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Endogenous microRNAs (miRNA) in tumors are currently un-
der exhaustive investigation as potential therapeutic agents for
cancer treatment. Nevertheless, RNase degradation, inefficient
and untargeted delivery, limited biological effect, and currently
unclear side effects remain unsettled issues that frustrate clinical
application. To address this, a versatile targeted delivery system
for multiple therapeutic and diagnostic agents should be adapt-
ed for miRNA. In this study, we developed membrane-coated
PLGA-b-PEG DC-chol nanoparticles (m-PPDCNPs) co-encap-
sulating doxorubicin (Dox) andmiRNA-190-Cy7. Such a system
showed low biotoxicity, high loading efficiency, and superior tar-
geting ability. Systematic delivery of m-PPDCNPs in mouse
models showed exceptionally specific tumor accumulation. Sus-
tained release of miR-190 inhibited tumor angiogenesis, tumor
growth, andmigration by regulating a large group of angiogenic
effectors. Moreover, m-PPDCNPs also enhanced the sensitivity
of Dox by suppressing TGF-b signal in colorectal cancer cell
lines and mouse models. Together, our results demonstrate a
stimulating and promisingm-PPDCNPs nanoplatform for colo-
rectal cancer theranostics.

INTRODUCTION
Cancer development is triggered and actuated by intricate molecular
interactions, whereby several families of non-coding RNAs play a sub-
tle role. Among them, microRNAs (miRNA) are involved in various
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biological functions, modulating multiple aspects of neoplastic trans-
formation and progression.1–3 The pharmacotherapy based onmiRNA
was thus proposed and promoted to explore a new possibility in cancer
management.4–6 Therapeutics involving miRNA brings new opportu-
nities to various types of tumors, but challenges still exist.

Colorectal cancer (CRC) is one of themajor diseases threatening human
health.7 As concluded from clinical experience, a one-size-fits-all strat-
egy fails to cope with the complexity of cancer. Surgical resection and
chemotherapy are often the preferred strategies for CRC. Unfortu-
nately, surgical resection comes with manifold contradictions, and the
effect is significantly compromised by subsequent recurrence and
metastasis.8 In the meantime, cytotoxic compounds including doxoru-
bicin (Dox), 5-fluorouracil, and capecitabine have been routinely used
in the chemotherapy ofCRC.9,10 Inpractice, side effects due tooff-target
cytotoxicity induce patient intolerance, and the malignancy gradually
thors.
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develops resistance. Given these issues, it is urgent to find comprehen-
sive strategies to directly intervene in tumor biological behaviors.

Angiogenesis is a classic target for implementation of such strate-
gies.11,12 The formation of new blood vessels is a multi-step process
which includes endothelial cell proliferation, migration, blood vessel
formation, and cell survival. The umbilical role of the vascular endo-
thelial growth factor (VEGF) signaling pathway in various cancer
angiogenesis mechanisms has also become apparent.13,14 Dozens of
VEGF inhibitors have been approved or are being clinically evaluated
for the treatment of various aggressive tumors. However, these VEGF
inhibitors only achieve short-term improvement in many cases and
are associated with drug resistance.15–18 RNA technologies, especially
miRNA, offer a uniquely therapeutic and diagnostic solution to these
biological challenges. A member of miRNA named miR-190 has been
revealed to greatly inhibit the expression of VEGF while interacting
with multiple angiogenesis targets including TCF4, K-ras2, and
Jak2. This miRNA also binds two diffusible growth factors, hepato-
cyte growth factor and insulin-like growth factor 1, thereby influ-
encing the local microenvironment and subsequently regulating the
expression of VEGF in adjacent endothelial cells. Moreover, miR-
190 has been shown to restrain Smad2/4, which act as key transcrip-
tion factors in the transforming growth factor b (TGF-b) signaling
pathway in CRC.19 The TGF-b signal promotes cell stemness and
suppresses the sensitivity to anticancer drugs, and the effect is sus-
pended with the inhibition of Smad2/4.20,21 It is thus inferred that
miR-190 may increase chemotherapy sensitivity and reduce drug
resistance by inhibiting the TGF-b/Smad signaling pathway. All these
properties suggest that miR-190 is promising against CRC.

However, challenges still exist in the in vivo delivery of miRNA,
including rapid RNA degradation, easy recognition and clearance by
the immune system, and off-target effects.22 Emerging nanobiotech-
nology, cancer cell membrane (CCM)-coated nanoparticles, has been
applied in various therapeutic and diagnostic practices, including but
not limited to drug delivery.23–28 Such a bionic nanotechnology uses
CCMs with unique biological components, and has been effectively
combined with different types of nanoparticles to improve targeted de-
livery.29–31 The efficient enrichment of nanoparticles at the tumor site
can be attributed to homologous targeting and immune escape. How-
ever, the co-delivery of multiple payloads including miRNA and
chemotherapy drugs using CCMs remains largely unexplored.

Here, we report a nanoparticle platform—membrane-coated PLGA-
b-PEG DC-chol nanoparticles (m-PPDCNPs)—that enables efficient
co-delivery of miR-190-Cy7 and Dox with higher homologous target-
ing ability for drug/miRNA and better fluorescence imaging capa-
bility. Furthermore, we also demonstrate an integrated therapy and
monitoring of CRC animal models based on our m-PPDCNPs plat-
form. As shown in Figure 1, 3b-[N-(N,N-dimethylaminoethane)car-
bamoyl]cholesterol hydrochloride (DC-chol) was first incorporated
into poly(lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(lactide-
co-glycolide) (PLGA-b-PEG) to prepare PPDCNPs, which dramati-
cally increased the miRNA loading efficiency while co-delivering
Dox. Next, the cell membrane of colon cancer cell HCT116 was
extracted, PEGylated with 1,2-distearoyl-sn-glycero-3-phospho-N-
poly(ethylene glycol)ethanolamine (DSPE-PEG), and covered on
the surface of the nanoparticles by extrusion, to form m-PPDCNPs.
Combined with the homologous targeting and immune-escape char-
acteristics of the CCM, the efficient enrichment of nanoparticles at the
tumor site was realized. The sustained-release characteristics made
the combined treatment of miR-190 and Dox feasible. From the start
of treatment until 22 days after caudal intravenous therapy of
m-PPDCNPs, tumor volume decreased by 75% and VEGF expression
decreased by 80%. In vivo fluorescence imaging was performed to
track the distribution of the targeted delivery system using the
near-infrared dye Cyanine 7 (Cy7) conjugated to miR-190. Thus,
this theranostic strategy offers a versatile platform for the interven-
tion of CRC via miRNA and cytotoxic therapeutic agents.

RESULTS
Preparation and characterization of m-PPDCNPs

CCM-encapsulated nanoparticles (m-PPDCNPs) were manufactured
via the extrusion method, using the extracted CCM and the miRNA/
Dox-loaded polymeric nanoparticle PPDCNP. PPDCNP was ob-
tained through a water-in-oil-in-water double emulsion method,
involving the copolymer PLGA-b-PEG, amphiphilic molecule DC-
chol, and the payloadmiR-190-Cy7 andDox. The CCMwas extracted
from the HCT116 cell line, and DSPE-PEG was added to improve
biocompatibility (Figure 1).

It has been reported that PLGA nanoparticles loaded with small inter-
fering RNA and chemotherapeutic drugs were prepared by the
method of complex emulsion-solvent evaporation.32–34 The main
issue is the inefficiency of miRNA encapsulation, which limits the
application of PLGA-b-PEG as an miRNA delivery carrier.35 To
achieve high co-loading efficiency of miRNA and Dox, we optimized
the concentrations of DC-chol and PLGA-b-PEG, the concentrations
of miRNA and Dox, the amount of surfactant, and the solvent for the
organic phase. Finally, we yielded a nanoparticle with optimal loading
efficiency. To improve the loading efficiency of miRNAwhile ensuring
that of Dox, we selected a better method by changing the preparation
conditions. The hydrodynamic sizes and z-potential were measured
for the product of each scheme (Table S1). The cationic molecule
DC-chol determined the loading efficiency of miRNA and Dox by
altering the z-potential and hydrophilicity, which in turn affected
the size and the size distribution (Figures 2A, 2B, and S1).

The CCM-incorporated DSPE-PEG was used as “stealth” to enhance
the uptake by homologous targeting ability, to extend long circulation
time by the overexpressed immune-escape molecules such as
CD47,36–41 to reduce the non-specific binding between nanoparticles
and serum proteins through PEG, and to avoid self-aggregation of
related receptors on the cell membrane.42 This would give the nano-
particles an invisible feature to avoid phagocytosis by phagocytes
and removal of the reticuloendothelial system.43,44 The obtained
PPDCNP was subjected to CCM encapsulation via extrusion to
obtain m-PPDCNPs. During this process, the size of the nanoparticle
Molecular Therapy: Oncolytics Vol. 28 March 2023 183
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Figure 1. Illustration of the cancer cell membrane-biomimetic nanoparticles m-PPDCNPs encapsulating Dox and miR-190-Cy7 for targeting recognition of

source cancer cell, microRNA delivery, fluorescence imaging, and combination therapy

(A) Preparation procedure of m-PPDCNPs. Extracted cancer HCT116 cell membrane, hybridizedwith PEGylated phospholipids (DSPE-PEG), was coated onto Dox andmiR-

190-Cy7 polymeric cores by extrusion. (B) Homologous-targeting m-PPDCNPs for in vivo microRNA delivery, fluorescence imaging, and combination therapy. After

intravenous injection of m-PPDCNPs, through homologous targeting, m-PPDCNPs achieved perfect tumor aggregation, and realized tumor detection through Cy7. Release

miR-190 through sustained-release to inhibit the expression of VEGF and inhibit tumor angiogenesis, combined with the Dox to inhibit tumor proliferation, and achieve

integrated diagnosis and treatment.
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was increased while the size distribution remained narrow, as demon-
strated by the dynamic light-scattering measurements and transmis-
sion electron microscopy (TEM) (Figures 2C, 2D, and S2).

The miR-190-Cy7 and Dox release efficiency of PPDCNPs showed an
initial burst release toward a sustained release within 6 days. Under
37�C and pH 6.0, PPDCNPs released miR-190-Cy7 with an amount
of 63% at 48 h, then steadily increased to 81% on day 6 (Figure 2E).
The release profile of Dox showed a similar trend under the same con-
ditions, reaching a release amount of 63% (Figure 2F). This is consis-
tent with relevant research reports.45–47 The sustained release of the
PPDCNPs delivery system could thus greatly reduce the side effects
of anticancer drugs and alleviate the resistance of cancer cells to a
large number of anticancer drugs.48–50
184 Molecular Therapy: Oncolytics Vol. 28 March 2023
We screened a variety of feasible schemes to obtain the polymeric
nanoparticles, and finally obtained a protocol that maximized the
simultaneous loading of Dox and miR-190-Cy7. The key strategy
is the incorporation of 2% DC-chol into the PLGA-b-PEG. With
PPDCNPs, the encapsulation efficiency of Dox reached 46% while
that of miR-190-Cy7 achieved 88%. This facile strategy effectively
solves the inefficiency in miRNA loading of the PLGA-b-PEG sys-
tem and provides an excellent nanodelivery platform for combina-
tion therapy. As a clinically approved agent, the PLGA polymer is
generally considered safe, a major advantage over other biological
materials with evident toxicity.51–53 To the best of our knowledge,
this system achieved the highest miRNA loading efficiency among
all PLGA-based delivery systems to date. This facile manufacturing
process ensures low polydispersity, stability, and non-toxicity of



Figure 2. Characterization of m-PPDCNPs co-encapsulating Dox and miR-190-Cy7

(A) PPDCNPs and m-PPDCNPs sizes detected by dynamic light scattering (DLS). (B) TEM images of PPDCNPs and m-PPDCNPs. (C) Zeta potential (z) and encapsulation

efficiency (EE%) of PPDCNPs with increasing concentration of DC-chol. (D) Size and polydispersity (PDI) of PPDCNPs with increasing concentration of DC-chol. (E and F) In

vitro release of Dox and miR-190-Cy7 from PPDCNPs at pH of 6.0 and 7.4.

www.moleculartherapy.org
the nanoparticles obtained, implying an optimistic translational
value.

Homologous targeting ability of m-PPDCNPs to colon cancer

cell

Effective cell uptake is a prerequisite for gene silencing and combina-
tion medication.54 The main obstacle to RNA delivery is the electro-
negativity of the glycoproteins and phospholipid bilayers on the sur-
face of the cell membrane.55,56 To prove that m-PPDCNPs were
successfully functionalized by cancer cell adhesion molecules and
escape molecules, we systematically studied the content of various
proteins on the surface of m-PPDCNPs. Protein gel electrophoresis
showed that m-PPDCNPs, CCMs, and HCT116 whole-cell protein
had similar protein profiles (Figure S4C). Further western blot anal-
ysis was carried out to confirm the presence of specific homologous
binding adhesion molecules on m-PPDCNPs. The results showed
Molecular Therapy: Oncolytics Vol. 28 March 2023 185
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Figure 3. Homologous targeting ability of m-PPDCNPs to colon cancer cell

(A) Flow cytometric profiles of HCT116 incubated with PPDCNPs and m-PPDCNPs. (B) Flow cytometric profiles of the seven cell lines SW480, LS174T, Hela, HepG2, U87,

NCM460, and HUVEC upon 2 h incubation with m-PPDCNPs. (C) The Cellular uptake ratio of HCT116 cells incubated with PPDCNPs and m-PPDCNPs. (D) The Cellular

uptake ratio of eight cancer cells incubated with m-PPDCNPs. (E) Western blot analysis of the expression of membrane adhesion proteins (N-cadherin, galectin3 and

EpCAM) and escape molecules (CD47). I: HCT116 Cancer cell total protein, II: cancer cell membrane protein, III: m-PPDCNPs. (F) Confocal microscopy images of HCT116

cells incubated with PPDCNPs and m-PPDCNPs. Nuclei were stained by DAPI (blue signal), miR-190- Cy7 was used (red signal). Scale bars, 25 mm.
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that m-PPDCNPs also possessed these cell adhesion molecules
(EpCAM, N-cadherin, and galectin-3). The particles specifically tar-
geted cancer cells, confirming the specific recognition and binding
ability between m-PPDCNPs and cancer cells. At the same time,
we tested the immune-escape molecule CD47. With the same con-
centration of protein, the CCM endowed PPDCNPs with long blood
circulation time and immune-escape characteristics (Figures 3E
and S4D).

To verify that m-PPDCNPs had an outstanding ability to target the
same type of cancer cells, we incubated PPDCNPs and m-PPDCNPs
with colon cancer cellHCT116 for 2 h and usedflow cytometry to detect
the uptake capability. It was found that the uptake of PPDCNPs by
HCT116 cells was 45%, and the uptake of m-PPDCNPs reached 95%
(Figures 3A, 3C, and S4A). Next, we incubatedm-PPDCNPswith seven
other cell lines for 2 h and tested the cell uptake of HCT116 CRCmem-
brane-encapsulating PPDCNPs (Figures 3B, 3D, and S4B). The results
showed that the uptake of m-PPDCNPs by HCT116 was far stronger
than that of other cancer cells, and the uptake by other cancer cells
also exceeded that of normal tissue cells.

Meanwhile, we used the near-infrared confocal fluorescence micro-
scope to observe the uptake of m-PPDCNPs by the HCT116 cell
line. After 2 h of incubation, compared with PPDCNPs, m-PPDCNPs
186 Molecular Therapy: Oncolytics Vol. 28 March 2023
exhibited higher Cy7 fluorescence intensity in the cytoplasm of
HCT116. This further proved that the nanoparticles wrapped in
CCM could be absorbed by a homologous type of cancer cells far
stronger than those not wrapped by the same membranes.57–59 The
results indicated that the m-PPDCNPs coated with CCMwere subject
to homologous targeting. The homologous targeting effect was
outstanding, confirming the specific binding ability of m-PPDCNPs
with HCT116 cells.

Verification of the effect of m-PPDCNPs in vitro gene silencing

and combination medication

We next needed to determine whether m-PPDCNPs affect gene
silencing efficiency. First, qRT-PCR determined that miR-190-Cy7
encapsulated in nanoparticles had a satisfactory result in inhibiting
VEGF mRNA expression. We coated miR-negative control (miR-
NC) and miR-190-Cy7 in nanoparticles to prepare PPDCNPs (only
miR-NC) and PPDCNPs (only miR-190-Cy7). After incubating the
PPDCNPs with the HCT116 cell line for 24 h, the VEGF mRNA
expression of HCT116 cells was only 53% of the control group.

In cells treated with Lipofectamine 3000 (Lipo3000) delivering miR-
190-Cy7, the expression of VEGF mRNA was 64% of the control
group. After 48 h of incubation, the expression of VEGF mRNA in
the PPDCNPs-treated group was only 21% of that in the control group,
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while the Lipo3000 transfected group had a 47% VEGFmRNA expres-
sion. The results showed that PPDCNPs inhibited VEGFmRNAmore
effectively than Lipo3000. The inhibitory effect was sustained at 48 h,
which reflected the sustained release of PPDCNPs and the ability to
inhibit the expression of VEGF. The ability of m-PPDCNPs to inhibit
VEGFmRNA was stronger than that of PPDCNPs. After 24 h of incu-
bation of m-PPDCNPs, the expression of VEGF mRNA was only 39%
of the control group. After 48 h, the ratio dropped to 11%. This also
showed that with the same concentration of nanoparticles, homolo-
gous targeting has a greater advantage (Figures 4A and 4B).

Next, the Firefly luciferase reporter assay was used to validate whether
m-PPDCNPs could inhibit the expression of VEGF. We first tested
the PPDCNPs, which is only the miRNA (miR-190-Cy7) part
of m-PPDCNPs. Co-transfecting VEGF 30 UTR plasmid and
PPDCNPs into HCT116 cells significantly decreased luciferase activ-
ity compared with the control (Figure 4C). The luciferase activity was
reduced to 45% 24 h after co-transfection and continuously dropped
to 16% in 48 h, suggesting that the expression of VEGF was nega-
tively regulated by PPDCNPs at the messenger RNA level. Moreover,
the inhibition ability was even more significant on m-PPDCNPs. The
luciferase activity dropped to 30% in 24 h and 9% in 48 h, respec-
tively, after co-transfection of VEGF 30 UTR plasmid and m-
PPDCNPs (Figure 4D). More importantly, none of the nanoparticles
(free miR-190 and Dox) used in the experiment showed significant
toxicity (Figure S3).

In tumor tissues, cancer cells promote angiogenesis by secreting large
amounts of VEGF.60–63 An ELISA experiment was used to detect the
secretion of VEGF in HCT116 cells after incubation with m-
PPDCNPs and PPDCNPs for 24 h and 48 h. The results showed
that after 24 h of co-incubation, the amount of VEGF secreted by
HCT116 cells in the PPDCNPs group decreased by 49%, and after
48 h the amount of VEGF secreted by the cells decreased to 13%.
The amount of VEGF secreted by cancer cells in the m-PPDCNPs
group was 35% and 2%, respectively. These results all showed that be-
sides VEGF mRNA, PPDCNPs could also reduce VEGF protein both
produced in the cell and secreted outside the cell.

The inhibitory function of suppressing expression was enhanced
by the increased cellular uptake of the homologous targeting
m-PPDCNPs (Figures 4E and 4F). Western blot was used to detect
the expression of VEGF in HCT116 after incubating for 24 h and
48 h with m-PPDCNPs. The results showed that after 24 h of incu-
bation, the amount of VEGF protein produced by HCT116 in the
PPDCNPs group decreased by 82% and after 48 h, the amount of
VEGF protein produced by the cells decreased to 33%. In the
m-PPDCNPs group, the amount of VEGF protein expressed by can-
cer cells was 72% and 20%, respectively (Figures 4G and 4H). The
results of the western blot analysis were similar to the results of
VEGF mRNA detection, and both showed that m-PPDCNPs had
the characteristics of inhibiting gene expression. This inhibitory
effect could be continuously reduced for a long time through a sus-
tained-release system.
The combination of multiple therapeutic agents can immediately
target different cellular pathways, preventing the transformation of
cancer cells into drug-resistant cells and inhibiting the survival of
drug-resistant cell populations. Nanoparticles have been widely
evaluated as a combination drug-delivery carrier for multiple drugs.
CCK8 analysis was used to further investigate the proliferation effect
of m-PPDCNPs on HCT116 cells. The results showed that m-
PPDCNPs exhibited high proliferation inhibition ability compared
with PPDCNPs, Lipo-(miR-NC), Lipo-miR-190-Cy7, PPDCNPs
(Dox and miR-NC), and PPDCNPs. The effect was more obvious
at later time points. The cell amount at 48 h was only 3% in the con-
trol group, indicating that miR-190 increased the cytotoxicity of
Dox and had a continuous killing effect resulting from the sus-
tained-release ability (Figure 4J). Thus, we verified that miR-190
could promote the sensitivity of HCT116 cells to Dox through
CCK8 analysis (Figure 4I). The apoptosis under combination
miR-190 and Dox was also quantitatively determined by fluores-
cence-activated cell sorting of staining cells with annexin
V-fluorescein isothiocyanate and propidium iodide. Concordant
with the CCK8 experiment, the apoptosis rate of cancer cells
increased gradually with the increase of chemotherapy drug concen-
tration. After addition of miR-190, the effect of this combination
drug was enhanced, that is, miR-190 promoted the apoptotic effect
of chemotherapy drugs on HCT116 colon cancer cells (Figure S5).

In vivo biodistribution of homologous targeting m-PPDCNPs

To evaluate the ability of CCM-encapsulated m-PPDCNPs to target
tumors in vivo, we used an In vivo imaging system (IVIS) to study
the biodistribution of m-PPDCNPs in nude mice carrying HCT116
xenograft tumors after tail vein injection (Figure 5A).

Figure 5A shows that free miR-190-Cy7 was quickly cleared from
the body, and no obvious fluorescence signal was detected after
12 h. Compared with free miR-190-Cy7, PPDCNPs enhanced in vivo
retention, and nanoparticles were observed to accumulate
m-PPDCNPs in the tumor. With m-PPDCNPs, the tumor exhibited
significant retention while the background signal from other organs
faded at 24 h, outlining the superb tumor-targeting ability of the
nanoparticles. To analyze the biodistribution of nanoparticles in
major organs, we collected tumors and major organs of mice 24 h
after injection from mice administered miR-190-Cy7, PPDCNPs,
and m-PPDCNPs (Figures 5B and 5C). The amount of m-
PPDCNPs in the spleen and kidneys was much lower than that in
PPDCNPs, with decreases of 81% and 29%, respectively. The signal
intensity in the liver and lung was also lower than that in the
PPDCNPs group, with a decrease of 14% and 12%, respectively.
Compared with PPDCNPs and free miR-190-Cy7, the tumor accu-
mulation of m-PPDCNPs increased by 2.7-fold and 15.4-fold,
respectively. Compared with the m-PPDCNPs group, the
PPDCNPs lacking CCM coating had a much smaller number of
nanoparticles accumulated in the tumor. This fully reflected the ho-
mologous targeting ability of CCM. These advantages can be of
great significance in enhancing the delivery efficiency of miR-190-
Cy7 and Dox.
Molecular Therapy: Oncolytics Vol. 28 March 2023 187
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Figure 4. Verification of the effect of m-PPDCNPs in vitro gene silencing and combination medication

(A and B) Relative VEGF mRNA levels in HCT116 cells incubated with PPDCNPs (only miR-NC), Lipo-miR-190-Cy7，PPDCNPs (only miR-190-Cy7) or m-PPDCNPs (only

miR-190-Cy7) for 24 h or 48 h as indicated by real-time PCR. b-Actin was used as the loading control in real-time PCR assay. N = 3. * P < 0.05, ** P < 0.01, *** P <

0.001 (t-test). (C and D) Luciferase activity in the Luci-HCT116 cells upon transfection with PPDCNPs (only miR-NC), Lipo-miR-190-Cy7, PPDCNPs (only miR-190-Cy7) or

m-PPDCNPs (only miR-190-Cy7) for 24 h or 48h. N = 3. ** P < 0.01, *** P < 0.005 (t-test). Control: Cells incubated with free medium. (E and F) ELISA assay of secreted VEGF

in HCT116 cells incubated with PPDCNPs (only miR-NC), Lipo-miR-190-Cy7, PPDCNPs (only miR-190-Cy7) or m-PPDCNPs (only miR-190-Cy7) for 24 h or 48 h, as

indicated. N = 3. * P < 0.05, ** P < 0.01, *** P < 0.001 (t-test). (G andH) Western blot analysis and quantification of VEGF expression in HCT116 cells treated with PPDCNPs

(only miR-NC), Lipo-miR-190-Cy7, PPDCNPs (only miR-190-Cy7) or m-PPDCNPs (only miR-190-Cy7) for 24 h or 48 h. (I) Proliferation profile of HCT116 cells treated with

Lipo-miR-190-Cy7 and Dox with gradient concentration. N = 5. (J) Proliferation profile of HCT116 cells incubated with Dox, Lipo-miR-NC, Lipo-miR-190-Cy7, PPDCNPs

(only miR-NC), Lipo-miR-190-Cy7, PPDCNPs (Dox and miR-NC), PPDCNPs or m-PPDCNPs for 0 h, 4 h, 12 h, 24 h or 48 h, as indicated. N=5.
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Figure 5. In vivo biodistribution of homologous targeting m-PPDCNPs

(A) Overlaid Cy7 fluorescent image of the HCT116 xenograft tumor-bearing nude mice 0 h, 4 h, 8 h, 12 h and 24 h post-injection of naked miR-190-Cy7, PPDCNPs, and m-

PPDCNPs. (B) Overlaid Cy7 fluorescent image of the tumors andmain organs of the HCT116 xenograft tumor-bearing nudemice sacrificed 24 h post-injection of nakedmiR-

190-Cy7, PPDCNPs, and m-PPDCNPs. Li: liver, S: Spleen, K: Kidney, H: Heart, Lu: lung, T: tumor. (C) Biodistribution of the naked miR-190-Cy7, PPDCNPs, and m-

PPDCNPs quantified from (B).

www.moleculartherapy.org
In vivo gene silencing and antitumor research of combination

medication and antitumor angiogenesis

To evaluate the antitumor ability of m-PPDCNPs camouflaged by
CCM, we prepared a nude mouse model of HCT116 colon cancer
xenograft tumor. After the tumor volume reached 100 mm3, the
nude mice were randomly divided into five groups, and the tumor-
carrying nude mice in each group were injected with PBS,
miR-190-Cy7 (20 nmol/kg body weight), Dox (2 mg/kg body
Molecular Therapy: Oncolytics Vol. 28 March 2023 189
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weight), and CCM-coated m-PPDCNPs (free miR-190-Cy7) and
m-PPDCNPs (25 mg/kg), respectively. The treatment lasted continu-
ously for 22 days, and the injection was performed once every 2 days.
As shown in Figure 6A, tumor growth in the m-PPDCNPs group was
significantly inhibited. The m-PPDCNPs (free miR-190) in the Dox
group also inhibited the rapid proliferation of tumors, but the thera-
peutic effect was significantly weaker than that of the m-PPDCNPs.
This showed that Dox combined with miR-190 could achieve a supe-
rior therapeutic effect through the targeted delivery system. After the
treatment, the tumors were dissected from the tumor-carrying nude
mice. The tumor size of the m-PPDCNPs group were visually
compared with those of the other control groups and demonstrated
a clear and good therapeutic effect (Figure 6D). After treatment
with m-PPDCNPs, there was no significant change in the weight of
the mice. However, in the Dox group the weight of the mice decreased
rapidly (Figure 6B). The toxicity and side effects of Dox treatment
might be related to this phenomenon. Extensive studies have found
that Dox has strong cardiotoxicity and multi-organ-damaging char-
acteristics,64 and drug resistance is very common in Dox treatment,
which is closely related to the TGF-b/Smad signaling pathway.65,66

Hematoxylin and eosin (H&E) staining was used to evaluate in vivo
safety and systemic toxicity of each group in the treatment regime
(Figure S7). The hearts of mice treated with Dox showed severe dam-
age and lymphocyte infiltration. Major organs (including heart, liver,
spleen, lung, and kidney) of mice treated with Dox showed severe
damage and lymphocyte infiltration. However, the toxicity of the in-
ternal organs was substantially weakened when using nanoparticle
therapy. The treatment group with the targeted nanoplatform
m-PPDCNPs did not show any significant organ pathology.
Together, these results indicated the safety of m-PPDCNPs as a
nano-co-delivery platform.

In addition, we aimed to evaluate the drug effect of tumor blood ves-
sels after treatment in real time. Indocyanine green (ICG) NIR-II
fluorescence imaging was used to evaluate the tiny blood vessels in
the tumor area of tumor-carrying mice. The second near-infrared
window (NIR-II) fluorescence imaging system was used to image
the tumor blood vessels of tumor-carrying nude mice after injection
of ICG through the tail vein. After 22 days of treatment, compared
with other treatments the tumor blood vessels of tumor-carrying
nude mice treated with m-PPDCNPs showed little sign of overgrowth
and appeared to be normal, indicating that m-PPDCNPs can inhibit
tumor angiogenesis effectively (Figure 6E). We used the antibody of
the blood vessel marker CD31 to perform an immunohistochemistry
Figure 6. Antitumor effect and in vivo gene silencing of the m-PPDCNPs

(A) Tumor volume of the HCT116 xenograft tumor-bearing nudemice (N = 5) after treatme

0.05; *** P < 0.005. (B) Weight changes of the HCT116 xenograft tumor-bearing nude

m-PPDCNPs. (C, G) CD31 immunohistochemistry staining sections of primary tumors of

m-PPDCNPs (free miR-190-Cy7) and m-PPDCNPs. *** P < 0.005. Scale bar, 50 mm.

d after treatments. (E) The ICG NIR-II fluorescence imaging evaluate the blood vessels in

in the HCT116 tumor tissue after systemic treatment by PBS, miR-190, Dox, m-PPDCN

or Ki67 expression in tumor tissue sections of HCT116 xenograft tumor-bearing nude

m-PPDCNPs. Scale bar: 50 mm.
(IHC) analysis of the tumor blood vessel. After verifying the results of
fluorescence imaging, the vessel area of tumor by CD31 IHC staining
treated with m-PPDCNPs was markedly reduced by about 86%
(Figures 6C, 6G, and S8).

We next investigated the expression of VEGF in tumor tissues after
treatment with m-PPDCNPs by western blotting. First, we evaluated
the expression of VEGF inhibition effect of m-PPDCNPs. During the
first 4 days of treatment, the expression of VEGF was significantly
decreased by 29%. We then evaluated the inhibited expression of
VEGF at the end of m-PPDCNPs treatment, whereby the expression
of VEGF was dramatically reduced by 80% compared with the control
group (Figures 6F and S6). Particularly worth mentioning is that miR-
190 used in the experiment wasmodified in a variety of ways (including
glycation, and cholesterol modification), and the direct injection of
miR-190 through the tail vein also had an inhibitory effect on VEGF
expression. ThismiRNAwas used in the experiment tomake the in vivo
treatment more stable. To diagnose the microvasculature in tumor-
bearing mice, improved ICG fluorescence angiography was conducted
with an NIR-II IVIS to image the tumor vessels of tumor-bearing nude
mice. This in vivo evaluation method revealed the effect of the com-
bined treatment of miR-190 and Dox on superficial and some deeper
tumor blood vessels, which reflected the effect of VEGF depletion.
Combined with the CD31 immunohistochemical assay, it could be
concluded that m-PPDCNPs had a good inhibitory effect on tumor
blood vessels. The combined delivery strategy proposed enriches the
current family of cancer biological therapies and could be further
explored with different combinations of miRNA and drugs.

Finally, we evaluated the apoptosis and proliferation of tumor tissues
after 22 days of treatment by immunofluorescence. Terminal deoxy-
nucleotidyl transferase-mediated nick end labeling (TUNEL)—a rela-
tively sensitive apoptosis detection method—was used to evaluate
the therapeutic effect of m-PPDCNPs. The results showed that there
was a large area of apoptotic signal in the tumors treated with
m-PPDCNPs that was significantly stronger than the apoptotic signal
in the m-PPDCNPs treatment group without miR-190. This also
helps to demonstrate the effectiveness of combination drugs. Ki67
was used to evaluate the proliferation ability of tumors after receiving
m-PPDCNPs, whereby the results showed only weak proliferation
compared with the control group (Figures 6H and S9). In summary,
the combined treatment of colon cancer with sustained-release m-
PPDCNPs co-carrying Dox and miR-190 is a feasible and effective
treatment method.
nt by PBS,miR-190, Dox, m-PPDCNPs (freemiR-190-Cy7) andm-PPDCNPs. * P <

mice after treatment by PBS, miR-190, Dox, m-PPDCNPs (free miR-190-Cy7) and

HCT116 xenograft tumor-bearing nudemice after treatment by PBS, miR-190, Dox,

(D) Representative photos of mice bearing HCT116 tumors and excised tumors 22

the tumor area of tumor-carrying mice. (F) Western blot analysis of VEGF expression

Ps (free miR-190-Cy7) and m-PPDCNPs. (H) Immunofluorescent staining of TUNEL

mice after treatment by PBS, miR-190, Dox, m-PPDCNPs (free miR-190-Cy7) and
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DISCUSSION
The invention of co-encapsulated nanoparticles for cancer therapy is
compelled to consummate several standards, i.e., containing non-
toxic side effects, preventing miRNA from degradation by RNase,
high loading efficiency, non-biotoxicity, outstanding targeting, avoid-
ing wipeout by mononuclear macrophages, preferably with combina-
tion drug therapy, and precision guidance by imaging probes on the
tumor. To address these issues, the m-PPDCNP was designed. This
nanocomposite has several unique features: (1) the combined thera-
peutics featuring both miR-190 and Dox, enabling synergistic thera-
peutics; (2) exceptionally specific accumulation in tumors due to the
combined effect of homologous targeting and immune escape; and (3)
highly efficient loading, precise delivery, and sustained release of the
encapsulated miRNA and drug, maintaining the pharmaceutical ac-
tivity. With these traits, m-PPDCNPs demonstrated superior thera-
nostic ability with the CRC animal model.

It has been proposed that, with its anti-angiogenesis potential, miR-
190 might be a therapeutic candidate in cancer intervention, and,
in combination with Dox, the effect could be amplified. In this study,
the effect of m-PPDCNPs was explored and achieved a good thera-
peutic effect via precise delivery and sustained release of miR-190
and Dox. The tumor angiogenesis was inhibited by miR-190, which
inhibited the production of key factor VEGF, as demonstrated in mo-
lecular, transcriptional, protein-related, and histological scopes.
Meanwhile, miR-190 promoted the sensitivity of colon cancer cell
HCT116 to Dox by inhibiting the TGF-b signaling pathway, which
significantly enhanced the apoptotic effect of the cells and realized
the combination therapy. To diagnose the microvasculature in tu-
mor-bearing mice, improved ICG fluorescence angiography was con-
ducted with an NIR-II IVIS to image the tumor vessels of tumor-
bearing nude mice. This in vivo evaluation method revealed the effect
of the combined treatment of miR-190 and Dox on superficial and
some deeper tumor blood vessels, which reflected the effect of
VEGF depletion. Combined with the CD31 immunohistochemical
assay, it could be concluded that m-PPDCNPs had a good inhibitory
effect on tumor blood vessels. The combined delivery strategy pro-
posed enriches the current family of cancer biological therapies and
could be further explored with different combinations of miRNA
and drugs.

However, to achieve the therapeutic effects of miRNA and drugs
in vivo, hurdles remained for effective drug delivery. The homologous
targeting strategy we adopted took the advantage of the highly specific
interactions of acceptors and receptors expressed on the cell mem-
branes. With the aid of the CCM coating on the nanoparticles, our
successful preparation of m-PPDCNPs, achieved at a cellular level
to the extent of homologous cancer cell adhesion, targets the tumor
in organs with a highly specific enrichment of CCM expression of im-
mune-escape molecules to reduce the m-PPDCNPs via mononuclear
macrophages and clear other immune cells. Thus, a sufficient number
of therapeutic agents were directed to the lesions instead of being
degraded or being off-target, as demonstrated by the biodistribution,
which was highly specific to the tumor site instead of preferential accu-
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mulative organs such as the liver.We also verified the long-term reten-
tion of m-PPDCNPs in tumor sites after the gradual clearing of
m-PPDCNPs in other sites. This advantage can ensure the specific de-
livery of miRNA and reduce the toxic and side effects on other organs.
We believe that the homologous targeting is a preferred strategy to be
involved in the nanoparticle-derived drug-delivery systems for
miRNA and other drugs. In clinical practice, CCM can be obtained
by biopsy puncture, a routine procedure for the diagnosis of malignant
tumors. The tumor tissue removed from biopsy can be cultured and
the cell membrane extracted as a carrier for homologous targeted de-
livery of nanoparticles.

We screened a variety of feasible schemes to obtain the polymeric
nanoparticles, and finally obtained a protocol that maximized the
simultaneous loading of Dox and miR-190-Cy7. The key strategy is
the incorporation of 2% DC-chol into the PLGA-b-PEG. With
PPDCNPs, the encapsulation efficiency of Dox reached 46%, while
that of miR-190-Cy7 achieved 88%. This facile strategy effectively sol-
ves the inefficiency in miRNA loading of the PLGA-b-PEG system
and provides an excellent nanodelivery platform for combination
therapy. As a clinically approved agent, the PLGA polymer is gener-
ally considered safe, which is a major advantage over other biological
materials with evident toxicity.51–53 To the best of our knowledge, this
system achieved the highest miRNA loading efficiency among all
PLGA-based delivery systems to date. This facile manufacturing pro-
cess ensures the low polydispersity, stability, and non-toxicity of the
nanoparticles obtained, which implies an optimistic translational
value.

Tumors are difficult to treat for a variety of reasons, mainly because
tumor cells not only can escape immune attack by various means
but also can develop drug resistance through genetic mutations and
other methods. New research has found that common chemotherapy
drugs can promote the spread of cancer, especially breast can-
cer.65,67,68 Although our experimental results showed that the combi-
nation of miR-190 and Dox increased the sensitivity of HCT116 to
Dox, the mechanism of this component remains unclear. miR-190 re-
strains Smad2/4 as the key transcription factors of the TGF-b
signaling pathway in colon cancer.19,69 Therefore, we have reason
to believe that miR-190 can also help inhibit metastasis when Dox
promotes the metastasis of cancer cells. We will further explore the
mechanism of this aspect in future studies.

In conclusion, we developed miRNA-190-Cy7 and Dox co-encapsu-
lated nanoparticles, m-PPDCNPs, with no biotoxicity, high loading
efficiency, outstanding targeting, and precision guidance on the tu-
mor. In the nanodelivery system of m-PPDCNPs, the efficient co-
loading of Dox and miR-190 was achieved, the encapsulation effi-
ciency of Dox reaching 46% while that of miR-190-Cy7 achieved
88%. With the homologous targeting property of CCM, the efficient
uptake of CRC cells and high enrichment of tumor tissue were real-
ized. We verified that the release of miR-190 by m-PPDCNPs in-
hibited the production of the key factor VEGF and thus inhibited tu-
mor angiogenesis in multiple molecular, cellular, and histological
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dimensions. At the same time, we verified that miR-190 increased the
sensitivity of colon cancer cell HCT116 to Dox at the cell and tissue
levels, significantly enhanced the apoptosis of cells, and realized
the combination therapy. Incorporating biomedical imaging,
m-PPDCNPs have significant advantages in drug-delivery moni-
toring, tumor imaging, and vascular therapy. With diagnostic and
therapeutic properties, m-PPDCNPs have successfully achieved tu-
mor monitoring and targeted therapy. This diagnosis and treatment
concept has major implications for the treatment of CRC and beyond.
MATERIALS AND METHODS
Synthesis of PPDCNPs nanomaterials

Nanoparticles were prepared using the microemulsion method. In
brief, poly(vinyl alcohol) (PVA) and Dox were dissolved in RNase-
free water at a final concentration of 0.5% (w/w) PVA and 1 mg/
mL Dox. The copolymer PLGA-b-PEG (molecular weight [MW]:
10,000), 3 mg DC-chol (MW: 500.81), and 1% Span 80 were dissolved
in dichloromethane (CH2Cl2) at a final concentration of 1.5% (w/w)
complex with respect to the polymer. 15 nmol miR-190-Cy7 mixed
with spermidine (N/P ratio, 15:1) was dissolved in 3 mL of Dox solu-
tion (1 mg/mL). The 3-mL Dox solution and 10-mL PVA solution
prepared before were then added and vortexed for 2 min. Subse-
quently, the mixed solution was treated by ultrasonic in ice bath for
another 5 min. Thereafter, 20 mL of PVA solution prepared was
added to the mixed solution and vortexed for 2 min. The newly mixed
solution was transferred to a new 50-mL flask to be treated by ultra-
sonication in an ice bath for another 10 min. Meanwhile, the emul-
sion was injected into a three-port bottle and treated for 1 min by
ice bath ultrasonication, stirring at 1,000 rpm, and vacuuming for
1 h to vaporize the CH2Cl2. The suspension was centrifuged at
4,000 relative centrifugal force (rcf) for 15 min and the upper liquid
discarded. The suspension was resuspended with water and then
passed through a 200-mm microporous membrane. The suspension
was filtered through filter paper and washed three times in RNase-
free water at 18,000 rcf for 15 min. Finally, the sample was freeze-
dried and stored at 4�C for use.
HCT116 cancer cell membrane extraction

The Plasma Membrane Protein Cell Membrane Isolation and Cell
Fractionation Kit (Invent Biotechnologies, catalog no. SM-005)
was used to extract cell membranes of cancer cells, in strict accor-
dance with the manufacturer’s instructions. This can achieve the
100% separation of plasma membrane and organelle and other
components.
Formulation of m-PPDCNPs

Cell plasma membrane mixed with 300 mg of DSPE-PEG2000
(Nanocs, catalog no. 121109) were physically extruded through a
200-nm Track-Etch membrane (Whatman, catalog no. 800281) for
ten passes. PPDCNPs were coated in the membrane vesicles by an
extruder set with holder block (Avanti, catalog no. 610000) through
a 200-nm Track-Etch membrane to form m-PPDCNPs.
miR-190 and miR-190-Cy7

micrON hsa-miR-190a-5p agomir was customized and synthesized
by Ribobio (catalog no. miR40000458-4-5). MicrONmiRNA Agomir
is a specifically chemically modified miRNA agonist. miRNA Agomir
has higher stability and miRNA activity in animals. miR-190-Cy7
(catalog no. miR4160328051933-4-5) was synthesized in micrON
hsa-miR-190a-5p agomir, which was modified by Sulfo-Cyanine7 at
the 50 end.

Characterization

We inspected the morphology of the PPDCNPs and m-PPDCNPs
nanomaterials by TEM (Tecnai T20). Dynamic light-scattering
and z-potential measurements were conducted with m-PPDCNPs
and PPDCNPs (Zetasizer Nano ZS90). Encapsulation efficiency of
Dox was detected by high-performance liquid chromatography
(HPLC) (Shimadzu LC-20AT). We specified a standard curve by
determining the chromatographic peak of the concentration
gradient of Dox. The encapsulation rates of PPDCNPs were calcu-
lated according to the standard curve. Encapsulation efficiency of
miR-190-Cy7 was detected by fluorescence spectroscopy (Edinburgh
FS5). By the same method, the standard curve was established ac-
cording to the concentration gradient of miR-190-Cy7, and the
encapsulation rate of miR-190-Cy7 in PPDCNPs was calculated
by the standard curve.

In vitro Dox and miR-190-Cy7 release

PPDCNPs were dispersed in 3-mL (pH 7.4) and 3-mL (pH 6.0) PBS
solutions, respectively, and transferred to a dialysis device (MW cut-
off 100 kDa; Spectrum). The 50-mL osmotic solution was extracted at
a predetermined interval, and the Dox peak was detected by HPLC.
The release was determined according to the standard curve. The
spectral peak of miR-190-Cy7 was detected by fluorescence spectros-
copy, and its release was measured according to the standard curve.

Cell culture

Colon cancer cell line HCT116 was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 0.1 mg/mL streptomycin in a 5%
CO2 incubator at 37�C. Cells were washed with PBS and incubated in
0.25% trypsin containing 5 mM EDTA. DMEM containing 10% FBS
was added to terminate trypsin. After centrifugation, the pallet was
diluted with the medium and counted via a hemocytometer.

Luciferase silencing

We constructed a co-transfection of 4.0 � 104 HCT116 cells with
200 ng of pGL3 Firefly luciferase construct, and 20 ng of pGL3 sea
kidney luciferase standardized control. HCT116-Luci was incubated
with PBS, Lipo3000 transfection of miR-190-Cy7 (Lipo-miR-190-
Cy7), PPDCNPs (only miR-NC), PPDCNPs (only miR-190-Cy7),
and m-PPDCNPs (only miR-190-Cy7) for 24 h or 48 h to measure
the luciferase activity by the Dual Luciferase Reporter Assay System
(Promega, catalog no. E1910). After 24 h or 48 h, the culture medium
was precipitated, 100 mL of lysis buffer was added, the cells were lysed
for 15min at room temperature, and the supernatant was centrifuged.
Molecular Therapy: Oncolytics Vol. 28 March 2023 193

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
The expression levels of Firefly luciferase and Renilla luciferase were
detected, and the ratio was calculated. The full length of the 30 UTR
region is 1,738–3,677. The region of 2,074–3,502 was cloned.
VEGFA 30 UTR part sequence of miR-190 combined: 50-GAG ATA
TTC CGT AGT ACA TAT T.
Quantitative real-time PCR

HCT116 colon cells were incubated with PBS, Lipo3000 transfection
of miR-190-Cy7, PPDCNPs (only miR-NC), PPDCNPs (only miR-
190-Cy7), and m-PPDCNPs (only miR-190-Cy7) for 24 h or 48 h.
The total RNA of each group was extracted by an RNA extraction
kit (Transgene, catalog no. ER501), and cDNA was synthesized by
a reverse transcription kit (Transgene, catalog no. AH341). Primer se-
quences were designed and amplified using a fluorescence quantita-
tive PCR kit (Transgene, catalog no. AQ141), and the expression level
of VEGF and GADPH were detected by the Bio-Rad Opticon2 Real-
Time PCR Detector (Bio-Rad).

Human VEGF RT Primers: F 50-GCG TGC TAA TGG TGG AAA C;
R 50-CGG TGA CAT CAA AAG ATA ACC AC.

Human GAPDH RT Primers: F 50-TGT GGG CAT CAA TGG ATT
TGG; R 50-ACA CCA TGT ATT CCG GGT CAA T.
Enzyme-linked immunosorbent assay

The quantitative determination of human VEGF concentrations in
cell culture supernatant was detected by an ELISA kit (Quantikine,
catalog no. DVE00), and the operation was carried out in strict accor-
dance with the instructions.
Western blot

The total protein of cells or tissues was extracted (Transgene, catalog
no. DE101). The protein concentration was detected by the protein
standard, and polyacrylamide gels with different concentrations
were selected according to the MW of the protein to be detected.
The SDS-PAGE glue after the separation was transferred to polyviny-
lidene fluoride film, put into the sealing solution, and sealed at room
temperature for 1 h. The blocking solution was removed and incu-
bated in a shaking table with primary antibody at 4�C overnight,
then washed for 10 min (3 times) with 1� PBS with Tween 20
(PBST), before incubation with secondary antibody in a shaker at
room temperature for 2 h followed by washing for 10 min (3 times)
with 1� PBST. Color substrate NBT/BCIP was added to terminate
the reaction when appropriate. Antibodies were VEGF antibody
(Santa Cruz Biotechnology, catalog no. sc7269), N-cadherin anti-
body (Santa Cruz, catalog no. sc59987), Ep-CAM antibody (Santa
Cruz, catalog no. sc-25308), galectin-3 antibody (Santa Cruz, catalog
no. sc32790), CD47 antibody (Abbkine, catalog no. Abp53240),
b-actin mouse antibody (Transgene, catalog no. HC201), anti-mouse
IgG (H + L) HRP conjugate antibody (Transgene, catalog no.
HS201), and anti-rabbit IgG HRP-linked antibody (CST, catalog
no. 7074s).
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In vitro toxicity assays

Luc-HCT116 cells were seeded in 96-well plates (5,000 cells per well)
and incubated with DMEM (containing 10% FBS) for 12 h. After
sticking to the well, the medium containing nanomaterials of different
dispersion concentration was replaced for 24 h. The cells were tested
for CCK8 according to the manufacturer’s instructions (Transgene,
catalog no. FC101).

Flow cytometry

HCT116, SW480, LS174T, HeLa, HepG2, U87, NCM460, and
HUVEC cell lines were seeded in 6-well plates (50,000 cells per
well) and incubated in 2 mL of DMEM (containing 10% FBS) for
24 h, The cells were then incubated with the PPDCNPs or
m-PPDCNPs for another 4 h, washed five times with PBS, and
collected for flow cytometry detection.
Confocal laser scanning microscopy

To investigate the homologous targeting of nanoparticles, the effi-
ciency of m-PPDCNPs uptake by the HCT116 cell line was verified
by a confocal laser scanning microscope. Cancer cells were incubated
with nanoparticles for 2 h. Excitation/emission wavelength of each
channel was 340/488 nm for DAPI, 450/580 nm for Dox, and 740/
770 nm for Cy7.
Immunohistochemistry

After the animals were sacrificed, the tumors were completely
dissected and stored in 4% paraformaldehyde solution. Paraffin
sectioning, H&E staining, IHC staining (CD31), and immunofluores-
cence staining (TUNEL and Ki67) were performed to evaluate the
expression of tissue damage and tumor-related markers.
Biodistribution

The HCT116 xenograft tumor-bearing nude mouse model was estab-
lished by injection of 0.2 mL of HCT116 cell suspension (5 � 105

cells) subcutaneously to mice on the dorsal right side to investigate
the in vivo distribution of m-PPDCNPs and PPDCNPs. At different
times post injection, whole-body fluorescence images were acquired
by the IVIS Lumina III fluorescence imaging system (PerkinElmer).
Twenty-four hours after injection, major organs and tumors were
removed and imaging was performed. To quantify the accumulation
of nanoparticles in tumors and organs, Living Image software was
used to quantify the fluorescence intensity of each tissue.
Statistical analysis

Statistical analysis was performed using SPSS statistical package
version 26.0 (IBM SPSS, New York, NY, USA). All data are presented
as mean ± SD. Statistical significance was determined by p < 0.05 in
one-way or two-way ANOVA.
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Table S1 Identification of optimal method to load Dox in PEGylated-PLGA nanoparticles 

a Note: average of three DLS measurements. 

 

Table S2 Identification of optimal Method To Co-load miR-190-Cy7 and Dox in PPDCNPs. 

No. 
PLGA-b-
PEG 
(mg/mL) 

DC-chol 
(mg/mL) 

Surfactant for 
emulsification 

Drug 
concentration 

Mean size 
(nm)a 

PDIa ζ potentiala 

Encapsulation 
efficiency (%) 

Dox 
(mg) 

miR-190-
Cy7 
(nmol) 

Dox 
miR-190-
Cy7 

1 10 0 
0.5% Span 
0.5% PVA 

3 15 58.63 0.16 -23.23  49.60  19.34  

2 10 0.1 
0.5% Span 
0.5% PVA 

3 15 68.06 0.158 -7.75  47.22  80.65  

3 10 0.2 
0.5% Span 
0.5% PVA 

3 15 90.43 0.173 2.45  46.01  88.33  

4 10 0.3 
0.5% Span 
0.5% PVA 

3 15 103.76 0.193 7.64  21.88  90.39  

5 10 0.5 
0.5% Span 
0.5% PVA 

3 15 151.13 0.214 15.48  9.40  91.71  

6 10 1.0 
0.5% Span 
0.5% PVA 

3 15 193.56 0.232 27.14  2.50  93.22  

a Note: average of three DLS measurements. 

 

No. 
PLGA-b-
PEG 
(mg/mL) 

Drug 
phase 

Organic 
solvents 

Surfactant for 
emulsification 

Dox 
(mg) 

Mean 
sizea  
(nm) 

PDIa ζ potentiala 
Encapsulation 
efficiency (%) 

1 20 Water DCM 
0.5% Span, 
0.5% PVA 

2 108.4 0.145 -15.6 27.46 

2 20 Oil DCM 
0.5% Span, 
0.5% PVA 

2 120.3 0.173 -14.7 25.26 

3 10 Water DCM 
0.5% Span, 
0.5% PVA 

2 53.7 0.196 -15.2 24.4 

4 20 Oil THF 0.5% PVA 2 245.4 0.282 -19.7 10.78 

5 20 Water DCM — 2 545.6 0.396 -14.3 38.11 

6 20 Water DCM 
0.5% span, 
0.5% PVA 

3 113.7 0.164 -13.2 29 

7 10 Water DCM 
0.5% span, 
0.5% PVA 

3 54.83 0.171 -13.8 54.51 

8 20 Oil DCM 
0.5% Span, 
0.5% PVA 

3 96.4 0.247 -12.9 30.77 

9 20 Oil THF 0.5% PVA 3 274.2 0.375 -15.6 40.52 

10 20 Water DCM — 3 543.7 0.631 -19.3 58.74 
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Figure S1 Size distribution of around 100 nanoparticles. 
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Figure S2 TEM images and hydrodynamic sizes of PPDCNPs. 

 (A) TEM image of PPDCNPs with different concentrations of DC-chol. (B) Size distribution 

of around 100 nanoparticles chosen from A. (C-F) Hydrodynamic size of miR-190 and Dox 

encapsulated PPDCNPs measured by dynamic light scattering. 

Note: The figure on first row third column was also used in manuscript Figure 2D. 
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Figure S3 Cytotoxicity analysis of m-PPDCNPs. 

Proliferation profile of HCT116 cells incubated with PBS, 10 mg/mL PLGA-b-PEG, 0.2mg/ml 

DC-chol, 10mg/ml PPDCNPs (free miR-190-Cy7 and Dox), 10 mg/mL m-PPDCNPs (free 

miR-190-Cy7 and Dox) for 24 h to analyze the Cytotoxicity of m-PPDCNPs. 
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Figure S4 In vitro CRC-targeting ability of the miR-190-Cy7 and Dox loaded m-PPDCNPs. 

 (A) Flow cytometric profiles of HCT116 incubated with PPDCNPs and m-PPDCNPs. (B) 

Flow cytometric profiles of the seven cell lines SW480, LS174T, Hela, HepG2, U87, NCM460, 

and HUVEC upon 2 h incubation with m-PPDCNPs. (C) SDS-PAGE method to analyze protein 

composition. I: HCT116 Cancer cell total protein, II: cancer cell membrane protein, III: m-

PPDCNPs. 

  



  

6 

 

Figure S5 Flow cytometry analysis of apoptosis of HCT116 cells using Annexin V-FITC 

and PI staining. 

(A) Apoptosis of HCT116 cells treated with Lipo3000-miR-190 and Dox with gradient 

concentration(0 μg/mL, 0.045 μg/mL, 0.09 μg/mL, 0.18 μg/mL, 0.36 μg/mL, 0.78 μg/mL) by 

flow cytometry analysis using Annexin V-FITC and PI staining, H2O2-treated cells were used 

as a positive control. (B) Apoptosis analysis of HCT116 cells by FACs. 
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Figure S6 Western blot analysis and quantification of VEGF expression in the HCT116 

tumor tissue after systemic treatment by PBS, miR-190, Dox, m-PPDCNPs (free miR-190-

Cy7) and m-PPDCNPs. 
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Figure S7 In vivo safety of m-PPDCNPs assessed by histopathological analysis. 

Histological sections of the major organs (including heart, liver, lung, kidney, spleen) of mice 

intravenously injected with PBS, Dox, miR-190, m-PPDNPs (free miR-190) and m-PPDNPs 

for evaluating the safety and systemic toxicity in vivo of each group after 22 treatment. 

Hematoxylin-eosin; Scale bar: 50 μm. 
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Figure S8 Immunohistochemistry CD31 staining sections of tumor. 

Immunohistochemistry CD31 staining sections of primary tumors of HCT116 xenograft tumor-

bearing nude mice after treatment by PBS, miR-190, and Dox and m-PPDCNPs (free miR-190-

Cy7). Scale bar: 50 μm. 

Note: The figures on first line were also used in manuscript Figure 6G. 
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Figure S9 Immunofluorescent staining of TUNEL or KI67 expression in tumor. 

Immunofluorescent staining of TUNEL(A) or KI67 (B) expression in tumor tissue sections of 

HCT116 xenograft tumor-bearing nude mice after treatment by PBS, miR-190, Dox and m-

PPDCNPs (free miR-190-Cy7). Scale bar: 50 μm. 

Note: The first column of (A) and (B) were also used in manuscript Figure 6H. 
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