that γ - 

GA/RVA/siRNA most accumulated at tumor sites at various time 

oints (2, 4, 8 and 24 h), compared with the free siRNA and 

VA/siRNA group by tail vein injection ( Fig. 6 A). And ex vivo 
6 
maging of dissected tissue after 24 h following injection also 

resented a similar result ( Fig. 6 B). The semi-quantitative results 

ere consistent with the in vitro imaging results (Fig. S2 in Sup- 

orting information). Meanwhile, the increased tumor distribution 

educed the corresponding non-specific accumulations in other 

nvestigated organs (heart, liver, spleen, lung and kidney). These 

ata indicated that surface modification of γ -PGA on gene delivery 

ystem was benefit for more efficient tumor tissue targeting [36] . 

ll animal experimental procedures were performed in accordance 

ith the Guidelines for Care and Use of Laboratory Animals of 

est China Hospital of Sichuan University, and approved by the 

iomedical Research Ethics Committee of West China Hospital of 

ichuan University. 

In conclusion, we have designed and synthesized an all- trans 

etinoic acid-based gene delivery system ( γ -PGA/RVA), with tar- 

et coating and sequential response to pH & redox stimuli. Com- 

ined with the siRNA (Kras, MMP-9), the system revealed capacity 

f killing pancreatic tumor cell and inactivating stromal cell coop- 
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bly provided a facile but promising therapeutic strategy to refrac- 
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