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Combined chemo/gene therapy of cancer through different action mechanisms has been emerging to
enhance the therapeutic efficacy towards cancer, and still remains a challenging task due to the lack of
highly effective and biocompatible nanocarriers. In this work, we report a new nanosystem based on
amphiphilic phosphorus dendron (1-C12G1) micelles to co-deliver microRNA-21 inhibitor (miR-21i) and
doxorubicin (DOX) for combination therapy of triple negative breast cancer. The amphiphilic phosphorus
dendron bearing a long linear alkyl chain and ten protonated pyrrolidine surface groups was prepared
and was demonstrated to form micelles in water solution and have a hydrodynamic size of 103.2 nm.
The micelles are shown to be stable, enable encapsulation of an anticancer drug DOX with optimal
loading content (80%) and encapsulation efficiency (98%), and can compress miR-21i to form polyplexes
to render it with good stability against degradation. The co-delivery system of 1-C12G1@DOX/miR-21i

Received 4th October 2022, polyplexes has a pH-dependent DOX release profile, and can be readily phagocytosed by cancer cells to
Accepted 22nd November 2022 inhibit them due to the different anticancer mechanisms, which was further validated after intravenous
DOI: 10.1039/d2tb02114e injection to treat an orthotopic triple-negative breast tumor model in vivo. With the proven bio-

compatibility under the studied doses, the developed amphiphilic phosphorus dendron micelles could
rsc.li/materials-b be developed as an effective nanomedicine formulation for synergistic cancer therapy.
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On the occasion to celebrate the 10th anniversary of Journal of Materials Chemistry B (JMCB), I have witnessed the continuous growth the journal, a leading
Royal Society of Chemistry (RSC) journal publishing papers in the fields of all aspects of biomaterials research. Until now, our group has published 31 papers in
JMCB in the area of drug/gene delivery, molecular imaging, biosensing, and tumor therapy/theranostics. I have also been an active reviewer for JMCB, and was
awarded as an excellent reviewer for JMCB in 2020 by the RSC. During my experience with JMCB, my team members and collaborators, as well as my colleagues
working in the field of biomaterials all feel that JMCB is an excellent journal and forum to publish biomaterials-related research work in terms of its processes
of peer review, editorial work, production, and distribution.
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of traditional chemotherapeutics are still major bottle-neck
problems to be solved for effective cancer therapy. Therefore,
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regulate the translation and stability of mRNAs."> The disorder
of miRNAs has been disclosed in a variety of cancer types and
is considered as a sign of cancer.® Importantly, due to the
complexity of cancer-associated signal networks, the multiple
targeting capability of tumor suppression miRNAs has attracted
extensive attention in improving the cancer therapy efficacy.®
In this context, anti-cancer therapies based on miRNA have
been developed either alone or together with chemical drugs,
aiming to improve the therapeutic efficacy.” In particular,
microRNA-21 (miR-21) has been noticed to be highly expressed
in triple negative breast cancer (TNBC), pancreatic cancer, or
other types of cancer.®® The high expression of miR-21 is found
to promote tumor growth and proliferation by acting on the
phosphatase and tensin homolog (PTEN)-associated pathways.®™*°

A recent study showed that knocking down of miR-21 has
marginal impact on the cancer cell viability, but the inhibition
of cell growth was improved when the cancer cells were treated
with an additional anticancer drug. This suggests that the
chemotherapy effect of cancer cells can be sensitized through
inhibition of miR-21."" Previously, we have shown that genera-
tion 5 poly(amidoamine) (PAMAM) dendrimer-entrapped gold
nanoparticles (NPs) can be utilized as a carrier to co-deliver
anticancer drug gemcitabine and miR-21i to pancreatic cancer
cells, thus significantly enhancing the therapeutic efficacy of
cancer cells in comparison to the single delivery of gemcit-
abine.'" In another study, hyaluronic acid-chitosan NPs were
used to encapsulate microRNA and doxorubicin (DOX) for
improved therapy of cancer cells.® These co-delivery systems
are able to encapsulate and controllably deliver different
payloads of therapeutics to the site of disease to exert their
therapeutic functions in a synergistic fashion.'®™® For the
developed nanomedicine platforms, it is of great importance
to effectively load both drug and genetic material with a good
morphology control.*>'*" An ideal carrier system should have
a positive surface potential allowing for effective compression
of the negatively charged genetic materials, and hydrophobic
interior cavities allowing for effective encapsulation of hydro-
phobic anticancer drugs. Although PAMAM dendrimers® or
newly developed core-shell tecto dendrimers' were demon-
strated to have such features, the volume of their internal
cavities is quite limited.

In view of the recent developments, amphiphilic dendrimers
or dendrons that can form micelles or dendrimersomes have
received a great deal of attention for co-delivery of drugs and
genes.'®?>>* The reported dendritic polymers based on
PAMAMs have a quite flexible molecular structure, which is
not ideal for enhanced gene delivery. In a very recent study,>*
we have shown that core-shell tecto dendrimers possessing
rigid core of phosphorous dendrimers and PAMAM shell den-
drimers display much more enhanced gene compression and
delivery efficiency than the counterpart having both PAMAM
core and shell dendrimers. Very recently, we have shown
that amphiphilic phosphorous dendrons with either negatively
charged tyramine-bearing two dimethylphosphonate sodium
salt®® or positively charged protonated pyrrolidine moieties®
can be used to encapsulate hydrophobic drugs to fight

5484 | J Mater. Chem. B, 2023, 11, 5483-5493

View Article Online

Journal of Materials Chemistry B

inflammatory disease or cancer. Therefore, it is quite logic
to develop a phosphorous dendron-based micellar system to
co-deliver both chemical drug and gene (e.g, miR-21i) for
enhanced cancer therapy.

Here, in this present study, we introduced a novel amphi-
philic phosphorous dendron material to form micelles. The
amphiphilic phosphorus dendron (1-C12G1, Scheme 1A and
Fig. 1) bearing a long linear alkyl chain (C;,H,s) and ten
protonated pyrrolidine groups on the surface was first synthe-
sized and then assembled to form stable nanomicelles for
encapsulation of anticancer drug DOX and complexation of
miR-21i. The physicochemical property of the dendrons and
dendron micelles, drug release profile, anticancer cytotoxicity,
and cellular uptake behavior were systematically investigated,
and the co-delivery of DOX and miR-21i for effective cancer
therapy was validated using an orthotopic triple-negative breast
tumor model (Scheme 1B). According to our literature investi-
gation, this study represents a very first example associated
to the use of phosphorous dendron micelles for drug/gene
co-delivery to fight cancer.

Results and discussion

Preparation and characterization of amphiphilic phosphorus
dendrons

As illustrated in Fig. 1, a new amphiphilic phosphorus dendron
with hydrophobic alkyl chain (C;,H,;5), rigid structure (benzene
ring and double bond) and hydrophilic group (protonated
pyrrolidine) was synthesized. This dendron was thoroughly
characterized with various NMR techniques (Fig. S1-S4, ESI¥).
Meanwhile, the 1-C12G1 dendrons were dissolved in water and
the ability to form micelles was examined through the critical
micelle concentration (CMC) determination (Fig. 2A). Clearly,
the CMC of the micelles was determined to be 151 uM.
Dynamic light scattering was also employed to determine the
hydrodynamic diameter and polydispersity index (PDI) of the
micelles. The 1-C12G1 dendron micelles display a hydro-
dynamic diameter about 103.2 nm (Fig. S5A, ESIf) with a
narrow distribution (PDI = 0.798, Table S1, ESIT). After dilution
to a concentration around 5 times lower than the CMC, the
hydrodynamic diameter of the micelles does not seem to have
any significant change (99 nm, Fig. S5B, ESIt) and the PDI was
even lower (0.314, Table S1, ESIt). This suggests that the
dendron micelles generated by 1-C12G1 display a good colloi-
dal stability. The morphology of the 1-C12G1 micelles was also
examined by transmission electron microscopy (TEM), and the
1-C12G1 micelles exhibit a spherical shape with an mean size of
25 nm (Fig. S5C, ESIf).

Preparation and characterization of 1-C12G1@DOX and
1-C12G1@DOX/miR-21i polyplexes

We next loaded the anticancer drug DOX within the micelles to
form the 1-C12G1@DOX complexes. The loading content and
encapsulation efficiency of the micelles were first investigated
by changing the 1-C12G1/DOX molar ratios. As shown in

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Preparation of 1-C12G1@DOX/miR-21i Polyplexes (A). Co-delivery Treatment of a Tumor Model in vivo (B).

Table 1, at the 1-C12G1@DOX molar ratio of 1:25, both the
loading content and encapsulation efficiency are quite high,
reaching 79.2% and 97.9%, respectively. Thus, the 1-C12G1@
DOX with the molar ratio of 1:25 was chosen for following
investigations. The high drug-loading capacity may be caused
by the molecular structure of 1-C12G1 with rigid hydrophobic
branches, generating micelles with large hydrophobic cores for
encapsulation of significant amount of drug, similar to the
micelles formed from lipids.””

To further investigate the colloidal stability of 1-C12G1@
DOX micelles, the hydrodynamic diameter of 1-C12G1@DOX
was checked at different concentrations (Fig. S6, ESI{). At a
high DOX concentration, the hydrodynamic diameter of the
1-C12G1@DOX micelles is around 221 nm (PDI = 0.286,
Fig. S6A and Table S1, ESIf). After 10 times dilution, the
hydrodynamic diameter and PDI of the micelles do not show
any appreciable changes (218 nm and 0.290, Fig. S6B and Table
S1, ESIt). This means that the drug-loaded micelles also
possess good colloidal stability, similar to the drug-free
micelles. The morphology of the 1-C12G1@DOX micelles was
also observed by TEM (Fig. S6C, ESIf), and the drug-loaded
micelles are spherical, similar to the drug-free ones. The larger
mean size of the 1-C12G1@DOX micelles (42 nm) than that of
the drug-free ones should be due to the DOX loading that
expands the overall geometry of the micelles. Note that the
hydrodynamic sizes of the 1-C12G1 and 1-C12G1@DOX
micelles are much larger than those of the corresponding

This journal is © The Royal Society of Chemistry 2023

micelles measured by TEM. This should be because TEM
measures the size of single 1-C12G1 and 1-C12G1@DOX
micelles in a dry state, while dynamic light scattering measures
the hydrodynamic sizes of the 1-C12G1 and 1-C12G1@DOX
micelles in aqueous solution, which usually reflects the
micelles with certain degree of aggregation.?® The fluorescence
properties of free DOX and 1-C12G1@DOX were investigated
(Fig. 2B and C). Due to fluorescence quenching effect similar to
our previous work,*® the free DOX exhibits higher fluorescence
intensity than 1-C12G1@DOX at the same DOX concentration.
Meanwhile, both free DOX and 1-C12G1@DOX display stronger
fluorescence intensity at a low concentration than at a high
concentration.

Next, we used 1-C12G1@DOX micelles to compact miR-21i
to form 1-C12G1@DOX/miR-21i polyplexes. Gel retardation
assay data shown in Fig. S7A (ESIf) reveal that the miR-21i
can be fully compacted by the 1-C12G1@DOX micelles at an
N/P ratio of 1:1 or above. Then, we examined the stability of
1-C12G1@DOX/miR-21i polyplexes (N/P value = 5: 1) exposed to
normal saline (NS) at 37 °C (Fig. S7B, ESIt). Clearly, the miR-21i
complexed with 1-C12G1@DOX micelles can be protected from
degradation for up to 12 h and 24 h. In contrast, naked miR-21i
is not stable and can be degraded to have diminished bands
under the same conditions.

The hydrodynamic size and surface potential of the poly-
plexes were key factors to assess the performance of gene
cargos.”® We then examined the zeta potential and mean

J. Mater. Chem. B, 2023, 11, 5483-5493 | 5485
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Fig. 1 Synthesis of amphiphilic phosphorus dendrons.

hydrodynamic diameter of the polyplexes. As shown in Fig. 2D
and E, with the increase of N/P ratio, the compaction inter-
action between 1-C12G1@DOX and miR-21i can be saturated to
lead to insignificant changes of the surface potential of the
polyplexes as the surface of the polyplexes is fully covered with
the positively charged dendrons. Meanwhile, more dendrons
contribute to the compression of miR-21i to cause the size
decrease of the polyplexes until reaching the point of satura-
tion. According to the literature,?® vector/gene polyplexes with a
positive surface potential and a size of around 200 nm are
suitable for gene delivery purpose. Therefore, we selected an
N/P ratio of 5:1 to prepare the polyplexes for later experimental
investigations.

To evaluate the stability of the 1-C12G1@DOX/miR-21i poly-
plexes, their hydrodynamic size in both NS and complete cell
culture medium at 37 °C was examined for different time
periods (Fig. 2F). No obvious aggregation of polyplexes were
observed and the polyplexes show approximately similar sizes
ranging from 225 to 270 nm for 4 days. This indicates that
the 1-C12G1@DOX/miR-21i polyplexes display desired stability,

5486 | J Mater. Chem. B, 2023, 11, 5483-5493
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which is ready for further studies. Meanwhile, the 1-C12G1@
DOX/miR-21i polyplexes have similar hydrodynamic diameter
and PDI at different concentrations (Fig. S8 and Table S1, ESIT),
reflecting their good colloidal stability. Interestingly, the
1-C12G1@DOX/miR-21i polyplexes exhibit a smaller mean size
(36 nm, Fig. S8C, ESIt) than the 1-C12G1@DOX (42 nm) before
miR-21i complexation, which may be caused by the compaction
of the micelles after electrostatic interaction with the miR-21i.

For an ideal drug delivery system employed in cancer
therapy, it is crucial to have the therapeutic agent to be
controllably released at the tumor site, thus avoiding the non-
desired toxicity to normal tissues. Since the tumor lesion is
generally slightly acidic in pH, acid-triggered fast drug release
at tumor site is undoubtedly beneficial to improve the cancer
therapy performance.®**! Next, the release profile of DOX from
the 1-C12G1@DOX/miR-21i was investigated at 37 °C and in
phosphate buffer at both pH 5.5 and pH 7.4 (Fig. S9, ESIt). DOX
release from the polyplexes can reach around 51% and 30%
within the first 10 h at pH 5.5 and pH 7.4, respectively, after
which continuous slow release of DOX remains. At the same

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Determination of the CMC of 1-C12G1 micelles using the fluorescent dye pyrene (A). Fluorescence emission (B) and excitation (C) spectra of free
DOX and 1-C12G1@DOX (excitation wavelength: 365 nm, and emission wavelength: 595 nm). Mean hydrodynamic diameter (D) and zeta potential (E) of
1-C12G1, 1-C12G1@DOX, 1-C12G1/miR-21i and 1-C12G1@DOX/miR-21i. (F) Stability assessments of 1-C12G1@DOX/miR-21i in different aqueous media
as assessed by their mean hydrodynamic size changes at 37 °C for different time periods.

Table 1 Optimizing the loading content and encapsulation efficiency of
1-C12G1 micelles

1-C12G1:DOX Drug encapsulating Drug loading
mass ratio efficiency (wt%) content (wt%)
1:15 99.81 £ 0.5 69.9 & 0.4
1:20 98.11 +£ 0.7 75.4 £ 0.5
1:25 97.94 £ 1.1 79.2 £ 0.8
1:30 83.60 £+ 1.3 82.1 £ 1.0
1:35 7717 £ 2.8 78.3 £ 1.5

time point, the DOX release at pH 5.5 is faster than at pH 7.4,
likely owing to the protonation of DOX at a lower pH to lead to
increased water solubility of DOX, in agreement with the
literature.>

Enhanced therapy of cancer cells in vitro

Previous studies have shown that miRNAs have synergistic
antitumor effects in combination with conventional chemo-
therapy.’?*3* Hence, we evaluated the antiproliferation effi-
ciency of the developed 1-C12G1@DOX/miR-21i polyplexes
using two cell lines, including normal NIH-3T3 cells and
MDA-MB-231 cells. As can be seen in Fig. 3A, the antiprolifera-
tion effect of free DOX towards normal NIH-3T3 cells is higher
than that of 1-C12G1@DOX and 1-C12G1@DOX/miR-21i poly-
plexes at the same DOX concentrations, presumably due to the
fact that the sustained DOX release from the micelles leads to a
lower DOX concentration for cell treatment. Meanwhile, the
viability of NIH-3T3 cells incubated with 1-C12G1 or 1-C12G1/
miR-21i does not seem to have any significant changes.

This journal is © The Royal Society of Chemistry 2023

As shown in Fig. 3B, for cancer cells, no apparent cell death
can be observed in the 1-C12Gil-treated cells, implying the
good cytocompatibility of drug-free 1-C12G1 dendron micelles.
The MDA-MB-231 cells treated with 1-C12G1/miR-21i show a
reduced cell viability with the increase of equivalent DOX
concentration, suggesting that the delivery of miR-21i to
cells may trigger the death of MDA-MB-231 cells. Free DOX,
1-C12G1@DOX and 1-C12G1@DOX/miR-21i all exhibit remark-
able cytotoxicity to MDA-MB-231 cells in a DOX concentration-
dependent fashion. Free DOX displays slightly higher cytotoxicity
than the 1-C12G1@DOX micelles, but lower cytotoxicity than the
1-C12G1@DOX/miR-21i polyplexes under the identical DOX doses.
This suggests that the 1-C12G1@DOX/miR-21i polyplexes can fully
utilize the active gradients of both DOX and miR-21i to have a
synergistic therapy effect through combination of different
mechanisms. The ICs, values of the different formulations
are shown in Fig. S10 (ESIf), and the anticancer efficiency can
be ranked in an order of 1-C12G1@DOX/miR-21i (0.073 pM) >
free DOX (0.37 pM) > 1-C12G1@DOX (0.85 pM). The ICs,
of 1-C12G1@DOX/miR-21i is approximately 5 times lower than
that of free DOX, demonstrating the excellent synergistic ther-
apy effect by integration of both DOX and miR-21i within one
micellar formulation.

The intracellular uptake was qualitatively monitored by
confocal and fluorescence microscopies (Fig. 4). Clearly, after
the cells were incubated for 4 h with free DOX, 1-C12G1@DOX
and 1-C12G1@DOX/miR-21i, significant fluorescent signals of
DOX (red) are shown in the cytoplasm. The overlapped blue
(nucleus), red and green (B-actin) fluorescence images show

J. Mater. Chem. B, 2023, 11, 5483-5493 | 5487
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Fig. 3 Concentration-dependent cell viability of NIH-3T3 (A) and MDA-MB-231 (B) cells treated with 1-C12G1, 1-C12G1/miR-21i, 1-C12G1@DOX or
1-C12G1@DOX/miR-21i assessed by CCK-8 assay. Data were shown as mean + SD (n = 6). (C) Relative mean fluorescence intensity of MDA-MB-231 cells
incubated with free DOX, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i (the equivalent concentration of DOX was 1 pM) assayed by flow cytometry.
(D) Apoptosis of MDA-MB-231 cells incubated with 1-C12G1, free DOX, 1-C12G1/miR-21i, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i (the equivalent
DOX concentration was 1 pM) as assayed by flow cytometry. Phosphate buffered saline (PBS) was utilized as control.

that the red fluorescence associated to DOX is partly colocalized
within the cytoplasm and the cell nuclei, suggesting that either
free DOX or DOX within the micelles can be internalized firstly
within the cytoplasm and then go into the cell nuclei. Similar
results can also be obtained through fluorescence microscopic
imaging (Fig. S11, ESIY).

The cellular uptake of free DOX, 1-C12G1@DOX and 1-C12G1@
DOX/miR-21i by MDA-MB-231 cells and NIH-3T3 cells were further
confirmed by flow cytometry (Fig. 3C, and Fig. S12-S14, ESI}).
These results imply that both MDA-MB-231 and NIH-3T3 cells can
be effectively delivered with DOX by the 1-C12G1-based micelles.

To further investigate if there are synergistic effects of miR-
21i and DOX in cell apoptosis, MDA-MB-231 cells were treated

5488 | J Mater. Chem. B, 2023, 11, 5483-5493

with free DOX, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i and
analyzed by flow cytometry (Fig. 3D and Fig. S15, ESIt). No
obvious cell apoptosis can be seen in the group of drug-free
1-C12G1 micelles, similar to the PBS control group. Our results
suggest that the 1-C12G1 micelles have a good cytocompati-
bility in the concentration range investigated. However, cells
treated with the 1-C12G1/miR-21i have an apoptosis percentage
of 7.06% =+ 0.24%, which is significantly higher than the PBS
control group (4.21% =+ 0.29%, p < 0.001), implying the gene
therapy efficacy of the miR-21i. Additionally, all of the other
three DOX-containing groups exhibit obvious cell apoptosis
effect compared to the control group. Similar to our expectation,
the cell apoptosis percentage of the 1-C12G1@DOX/miR-21i group

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Laser confocal microscopic images of MDA-MB-231 cells treated with free DOX, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i for 4 h (the
equivalent DOX concentration was 1 uM). Scale bar in each panel represents 200 um.

(10.5 £ 0.2%) is higher than that of the free DOX (6.1 £+ 0.2%,
P < 0.001) and 1-C12G1@DOX (9.47% =+ 0.07%, p < 0.05) groups.
The obtained data confirmed the synergistic chemo/gene thera-
peutic efficacy of such a co-delivery system.

The cell apoptosis-associated proteins were examined
through western blotting in vitro to further elucidate the

(A) 1 2 3 4 5 6
BAN e o G G S sbemes

molecular mechanism of the cell apoptosis (Fig. 5). Signifi-
cantly increased expression of BAX, p53 and PTEN is observed
in cells incubated with free DOX, 1-C12G1/miR-21i, 1-C12G1@
DOX and 1-C12G1@DOX/miR-21i. Apparently, in the presence
of either miR-21i or DOX, the apoptosis of MDA-MB-231 cells
can be promoted. Moreover, the expression levels of all
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Fig. 5 (A) Western Blot assay of the expression of protein relevant to cell apoptosis in MDA-MB-231 cells treated with 1-C12G1, free DOX, 1-C12G1/miR-
21i, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i (the equivalent concentration of DOX was 1 uM). PBS was used as control. Quantification of BAX (B), p53
(C), and PTEN (D) proteins relevant to cell apoptosis from the western blotting data in vitro (* p < 0.05, ** p < 0.01, and *** p < 0.005, respectively).
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apoptosis-related proteins are the highest in the group of
1-C12G1@DOX/miR-21i among all groups (p < 0.05). These
results confirm the synergistic chemo/gene therapeutic efficacy
of such a co-delivery system, in agreement with the apoptosis
assay results obtained by flow cytometry.

Co-delivery treatment of a tumor model in vivo

Next, an orthotopic model of TNBC was built to assess the
synergistic therapeutic efficacy of 1-C12G1@DOX/miR-21i poly-
plexes in vivo (Fig. 6A and Fig. S16, ESIT). Administration of free
DOX, 1-C12G1/miR-21i, 1-C12G1@DOX or 1-C12G1@DOX/
miR-21i polyplexes leads to great tumor growth inhibition. In
contrast, the drug-free 1-C12G1 group does not seem to have
any inhibtion effect, similar to the NS control group. During the
entire treatment period, mice in the NS, 1-C12G1, 1-C12G1/
miR-21i, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i treat-
ment groups behave normally, and the mouse body weight in
these different groups has no significant changes (Fig. 6B).
This implies that the developed 1-C12G1 micelles and
the associated polyplexes have no appreciable in vivo toxicity
during the experimental investigation period. To be opposed,
mice treated with free DOX display apparent weight loss. Two
mice treated with the free DOX are dead during the treatment
period (Fig. 6C), while is in contrast to all other groups within
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15 days. This should be due to the free DOX-induced high
toxicity.*> ™’

On the 16th day, the tumor tissues were extracted to separate
the tumor cells for western blot assay of apoptosis-related
proteins (Fig. 6D). Remarkably, in the group of 1-C12G1@
DOX/miR-21i polyplexes, the tumor cells display the highest
expression levels of BAX, PTEN and p53 proteins among all
groups (p < 0.01), which is in good consistence with the in vitro
therapeutic results (Fig. 6E-G). These data imply that the
synthesized amphiphilic phosphorus dendron micelles are able
to encapsulate DOX and condense miR-21i to implement a
synergistic tumor therapy effect in vivo.

Then, the tumor tissue samples were further examined via
H&E (Fig. S17, ESIt) and TUNEL (Fig. 7) staining. Clearly, tumors
treated with the 1-C12G1@DOX/miR-21i polyplexes reveal the
highest levels of necrotic and apoptotic cells, validating the
excellent therapeutic efficacy of the co-delivery system mediated
by the developed 1-C12G1 micelles. This trend was also confirmed
by quantification of the cell apoptosis rate based on the popula-
tion of TUNEL-positive cells in the tumor sections (Fig. S18, ESIT).
The tumor cell apoptosis rate is in an order of 1-C12G1@DOX/
miR-21i (87.3 + 3.4%) > 1-C12G1@DOX (78.3 £ 6.4%) > free
DOX (54.2 + 2.4%) > 1-C12G1/miR-21i (39.6 + 1.4%) > 1-C12G1
(3.0 £ 0.3%) > NS (1.0 & 0.2%). These results match the results

C
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Fig. 6 (A) Relative tumor volume measured at given time points after different treatments (n = 5 for each group). (B) The relative body weights of mice in
different treatment groups versus time post treatments (n = 5 for each group). (C) The survival rates of mice measured at given time points after different
treatments. (D) Western blot assay of the expression of protein relevant to cell apoptosis in xenografted tumor cells in the treatment groups of 1-C12G1,
free DOX, 1-C12G1/miR-21i, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i (the equivalent DOX concentration was 1 uM). NS was used as control. (C-E)
Quantification of the expression levels of cell apoptosis-related proteins of BAX (E), PTEN (F) and p53 (G) in the western blot data in vivo (* p < 0.05,

** p < 0.01, and *** p < 0.005, respectively).
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NS 1-C12G1

obtained above using flow cytometry (Fig. 3D). Apparently, the
developed 1-C12G1 micelles with a nanoscale size are able to
co-deliver both DOX and miR-21i to the tumor region through the
passive enhanced permeability and retention (EPR) effect, theraby
exerting a synergistic tumor chemo/gene therapeutic efficacy.
The histological features of the main organs of mice in
different groups were also investigated through H&E staining
(Fig. 8). Obviously, liver damage can be seen in the free DOX
group. To be opposed, no visible organ damage is observed
in the groups of 1-C12G1@DOX and 1-C12G1@DOX/miR-21i
polyplexes (Fig. 8). The significantly alleviated toxicity of
1-C12G1@DOX and 1-C12G1@DOX/miR-21i polyplexes can be
ascribed to the micellar formulation of DOX and miR-21i,
which can be accumulated in the tumor site via the passive
EPR-mediated targeting. Taken together, our results indicate
that the developed 1-C12G1@DOX/miR-21i polyplexes can be

Heart Liver

NS

1-C12G1

DOX

1-C12G1
/miR-21i

1-C12G1@DOX

1-C12G1@DOX
/miR-21i

Free DOX

Fl“m.escent.....-

Fig. 7 TUNEL staining of the tumor sections from mice treated with NS, 1-C12G1, free DOX, 1-C12G1/miR-21i, 1-C12G1@DOX or 1-C12G1@DOX/miR-
21i for 16 days. Scale bar in each panel represents 100 pm.
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1-C12G1@DOX

used to co-deliver both DOX and miR-21i to exert improved
tumor inhibition efficacy while reducing the systemic toxicity of
DOX via rapid drug release at slightly acidic tumoral pH and
the passive EPR effect.

Experimental

Preparation and characterization of amphiphilic phosphorus
dendrons

As shown in Fig. 1, we prepared an amphiphilic phosphorus
dendron bearing a long alkyl chain (C;,H,s) directly grafted on the
N;P; core and ten protonated pyrrolidine groups on the surface.
This amphiphilic phosphorus dendron as well as all the inter-
mediate products were synthesized in good overall yields. The ABs
monomer (3) was synthesized through condensation of
4-hydroxybenzaldehyde (2) with hexachlorocyclotriphosphazene

Kidney Lung Spleen

E R ==

Fig. 8 H&E-stained organ sections from mice in the NS, 1-C12G1, free DOX, 1-C12G1/miR-21i, 1-C12G1@DOX or 1-C12G1@DOX/miR-21i treatment

group for 16 days. Scale bar in each panel represents 200 pm.
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(1) (THF, room temperature) to have a 76% yield. Next, by reacting 3
with the amino-phenol-derivative (4) (cesium carbonate, THF, room
temperature), the dendron 5 was synthesized in an 80% yield.
Further reaction of 5 with (1-methylhydrazinyl) phosphonothioic
dichloride (6) (dichloromethane) at room temperature led to the
synthesis of 7 (92% yield), which in turn was reacted with 1-(2-
aminoethyl) pyrrolidine (8) (cesium carbonate, THF) at room
temperature to produce the dendron C12GINC4 in a 95% yield.
Lastly, the pyrrolidine groups of C12GINC4 were protonated in
THF at room temperature to give the corresponding water-soluble
amphiphilic dendrons 1-C12G1 in a 95% yield. Each product was
characterized via different NMR techniques.

Preparation of 1-C12G1@DOX/miR-21i polyplexes

The 1-C12G1@DOX micelles were formed through incubation
of 1-C12G1 and appropriate amount of hydrophobic DOX under
different molar ratios (1-C12G1/DOX = 1:15, 1:20, 1:25,1:30
and 1:35, respectively). Each mixture was stirred overnight at
room temperature, and centrifuged (7000 rpm for 20 min) to
remove the precipitates related to non-encapsulated DOX. The
supernatant was then freeze-dried for up to 3 days to acquire the
1-C12G1@DOX complexes. Later, miR-21i and appropriate amount
of 1-C12G1@DOX were mixed under various N/P values in diethyl
procarbonate (DEPC) water and incubated for 30 min at room
temperature to form the 1-C12G1@DOX/miR-21i polyplexes.

Cell culture and in vitro anti-proliferative activity

Human triple-negative breast cancer cells (MDA-MB-231 cells)
and mouse normal fibroblast cells (NIH-3T3 cells) were regu-
larly cultured in medium supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. Cells were treated with
the 1-C12G1@DOX/miR-21i polyplexes for a certain period of
time to examine their cytotoxicity, cellular uptake, and anti-
cancer mechanisms.

Animal experiments

All animal experiments were approved by the ethical committee for
animal care of Donghua University and also following the regula-
tions of the National Ministry of Health (China). The tumor-bearing
mice were intravenously injected with 0.9% normal saline (NS,
Group 1), 1-C12G1 (Group 2), free DOX (Group 3), 1-C12G1/miR-21i
(Group 4), 1-C12G1@DOX (Group 5), and 1-C12G1@DOX/miR-21i
(Group 6) every 3 days for 5 times, respectively. Each mouse was
injected with the dose of 5 mg DOX kg™ * or 1.2 mg 1-C12G1 kg™ .
We examined the tumor volumes and the body weights every two
days. At 16 days post treatment, the mice were sacrificed to extract
the tumor tissues and the main organs (heart, liver, spleen, lung,
and kidney) for hematoxylin-eosin (H&E) and TdT-mediated dUTP
Nick-End Labeling (TUNEL) staining according to standard proto-
cols. For more details, please see the ESL}

Conclusions

We developed amphiphilic phosphorus dendron (1-C12G1)
micelles as a platform to co-deliver anticancer drug DOX and

5492 | J Mater. Chem. B, 2023, 11, 5483-5493
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miR-21i, a genetic tumor suppressive material for synergistic
therapy of TNBC. The unique structural features of the dendron
micelles having a mean size of 25 nm include hydrophobic
interior space and the positive surface potential, making them
suitable to effectively load DOX and compress miR-21i.
The created 1-C12G1@DOX/miR-21i polyplexes display a pH-
sensitive DOX release profile, and can be efficiently taken up by
cancer cells to exert their functions from both DOX and miR-21i
to efficiently inhibit the growth of cancer cells in vitro and an
orthotopic TNBC model in vivo. Furthermore, the developed
dendron micelle-mediated delivery is beneficial to alleviate
the free DOX-induced organ damage, thereby significantly
improving the bioavailability of the drug. This newly developed
phosphorous dendron-based micellar delivery system may be
developed to co-deliver different drug/gene combinations for
different synergistic therapy applications.
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