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Cancer-associated fibroblasts (CAFs) produce a critical tumor-promoting effect by cellular crosstalk with
cancer cells and remodel the extracellular matrix (ECM) to form a protective physical barrier. The simple
elimination of CAFs is not sufficient to govern the CAF-shaped aggressive tumor microenvironment
(TME) because of the complexity of tumors. Herein, a CAF-targeted poly (lactic-co-glycolic acid) (PLGA)
nanoemulsion is tailored to simultaneously deliver doxorubicin (DOX) and small interfering RNA (siRNA)
targeting hepatocyte growth factor (HGF) for the combination of chemotherapy and gene therapy. The
nanoemulsion (apt-Si/DNPs) shows a high specificity towards CAFs due to the aptamer modification and
efficiently induces the apoptosis of CAFs, thus decreasing ECM deposition in the TME. Importantly, the
delivered siRNA reduces the expression of the HGF in the remaining CAFs, which overcomes

Received 18th October 2022, chemotherapy-induced upregulation of HGF mRNA and prevents the reproduction of CAFs through the

Accepted 19th November 2022 autocrine HGF closed-loop. Owing to these synergetic effects, tumor proliferation, migration and
DOI: 10.1039/d2tb02253b invasion are prominently inhibited and tumor permeability is improved significantly. Overall, these results
emphasize the potential of CAF-targeted combination treatments to inhibit tumor progression and

rsc.li/materials-b metastasis, as well as overcome therapeutic resistance.

The TME contains various cell types (endothelial cells,
fibroblasts and inflammatory cells, etc.) and extracellular com-

1. Introduction

Colorectal cancer (CRC) is one of the most prevalent malignancies
worldwide, characterized by high metastasis and formidable
mortality." Conventional therapeutic options, including surgical
resection, radiotherapy and chemotherapy, remain unsatisfactory
which spurs intensive efforts to develop more advanced therapeu-
tic approaches.> Although genetic alterations in cancer cells are
essential for tumorigenesis, they are insufficient to bestow cancer
cells with malignancies. The TME as fertilizing tumor “soil” plays
a vital role in tumor progression and metastasis, and profoundly
influences therapeutic responses.”” In this context, the tumor
microenvironment (TME) has been the focus of interest in the
scope of cancer treatment.
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ponents such as cytokines, chemokines, extracellular matrix
(ECM), etc. Among these heterogeneous components, activated
fibroblasts, often called cancer-associated fibroblasts (CAFs),
are among the most critical stromal cells. Accumulating evi-
dence shows that CAFs are capable of cross-talking with tumor
cells through various cytokines to create an appropriate micro-
environment for tumor cell thriving.>®*° Hepatocyte growth
factor (HGF), a key cytokine secreted by CAFs, is found to
promote the proliferation, migration and invasion of CRC by
activating the HGF/c-MET signaling pathway.'®"* Furthermore,
CAFs, as the main producers of the ECM, produce a guarding
barrier and dense scaffold for tumor cells through the surround-
ing tumor cells and secretion of the ECM, thus inhibiting drug
penetration and interaction with cancer cells."*™"” Therefore,
CAFs contribute to tumor progression, metastasis and even
therapeutic resistance both structurally and functionally.'®>?
In this context, destroying or modifying CAFs to renounce their
fealty toward tumors has become a highlight for the treatment
of CRCs.**

Chemotherapy, which involves the use of chemotherapeutic
agents to inhibit the growth of CAFs, is a powerful strategy to
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induce the apoptosis of CAFs and reduce ECM production to
remodel the TME. However, the non-selective cytotoxicity of che-
motherapeutic agents often results in ineffective chemotherapy to
completely eliminate CAFs.*>® Importantly, residual CAFs are
capable of secreting a surge of HGF owing to chemotherapy-
induced upregulation of HGF mRNA, which promotes cancer
cell proliferation and even reproduces CAFs through the auto-
crine HGF closed-loop.*®*’

Accordingly, single-modality chemotherapy is suboptimal,
whereas combination therapies have been recommended for
their synergistic effects.”® Since small interfering RNA (siRNA)
specifically knocks down the expression of target genes,>
which paves the way for eradicating HGF secretion to block
the interplay between CAFs and cancer cells.>° The combination
of chemotherapy with the effects of siRNA on target genes has
great promise as a new strategy to regulate the CAF-induced
malignant TME. However, the application of chemotherapeutic
drugs and siRNAs still present many limitations. Chemother-
apeutic drugs are generally hydrophobic and non-specific and
siRNAs are vulnerable to physiological conditions.*! Therefore,
the development of nano-drug delivery systems to simulta-
neously deliver chemotherapeutic drugs and siRNA toward CAFs
is particularly important for the pursuit of highly efficient and
safe cancer therapies.

Aptamers, known as short single-stranded DNA or RNA
oligonucleotide segments, can target objects including small
molecules and cells with high selectivity and affinity via folding
into unique structures. N-cadherin aptamers (NC3S) possess
high selectivity and affinity with a high expression of N-cadherin
protein on the surface of CAFs.*” In this study, poly(lactic-co-
glycolic acid) (PLGA) nanoemulsions with NC3S were developed to
simultaneously deliver doxorubicin (DOX) and siRNA (Scheme 1).
Due to the high CAF-targeting ability and the synergistic effect
of chemotherapy with HGF gene silencing, the prepared nano-
emulsions (apt-Si/DNPs) not only inhibited CAF-induced cancer

Il
SiRNA-HGF

PEI

L) /
NC3S aptamer
PLGA-PEG-COOH

e
Si/DNPs

Scheme 1 Schematic of cancer-associated fibroblast-targeted nano-
drugs for remodeling tumor microenvironments to suppress tumor malig-
nancy and improve tumor permeability.
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cell proliferation, migration, and invasion, but also remodeled
the architecture of the TME to improve tumor penetrability.
Therefore, tumor growth and metastasis were effectively con-
trolled and nanodrug accumulation was markedly improved.
Our study provides a promising strategy for the regulation of the
TME for highly efficient and safe treatment of CRC.

2. Experimental section

2.1 Materials and reagents

PLGA (10000) (LA: GA = 50: 50)-PEG (2000)-COOH was obtained
from Yusi Medicine. PLGA (ester terminated, M,, 7000-17 000,
LA:GA = 50:50), poly (vinyl alcohol) (PVA, 30-70 kDa), and PEI
(average M, 25000) were purchased from Sigma Aldrich. DOX
was purchased from Aladdin. N-Hydroxysulfosuccinimide (Sulfo-
NHS) and 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide
(EDC) were both obtained from Aladdin. DiR Iodide and Dil were
obtained from Yeasen Biotechnology (Shanghai). All oligonu-
cleotides were provided by Sangon Biotech (Shanghai, China).
NH2-modified NC3S aptamer: 5'-NH2-TGCACTATGTTTTAG
CTAGGGTTCCCTCCGGAGATAGTAAGTGCAA-3'.

2.2 Cell lines, collection of conditioned media and RNA
interference

2.2.1 UC-MSCs isolation. Human umbilical cords were
acquired from full-term cesarean section surgery in the second
affiliated hospital of Soochow University after obtaining informed
consent. The umbilical cord-derived mesenchymal stem cells
(UC-MSCs) were procured via tissue mass cell culture following
the described protocol with some modifications.*® Briefly, umbi-
lical cord tissue was cut to peel the surface membrane and to
remove the umbilical vein and artery under sterile conditions.
The tissue was washed using phosphate-buffered saline (PBS) to
separate blood and finally rinsed in saline solution. The tissue
was cut into 1.5 mm?® sections and put onto T75 culture dishes.
The tissue samples were cultured for 1 h in an incubator (5%
CO2, 37 °C). About 4 mL fresh medium was added, left to culture
for 10-15 d, and after that the culture dish was gently shaken to
remove the tissue when it was filled with cells. The single cells
kept on culturing, passaging and were signed as P0. UC-MSCs
were cultured using DMEM/F-12 completed medium. All experi-
ments were performed in compliance with the relevant laws and
institutional guidelines, and all experiments were approved by
the ethics committee of the second affiliated hospital of Soochow
university.

2.2.2 Cancer cell culture and collection of cancer cell
conditioned medium (Ca-CM). The human CRC cell line HCT116
and normal intestinal epithelial cells (HIECs) were purchased from
Shanghai Chinese Academy of Sciences and seeded onto a Petri dish
until cells reached sufficient confluency (80%) using Dulbecco’s
modified Eagle’s medium (DMEM) (HyClone) containing FBS
(10%) and penicillin (100 U mL™")-streptomycin (100 pg mL™ ")
(1%) under a humidified incubator (5% CO2 at 37 °C). Then,
HCT116 cells were washed in PBS twice and incubated with
FBS-free medium for up to 48 h. The Ca-CM was collected,
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centrifuged, and filtered using a 0.22 pm filter. The cancer cell
conditioned medium was then used without additional FBS. No
ethics committee permission was required for the use of HCT116
cells because only certificated cell lines from ATCC were used.

2.2.3 Preparation of CAFs and collection of CAF-conditioned
medium (CAF-CM). UC-MSCs were treated with the conditioned
medium for 72 h to trigger CAF differentiation. Briefly, 1 X
10° CAFs were cultured in a 10 cm plate for 24 h. Then the
medium was shifted using 6 mL fresh FBS-free DMEM/F12 and
cultured for another 48 h. Then CAF-CM was obtained and filtered
storing at —80 °C. CAFs’ specific biomarkers including o-smooth
muscle actin (a-SMA), fibroblast activation protein (FAP), stromal
cell-derived factor 1 (SDF-1), and vimentin were detected using qPCR.

2.2.4 RNA interference. CAFs were obtained 48 h post-
transfection and total RNA was extracted to verify the interference
efficiency. Human siRNA-HGF using scrambled siRNA as the
negative control were transfected into CAFs at a dose of 100 nM
using Lipofectamine 3000 reagent purchased from Invitrogen
(Carlsbad, CA, USA). All siRNA sequences were obtained from
Shanghai GenePharma and purified using HPLC (Table S2, ESIY).
The Cy5-labeled siRNA was purchased from Shanghai Gene-
Pharma. The fluorescent property of Cy5-labeled siRNA was
verified using a fluorescence spectrophotometer (Fig. S1, ESIT).

2.2.5 RNA extraction and real-time polymerase chain reaction
(PCR) assays. The total RNA of CAFs were obtained by TRIzol
Reagent purchased from Invitrogen (CA, USA). Briefly, comple-
mentary DNA (cDNA) was obtained through reverse-transcribing
1 pg total RNA using a 5x All-In-One RT MasterMix Kit (abm).
NovoStart SYBR qPCR SuperMix Plus (Low ROX Premixed) (novo-
protein) was invested to perform gPCR in ABI7500 (Applied
Biosystems). The primer used in this assay is shown in Table S3
(ESIT). GAPDH was used as a normalized control.

2.3 Preparation of Si/DNPs and apt-Si/DNPs

Si/DNPs were formulated according to the solvent evaporation
method.** In short, 2.5 nmol siRNA-HGF was mixed with
16.5 pg PEI in RNase-free H,O and reacted at room temperature
for 30 min with intermittent vortexing; 200 ng DOX was
dissolved in 10 pL water, then, 0.4 L triethylamine was added
for 2 h to extract DOX. 3.75 mg PLGA and 1.25 mg PLGA-PEG-
COOH (PLGA/PLGA-PEG-COOH ratio 3:1) were dissolved in
500 puL dichloromethane (DCM). This aqueous solution (50 pL)
(0.2 mg extracted DOX and 2.5 nmol siRNA in 50 uL RNase-free
water) was added into the above DCM solution (500 pL) drop by
drop to form the first emulsion using a probe sonicator for 10 s
on ice. Then, the first emulsion was put into 3.0 mL of 2% PVA
drop by drop and sonicated again for a double emulsion. The
final emulsion was acquired by stirring overnight to remove
DCM. The particles were collected by centrifugation (4 °C,
20 min, 12 000 rpm) and then washed with ddH,O three times
and resuspended in ddH,O. For Coumarin-6, DiR, DiD or Dil-
NPs, 100 pg dye were put into the DCM and the others were the
same with the protocol for the preparation of Si/DNPs.

Before aptamer coupling, the carboxyl groups on the surface
of Si/DNPs were activated by excess EDC (100 mM) and NHS
(25 mM) coupling reaction in ddH,O for 15 min with gentle

This journal is © The Royal Society of Chemistry 2023
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shaking at room temperature. The nonreactive reactants were
removed by ultrafiltration (10000; Millipore) with deionized
water three times. And then, the NC3S aptamer was denatured
at 90 °C for 15 min and formed the 3D structure after fast cooling.
The resultant N-hydroxysuccinimide-activated particles were
covalently linked to 10 uL 5-NH2 modified N-cadherin aptamer
(NC3S) (100 uM). After reacting for 6 h with gentle stirring, apt-Si/
DNPs were acquired after purifying with deionized water 3 times,
then resuspended with ddH,O and stored at 4 °C.

2.4 Characterization of the nanoemulsions

Dynamic light scattering (DLS, Malvern) was used in the analysis of
the average size and zeta-potential of the prepared nanoemulsions.
The morphological examination of the Si/DNPs and apt- Si/DNPs
was implemented by transmission electron microscopy (TEM;
HitachiHT7700, Japan).

The bonding of PLGA nanoemulsions (NPs) with aptamers
was investigated by the absorption of DNA at 260 nm by UV.
The absorption of free NPs was used as the control group.

The amount of free Cy5-siRNA that remained in the NP wash
solution was detected using a fluorescence spectrophotometer
to calculate the EE % of Cy5-siRNA.>*> DOX loaded into NPs was
calculated according to the amount of free DOX in the filtrate
collected by ultrafiltration using UV at a wavelength of 480 nm.

In vitro release behavior was performed using Cy5-Si/DNPs
and apt-Cy5-Si/DNPs. Briefly, 5.0 mg mL ' prepared NPs were
suspended in PBS solution (pH 5.0 and 7.4) containing 150 mM
NaCl with gentle shaking (100 rpm, 37 °C). The NP suspension was
centrifuged at predetermined time intervals, 200 pL supernatant
was collected to quantitate the Cy5-siRNA using a fluorescence
spectrophotometer and the remaining solution was replaced with
an equal amount (200 pL) of fresh PBS. The percentage of released
Cy5-siRNA was normalized to the total Cy5-siRNA trapped in NPs.
The DOX release performance from Cy5-Si/DNPs and apt-Cy5-Si/
DNPs was measured using the dialysis bag method. Dialysis tubes
(MWCO 3400 Da) including 5 mg mL " of sample were placed into
PBS solution (pH 5.0 and 7.4) with 150 mM NaCl with gentle
shaking. 200 pL released medium was collected to detect the
concentration of released DOX using UV at 480 nm and then
another 200 pL of fresh PBS was added back. Samples were
collected and detected in triplicates at a fixed time point.

2.5 Cytotoxicity assay

A cell proliferation assay was performed to estimate the bio-
compatibility of NPs. In brief, HCT116 or CAFs cells (5000 cells
per well) were cultured overnight in 96 well plates. NPs and apt-
NPs were added to each well at concentrations of 0, 25, 75, 150,
300, and 600 pg mL~'. After 72 h, Cell Counting Kit-8 (Beyo-
time) was used to detect the cell viability following the protocol.
The absorbance at 450 nm was read via a microplate reader
(Bio-Rad, Hercules, CA, USA).

2.6 Invitro cellular uptake evaluated by flow cytometry and
confocal studies

Dil-labeling NPs and apt-NPs were used to investigate the
cellular uptake of NPs in CAFs and HCT116 cells using flow
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cytometry analysis. 5 x 10> CAFs and HCT116 cells were seeded
and cultured overnight, respectively. Next, FBS-free medium
containing Dil-NPs and apt-Dil-NPs (at a dose of Dil
10 ng mL ') was used to treat the cells for 1 h. The cells were
washed twice to separate the free NPs. Then, flow cytometry
analysis (BD Biosciences) was used to quantitate the trapped
NPs in the cells. Moreover, the targeting ability of apt-NPs to
CAFs was verified by confocal microscopy. CAFs cells were
cultured on confocal dishes overnight and then incubated with
DiI-NPs and apt-DiI-NPs for 1 h. The nucleus was stained with
5 pmol mL~* Hoechst for 15 min and then rinsed twice with
PBS for CLSM analysis. HCT116 cells were used as negative
controls.

To estimate the ability of Si/DNPs and apt-Si/DNPs to deliver
both agents simultaneously, siRNA labelled with Cy5 and DOX
were co-loaded into the nanoemulsions. The next steps were
the same with above.

2.7 Toxicity analysis

The toxicity of different NP formulations on HCT116 and CAFs
was also detected using CCK8 respectively. Briefly, 5000 HCT116
or CAFs cells were seeded into 96 well plates for 24 h. Then,
0.1 mL of medium including free siRNA, free DOX, SiNPs, DNPs,
Si/DNPs, apt-SiNPs, apt-DNPs, and apt-Si/DNPs (DOX 0.5 pg mL ™",
siRNA 40 pmol L") was added into the well. 10% CCKS8 reagent
was added after 72 h incubation and cultured for another 2 h.
A microplate reader was used to detect the absorbance at 450 nm.

2.8 Cell proliferation assay

A shortterm cell proliferation assay was tested using CCKS8
reagents according to the manufacturer’s protocols. Briefly, CAFs
were treated with fresh medium, NPs, apt-NPs, free siRNA, free
DOX, SiNPs, DNPs, Si/DNPs, apt-SiNPs, apt-DNPs, and apt-Si/DNPs
(DOX 0.5 pg mL ™", siRNA 40 pmol L") for 12 h, and CAFs
conditioned medium was obtained after a 36 h transfection. 5000
HCT116 cells were seeded into 96 well plates and cultured for 24 h.
Then, the cells were treated with FBS-free DMEM medium, CAF
CM, or CAF CM collected after treatment with various nanoemul-
sions. Then, DMEM with 10% CCKS reagent (100 uL) was added at
24, 48, and 72 h and cultured for another 2 h. A microplate reader
was used to detect the absorbance at 450 nm.

2.9 Clonogenic assay

300 HCT116 cells were inoculated and treated with FBS-free
DMEM medium, CAF CM, or CAF CM (collected after treating
with various nanoemulsions) for 24 h. Then the cells were
grown for another 10-12 d. Next, a crystal violet solution was
used to dye the cells. Colonies forming from 50 or more cells
were considered as a clone.

2.10 Migration and invasion assay

The migration assay was accomplished with an 8.0 pm insert
(Corning, USA). First, the HCT116 cells were starved in serum-
free DMEM,; then, 4 x 10* HCT116 cells in FBS-free DMEM were
placed in the upper transwell chambers. Next, the chambers
were inserted into a suitable 24 well plate containing FBS-free
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DMEM/F-12, CAF-CM, or CAF-CM (collected after treating with
various nanoemulsions). After 48 h treatment, the cells were
dyed with crystal violet solution after fixing with 4% PFA for 15 min,
and the cells in the inside surfaces of the membrane were removed
gently. The invading cells were viewed via microscopy. For each
group, at least five random fields were observed. For the invasion
assay, Matrigel (Corning, USA) was pro-coated on the inner surface
of the transwell insert 12 h before the experiment.

2.11 Efficiency of gene silencing by nanoemulsions via rt-PCR

CAFs were treated with fresh medium, NPs, apt-NPs, free siRNA,
free DOX, SiNPs, DNPs, Si/DNPs, apt-SiNPs, apt-DNPs, and apt-Si/
DNPs (DOX 0.5 pug mL ™", siRNA 40 pmol L") for 12 h respec-
tively. Total RNA was extracted at 36 h post-transfection and qRT-
PCR was performed according to Section 2.3. The relative tran-
scription efficiency was calculated using a AACt method, and the
standardized reference gene was GAPDH. The following HGF
specific primer was used: (forward: 5'-CTGCAGACCAATGTGCT
AATAGA3', reverse: 5'-TGCTATTGAAGGGGAACCAG3').

2.12 Penetration of NPs in vitro and in vivo

2.12.1 Penetration efficiency in co-cultured 3D tumor
spheroids. HCT116 and CAFs co-cultured 3D tumor spheres
were formed via a hanging drop method as reported formerly.*®
Agarose solution (2% w/v, 200 pL) was coated onto a 48 well plate
to prevent cell adherence, and then further culture medium
(900 pL) was added. 1500 co-culture cells (500 HCT116 and
1000 CAFs cells) suspended in a culture medium (20 pL), dropped
into a 48 well plate (to form 3D tumor spheroids) and cultured for
up to 5 d. When the diameter reached about 400 pm, tumor
spheroids were suitable to assess the penetration of nanoemul-
sions. To study the effect of CAFs eliminating on drug penetra-
tion into tumor spheroids, apt-SiNPs, apt-DNPs, Si/DNPs, and
apt-Si/DNPs (DOX 0.5 pg mL™", siRNA 40 pmol L") were added
to tumor spheroids and incubated for 72 h and incubated with
Cou6-NPs for 3 h. Z-stack images were obtained to investigate the
drug penetration by CLSM. The tumor spheroids treated with PBS
were used as the control.

2.12.2 In vivo penetration behavior of DiR-NPs. A living
imaging of DiR-NPs was obtained to study the influence of
various siHGF-DOX nanoemulsions on the in vivo penetration.
Tumor-bearing mice were intravenously administrated with
PBS, apt-SiNPs, apt-DNPs, Si/DNPs, and apt-Si/DNPs (siRNA
1 mg kg™, DOX 2 mg kg™ '), respectively, and then injected
with DiR-NPs (5 pg mL™", 200 pL). The distribution of DiR-NPs
was detected by the IVIS spectrum at predetermined time
points. Tumors were excised in the end, and ex vivo fluorescent
images were procured. Tumors were excised to prepare masson
trichrome and immunohistochemical (IHC) analysis. The fol-
lowing primary antibody was used in IHC: rabbit anti-a-SMA
(ab5694, Abcam, UK) (1:200).

2.12.3 Invivo tumor penetration behavior of DiD-NPs. DiD-
labeled NPs (100 ug mL™ ", 100 uL) were injected into mice pre-
administrated with various nanoemulsions. Then, mice were
sacrificed 48 h after injection, and tumors were resected for
immunofluorescence histochemistry. The following primary

This journal is © The Royal Society of Chemistry 2023
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antibody was used: rabbit anti-CD31 (ab28364, Abcam, UK)
(1:50).

2.13 In vivo antitumor study

Female nude Balb/c nu mice were obtained from Nanjing
Skorui Biotechnology Co., Ltd (6-8 weeks, 18-22 g). HCT116
cells (3 x 10° cells) and CAFs (1 x 10° cells) were mixed and
injected into the right flank of nude mice. Then, mice were
administered with PBS, apt-NPs, free DOX, Si/DNPs, apt-SiNPs,
apt-DNPs and apt-Si/DNPs (siRNA 1 mg kg ', DOX 2 mg kg )
intravenously every two days for six injections. Tumors were
gauged by a caliper to record the longest diameter (4) and the
shortest diameter (B) to calculate the tumor volumes using the
following formula: /6 x A x B> Tumors were excised to prepare
sections including HE stains, TUNEL assay, and IHC analysis.

For the metastasis model, 1 x 10° cells (HCT116/CAFs cells
3:1) in 100 pL PBS were intravenously injected into the nude
mice. 25 d after injection, mice were intravenously treated with
PBS, apt-NPs, free DOX, Si/DNPs, apt-SiNPs, apt-DNPs, and
apt-Si/DNPs (siRNA 1 mg kg™, DOX 2 mg kg™ ') every two days
for seven injections in total. The lungs were excised and
photographed after a 40 d experiment. Tumors were excised
to prepare sections including HE staining and IHC analysis.

To appraise the biosafety of nanoemulsions, creatine kinase
(CK), white blood cell (WBC) count, aspartate transaminase
(AST), and alanine aminotransferase (ALT) were tested. Major
organs were resected for preparing histological sections and
imaged with microscopy. All experiments were performed in
compliance with the relevant laws and institutional guidelines,
and were approved by the ethics committee of CAS Key Labora-
tory for Nano-Bio Interface, Suzhou Institute of Nano-Tech and
Nano-Bionics, Chinese Academy of Sciences. The experimental
operation was carried out in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals.

2.14 In vivo biodistribution studies

Living-body fluorescence images were assessed via IVIS at a
fixed time point after intravenous administration with DiR-NPs
or apt-DiR-NPs (DiR: 0.4 mg kg™ !). Tumors and major organs
were collected at the end of the experiment for ex vivo imaging
for the tissue distribution study.

2.15 Statistical analysis

All studies were implemented three times and Prism 8.0 was
used to analyze the statistics. All the results are exhibited with
the mean =+ standard deviation (SD). The considered signifi-
cance was set at P < 0.05.

3. Results and discussion
3.1. Preparation and characterization of apt-Si/DNPs

SiRNA/DOX-loaded poly (lactic-co-glycolic acid) nanoemulsions
(Si/DNPs) were formulated using the double-emulsion solvent
evaporation method. To improve siRNA encapsulation, a small
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amount of the cationic polymer PEI was added during the
formulation of NPs. Subsequently, the resulting Si/DNPs were
conjugated to the NC3S aptamer through peptide linkage to
form NC3S aptamer-modified Si/DNPs (apt-Si/DNPs). Transmission
electron microscope (TEM) imaging revealed that both Si/DNPs and
apt-Si/DNPs possessed spherical structures (Fig. 1A and B). Addi-
tionally, apt-Si/DNPs displayed a slightly larger hydrodynamic size
and more negative surface charge than Si/DNPs (Fig. 1C and D).
Furthermore, the average diameter of Si/DNPs and apt-Si/DNPs
displayed no significant differences after 7 days storage in PBS
(Fig. S3, ESIt), indicating the good long-term stability of our
nanoparticles. The characteristic absorption peak of the aptamer
at 260 nm appeared in the UV-vis spectrum of the apt-Si/DNPs
(Fig. 1E). These results indicated the successful conjugation of the
NC3S aptamer onto the Si/DNPs. We also prepared doxorubicin
(DOX)-loaded nanoemulsions (DNPs) and siRNA-loaded nanoe-
mulsions (SiNPs) as well as the corresponding NC3S aptamer-
modified nanoemulsions (apt-DNPs and apt-SiNPs) as control
groups for subsequent experiments. All these nanoemulsions
showed negative surface charge and good monodispersity
(Fig. S2, EST}).

After structural characterization, the drug-loading capacity
and release behavior were investigated. Both DOX and siRNA
were encapsulated in single- or dual-agent-loaded nanoemulsions.
The encapsulation efficiency (EE%) of siRNA and DOX in apt-Si/
DNPs was 92.4 + 1.8% and 62.4 £+ 8.1%, respectively, while the
drug loading content (DL%) of siRNA and DOX in apt-Si/DNPs
were 0.5 = 0.075% and 2.1 + 0.7%, respectively (Table S1, ESIT).
The pH-dependent release of Si/DNPs and apt-Si/DNPs was due to
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the accelerated degradation of PLGA polymer under acidic
conditions, which was in line with the previous reports.*”"*
More than 40% of DOX was released rapidly over the first 24 h at
PH 5.0, while the release content of siRNA was also increased
under low pH conditions, which was due to the faster dissociation
of nanoemulsions. A similar release tendency was observed for
the Si/DNPs, indicating that the NC3S aptamer modification
had a negligible influence on drug release (Fig. 1F and G). The
pH-responsive release property is important in cancer therapy
because the extracellular microenvironment of tumor tissues and
intracellular lysosomes is acidic.

3.2. Cellular uptake, cytotoxicity, and gene-silencing effect

CAFs were generated by inducing the differentiation of UC-MSCs
using cancer cell-generated conditioned medium. As illustrated
in Fig. S4A and B (ESIt), UC-MSCs exhibited a larger volume and
an increase in cytoplasmic content after incubation with cancer
cell-generated conditioned medium. Additionally, the expression
levels of CAF biomarkers, including FAP, SDF-1, o-SMA and
vimentin, were significantly elevated (Fig. S4C, ESIt). These
results indicated the successful generation of CAFs. As expected,
the expression level of HGF in CAFs was higher than that in
UC-MSCs cells and it could be a knockdown through transfecting
SiRNA-HGF (Fig. S4D and E, ESIt). Furthermore, flow cytometry
showed that NC3S had a high binding capacity to CAFs, but was
hardly bound to HCT116 and HIEC cells (Fig. S4G-1, ESIt), which
was possibly due to the high mRNA expression of N-cadherin on
the surface of CAFs, as verified by RT-PCR (Fig. 2A and Fig. S4F,
ESIt). We investigated the CAF-targeting ability of NC3S-modified
nanoemulsions (apt-NPs). The cellular internalization behavior of
Dil-labeled NPs and apt-NPs was detected in HCT116 cells and
CAFs using a confocal laser scanning microscope (CLSM) and
flow cytometry. As expected, apt-NPs exhibited a higher cellular
uptake efficacy than non-targeted NPs in CAFs, whereas both
apt-NPs and NPs showed similar cellular uptake in HCT116 cells
(Fig. 2B and C). Additionally, the cellular internalization of apt-
NPs in CAFs was remarkably higher than that in HCT 116 cells.
Consistent tendencies were observed in the apt-Si/DNPs and Si/
DNPs. The apt-Si/DNPs were more efficiently internalized by CAF
cells than Si/DNPs, whereas there is no observable difference in
cellular internalization between apt-Si/DNPs and Si/DNPs in
HCT116 cells (Fig. S5, ESIt). These results indicated that the
modification of the NC3S improved the CAF-targeted properties.

The cytotoxicity of these nanoemulsions was evaluated in
CAF and HCT 116 cells. As shown in Fig. 2D and Fig. S6 (ESIY),
NPs and apt-NPs didn’t induce observable changes in cell
viability compared to the control group, indicating good
biocompatibility of the prepared nanoemulsions. Free DOX
and siRNA, SiNPs, DNPs, Si/DNPs, apt-SiNPs, apt-DNPs and
apt-Si/DNPs showed cytotoxicity toward CAFs and HCT 116
cells. Additionally, the viability of HCT 116 cells after treatment
with SiNPs, DNPs and Si/DNPs was not significantly different
from that of apt-SiNPs, apt-DNPs and apt-Si/DNPs. In contrast,
the aptamer-modified nanoemulsions (apt-SiNPs, apt-DNPs
and apt-Si/DNPs) displayed higher cytotoxicity than SiNPs,
DNPs and Si/DNPs in CAFs cells, which could be attributed to
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Fig. 2 Cellular uptake, cytotoxicity, and gene-silencing effect. (A) Relative
N-cadherin mRNA expression in HCT116 and CAFs cells was detected by
real-time PCR. (B) Flow cytometric histogram of cell lines incubated with
NPs or apt-NPs for 1 h. Untreated cells were used as negative controls.
(C) Fluorescence microscopy images of HCT116 cells and CAF cells after
incubation with NPs for 1 h. Scale bar, 100 um. (D) Cytotoxicity of different
NP formulations toward HCT116 and CAFs. (E) Quantitative RT-PCR detec-
tion of HGF levels in CAF cells transfected with different siRNA-HGF-based
nanoemulsions. Formulations containing scrambled siRNA were used as
negative controls, and lipofectamine 3000 served as a positive control. ns:
no significance, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.

enhanced endocytosis. In light of its superior CAF-targeting
ability, the HGF gene-silencing efficiency of apt-Si/DNPs was
subsequently investigated. The knockdown effect of apt-SiNPs
was up to 68.47 £ 11.88%, which was remarkably higher than
that of SiNPs and even approximate to the commercial trans-
fection reagent Lipofectamine 3000 (lipo + siRNA) (Fig. 2E).
Notably, HGF mRNA expression was elevated after treatment
with apt-DNPs, which is in line with previous findings that
chemotherapy could induce the upregulation of HGF mRNA.>”
Interestingly, apt-Si/DNPs achieved 68.47 £ 11.88% of HGF mRNA
silencing, suggesting that our apt-Si/DNPs could effectively suppress
negative feedback upregulation of mRNA induced by chemotherapy.
Consistent with mRNA expression, ELISA results showed that apt-Si/
DNPs induced the lowest level of HGF protein expression (Fig. S7,
ESIT). These results indicated that apt-Si/DNPs could knock down
the upregulated HGF mRNA and decrease the expression of HGF
protein in the remaining CAFs after chemotherapy.

3.3. Inhibition of CAF-induced cancer cell proliferation,
migration and invasion

CAFs have been reported to secrete HGF to activate c-MET
receptors on the membrane of cancer cells, which can induce
the proliferation, migration and invasion of cancer cells.>*™*!
Our apt-Si/DNPs are expected to reduce the crosstalk between
CAFs and cancer cells through the combined effect of directly
killing CAFs and reducing HGF secretion, thereby preventing
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tumor malignancy. To investigate the inhibition of CAF-induced
proliferation of cancer cells, HCT 116 cells were incubated with
various formulations of CAF-conditioned medium and then the
viability of HCT 116 cells was measured by CCKS8 assay (Fig. 3A).
As shown in Fig. 3B and Fig. S8 (ESIt), HCT116 cells showed
obviously accelerated proliferation with 1.29-, 2.17- and 2.35-fold
promotion in the CAF-conditioned medium for 24, 48 and 72 h,
respectively, compared with that in the free DMEM medium.

When CAFs were pretreated with free siRNA, free DOX,
SiNPs, DNPs, Si/DNPs, apt-SiNPs, apt-DNPs or apt-Si/DNPs, CAF-
induced proliferation was effectively inhibited, indicating that
both chemotherapy and siRNA inhibited CAF-induced cancer cell
proliferation. Additionally, apt-DNPs showed a higher therapeutic
efficiency than free DOX and DNPs and a similar tendency was
observed in free siRNA, SiNPs and apt-SiNPs, which was likely due
to the higher cellular internalization after aptamer modification.
The strongest inhibition of HCT 116 cells was found in the apt-Si/
DNP group among all treatment groups.

To evaluate the long-term inhibition, the proliferation of
HCT 116 cells was detected in various groups of CAF-conditioned
medium using a colony formation assay (Fig. 3C). Corresponding
to the CCK8 assay, a significant increase in the number of HCT
116 cell colonies was observed after treatment with the CAF-
conditioned medium. In contrast, colony formation was clearly
reduced after treatment with various formulations and the number
of colonies in the apt-Si/DNPs group was the lowest (Fig. 3D, E and
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Fig. 3 Evaluation of cancer cell proliferation ability. (A) Scheme of the
CCK8 assay for proliferation evaluation. (B) HCT 116 cell viability after
incubating with the CAF-conditioned medium (collected after treating
with various nanoemulsions) for 24, 48 and 72 h. (C) Scheme of the clone
formation assay of HCT 116 cells. (D) HCT 116 cell clone formation after
incubating with the CAF-conditioned medium collected after treating with
various formulations on day 14. (E) Quantitative analysis of the colony
numbers of HCT116 cells. The values are the mean + SD from three
independent experiments. ***P < 0.005.
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mean + SD (n = 4); *P < 0.05, **P < 0.01.

Fig. S9, ESIt). These results confirmed that apt-Si/DNPs inhibited
CAF-induced proliferation of HCT116 cells through the combined
effect of chemotherapy and gene silencing.

To investigate CAF-induced cancer cell migration, CAF-
conditioned media were collected after treatment with various
formulations and the migration test of HCT 116 cells was
performed using a Transwell migration model (Fig. 4A). As shown
in Fig. 4B, C and Fig. S10 (ESIt), the migration of HCT 116 cells
was remarkably increased in the CAF-conditioned medium, while
CAF-induced migration was obviously decreased by free siRNA,
free DOX, SiNPs, DNPs, Si/DNPs, apt-SiNPs, apt-DNPs and apt-Si/
DNPs. Additionally, apt-Si/DNPs showed the highest inhibitory
effect on CAF-induced cancer cell migration, which was consis-
tent with the above results on proliferation inhibition. The CAF-
induced invasion of HCT116 cells was also detected using a
Matrigel-covered transwell model (Fig. 4D). With a similar ten-
dency in the migration assay, CAFs promoted HCT 116 cells to
invade the lower chamber, whereas the function on promoting
the invasion of HCT 116 cells was inhibited in the apt-Si/DNPs
group (Fig. 4E, F and Fig. S11, ESIt). These results proved that
apt-Si/DNP-mediated therapy disturbed the function of CAFs and
slowed down the migration and invasion of tumor cells.

3.4. Improved tumor penetrability ability in vitro and in vivo

CAFs not only support tumor proliferation, migration and inva-
sion through reciprocal cross-talk with cancer cells but also
remodel the ECM and architecture of the TME, often resulting
in poor penetration of therapeutic agents.*®*> Therefore, the
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penetration efficiency was evaluated in cell spheroids containing
HCT 116 cells and CAFs after being pretreated with various
formulations using CLSM. As shown in Fig. 5A and Fig. S12
(ESIt), the fluorescence signals were mainly located on the
periphery of the cell spheroid after incubation with Cou6-
labeled NPs. In contrast, when the cell spheroids were pretreated
with apt-SiNPs, apt-DNPs, Si/DNPs or apt-Si/DNPs, the NPs were
distributed deeper in the cell spheroids compared with the
control group. In particular, apt-Si/DNPs had the highest accu-
mulation level in the cell spheroids among all treatment groups.

To further investigate tumor penetrability in vivo, HCT 116
tumor-bearing nude mice were established and intravenously
injected with PBS, apt-SiNPs, apt-DNPs, Si/DNPs or apt-Si/
DNPs. Collagen, one of the most important ECM components
secreted by CAFs, was detected using the Masson Trichrome
assay. As shown in Fig. 5F and Fig. S15, 16 (ESIt), both collagen
and CAFs in tumors decreased significantly after three con-
secutive treatments with apt-SiNPs, apt-DNPs, Si/DNPs or apt-
Si/DNPs. Furthermore, the apt-Si/DNPs showed the best effect
in eliminating CAFs and reducing collagen. Abundant collagen
and CAFs are critical for abnormally elevated interstitial fluid
pressure and solid stress, which play vital roles in the poor
penetration of drugs.** Thus, the biodistribution of DiR-NPs
was detected in HCT 116 tumor models pretreated with various
formulations (Fig. 5B). As expected, DiR-NPs achieved the
highest tumoral accumulation in the apt-Si/DNPs-pretreated
tumor models, which was nearly 7-fold higher than in the PBS-
pretreated group (Fig. 5C, D and Fig. S13, ESIT). Additionally, in
the apt-Si/DNPs-pretreated group, most of the DiD-NPs diffused
away from the blood vessels and were distributed in the tumor
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region (Fig. 5E and Fig. S14, ESIT). These results indicated that
apt-Si/DNPs could improve the accumulation and penetration
of nanodrugs within solid tumors for alleviating therapeutic
resistance. Furthermore, the ECM, as a guarding barrier and
dense scaffold through surrounding tumor cells, can inhibit
T cell infiltration and reduce the antitumor immune response.
Our apt-Si/DNPs efficiently eliminated CAFs and reduced col-
lagen, which might improve the immunotherapy efficacy.

3.5. In vivo antitumor growth and metastasis

Having demonstrated the combined effects of apt-Si/DNPs, their
inhibitory effect on tumor growth and metastasis was evaluated
in vivo. The mice in the seven groups were intravenously injected
with different PBS, apt-NPs, DOX, apt-SiNPs, apt-DNPs, Si/DNPs
and apt-Si/DNPs formulations every 2 days at a fixed DOX dose
(2 mg kg™') and siRNA dose (1 mg kg™ ') for a total of six
administrations and the experiment was terminated on day 23.
As shown in Fig. 6A-C, HCT 116 tumors treated with PBS or apt-
NPs grew rapidly, indicating that apt-NPs had no effect on tumor
growth. Compared to the control groups, tumor growth inhibi-
tion was observed in the DOX-, apt-SiNPs-, apt-DNPs-, Si/DNPs-
and apt-Si/DNP-treated groups. In particular, apt-DNP treatment
resulted in a lower tumor volume and lower weight than free
DOX, which might be attributed to the targeting effect of the
aptamer. As expected, apt-Si/DNPs displayed the highest level of
tumor growth delay among all the groups. To further exploit the
mechanism of the antitumor effect, HE and TUNEL staining of
the excised tumors was carried out to evaluate the damage and
apoptotic rates, respectively. As shown in Fig. 6D, the degree of
tumor damage and apoptosis were in line with that of tumor
inhibition. The apt-Si/DNPs induced the largest tumor damage
and the highest apoptotic rate compared with the other groups.
Notably, both free DOX and apt-DNP failed to decrease the
secretion of HGF protein due to chemotherapy-induced upregula-
tion of HGF mRNA, whereas the secreted HGF proteins from CAFs
declined in the tumors of mice treated with apt-Si/DNPs, further
confirming the superiority of synergistic gene/chemotherapy for
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Fig. 6 In vivo tumor inhibition evaluation. Photographs (A) and weight (C)
of the excised tumors on day 23. (B) Tumor growth profiles after accepting
intravenous injections with different formulations. (D) Representative
images of H&E staining (scale bar, 100 pm), TUNEL assays (scale bar,
50 pm), and IHC analysis of the expression of Ki-67 and HGF (scale bar,
40 pm) in tumor sites. *P < 0.05, **P < 0.01, ***P < 0.005.
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(A) Photographs of the lung metastatic tumors (red arrow). (B) The number
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(D) Representative images of HGE staining (scale bar, up, 2000 um; down,
100 pm), and IHC analysis of the expression of Snail (scale bar, 40 um) in
tumor sites. *P < 0.05, **P < 0.01, ***P < 0.005.

regulating TME. Additionally, the expression of Ki-67, a protein
that serves as a cellular marker for proliferation, was remarkably
inhibited in the tumors by apt-Si/DNPs than those by other groups
(Fig. 6D). These results indicated that apt-Si/DNPs could efficiently
delay cancer cell proliferation. Subsequently, antimetastatic effi-
cacy was investigated using a pulmonary metastasis model (Fig. 7
and Fig. S17, ESIt). Similar to the results in the xenograft model,
the number of pulmonary metastatic nodules was lowest in the
apt-Si/DNP group. To explore the metastasis inhibition mecha-
nism, Snail as a key metastatic marker was detected in tumors
after various treatments.** As expected, apt-Si/DNP significantly
downregulated the expression of Snail compared with other
groups. Overall, these results confirmed that apt-Si/DNPs were
effective in inhibiting tumor growth and metastasis.

Encouraged by the prominently therapeutic outcomes, we
investigated the biodistribution of NPs and apt-NPs in tumors
and major organs. As shown in Fig. S18 (ESIt), both apt-NPs
and NPs accumulated predominantly in tumor tissues and the
reticuloendothelial system of the liver and spleen. Additionally,
more apt-NPs were distributed in the tumor tissues than NPs
owing to aptamer-mediated tumor targeting in vivo. Impor-
tantly, the body weight (Fig. S19, ESIf), serum biochemistry
index (Fig. S20 and S21, ESI{) and organ histopathology
(Fig. S22 and S23, ESIt) in the apt-Si/DNP groups were not
significantly different from those in the control group. These
results indicated the low systemic toxicity of apt-Si/DNPs.

4. Conclusions

In conclusion, a CAF-targeted nanodrug delivery system, named
apt-Si/DNPs, was successfully developed for the co-delivery of
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siRNA and DOX. Owing to the modification of the NC3S
aptamer, apt-Si/DNPs showed highly specific binding with the
N-cadherin protein on the surface of the CAFs, which signifi-
cantly enhanced the internalization of siRNA and DOX into
CAFs. Through targeting of the CAFs and the synergy of che-
motherapy with HGF gene silencing, apt-Si/DNPs interfered with
the crosstalk between CAFs with colorectal cancer cells signifi-
cantly and inhibited CAF-induced cancer cell proliferation,
migration, and invasion. Importantly, due to the elimination of
CAFs, the production of collagen was decreased, and destruction
of the physical barrier (CAFs and collagen) was achieved, which
improved tumor permeability and alleviated therapeutic resis-
tance. Based on these combination effects, apt-Si/DNPs not only
effectively inhibited tumor growth but also suppressed tumor
metastasis with no noticeable systemic toxicity. Collectively, our
findings provide new perspectives for the development of cancer
therapy strategies.
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