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The combination of chemotherapy and gene therapy is a versatile strategy for treating multi-drug-resist-
ant cancer. Accordingly, we developed a pH-responsive triblock copolymeric carrier for delivering che-
motherapeutic and genetic drugs simultaneously. We synthesized a series of block and random copoly-
mers with the same monomer composition, namely poly(ethylene glycol)-b-poly(2-(dimethylamino)ethyl
methacrylate)-b-poly(2-(diisopropylamino)ethyl methacrylate) (PEG-b-PDMAEMA-b-PDPA) and poly
(ethylene glycol)-b-poly[(2-(dimethylamino)ethyl methacrylate)-r-(2-(diisopropylamino)ethyl methacry-
late)] (PEG-b-(PDMAEMA-r-PDPA)), by using atom transfer radical polymerization (ATRP) and then used
them to encapsulate and release doxorubicin (Dox) and Bcl-2 siRNA. Compared with the random copoly-
mers, the block copolymers exhibited a higher Dox-loading efficiency and Dox-loading capacity and
higher Bcl-2 siRNA condensation efficiency. The siRNA condensation efficiency could be increased by
increasing the length of the PDMAEMA segment in either the block copolymers or random copolymers.
PEG-b-PDMAEMA-b-PDPA encapsulated Dox and Bcl-2 siRNA to form Dox/Bcl-2 siRNA-loaded micelle-
plexes with 87% and 90% loading efficiency, respectively. Changing the pH value from 7.4 to 5.0 engen-
dered a burst release of Dox and Bcl-2 siRNA from the Dox/Bcl-2 siRNA-loaded micelleplexes, thus
enhancing the cumulative release efficiency of Dox from 24% to 69% and that of Bcl-2 siRNA from 15% to
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59% within 24 h. Our in vitro study revealed that the Dox/Bcl-2 siRNA-loaded micelleplexes downregu-
lated Bcl-2 mRNA expression (51% expression) and further inhibited antiapoptotic mechanisms to sensi-
tize drug-resistant triple-negative breast cancer (TNBC) cells to Dox (36% cell viability); this thus demon-

rsc.li/polymers strates the benefits of combining chemotherapy and gene therapy.

due to cancer heterogeneity and acquired resistance." ™ Triple-
negative breast cancer (TNBC), which occurs in 10%-20% of
patients with breast cancer,”® is associated with a substantially
low survival rate. The standard-of-care treatment for TNBC is
limited to chemotherapy because TNBC tumors are character-
ized by the lack of expression of estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2).*” Patients with TNBC usually encounter a
gradual decline in drug response after multiple chemotherapy
sessions, which can be attributed to the overexpression of sur-
vival genes associated with antiapoptotic pathways or drug

Introduction

Chemotherapy has been a universal cancer treatment in clini-
cal practice for several decades. However, chemotherapy still
involves several challenges, particularly the high rate of cancer
recurrence and low drug response after consecutive treatments
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efflux pumps.>® Gene therapy using small-interfering RNA
(siRNA), which silences the targeted mRNA through the clea-
vage of the RNA-induced silencing complex (RISC) machinery
in cancer cells, shows promise as a modality of deactivating
drug resistance pathways.'®'> Combining gene therapy with
conventional chemotherapy can substantially enhance the
drug response in the treatment of multi-drug-resistant

cancer.'™18
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Although siRNA performs efficiently within RNA inter-
ference pathways, it is vulnerable to serum and endonuclease
in physiological environments.''?*> Over the past few
decades, considerable advances have been made in the study
of polycations, which can spontaneously stabilize negatively
charged siRNA to form polyplexes or micelleplexes and prevent
siRNA degradation.”* >® Reineke et al. tested a wide variety of
glycopolycations, comprising glucose and amine-containing
monomers with various degrees of methyl substitution, and
reported that the polymer structure (statistical and block) and
chain length influenced gene binding affinity, colloidal pro-
perties, material cytotoxicity, cellular internalization, and
transfection efficiency for gene and protein therapy.”’”’
Duvall et al. demonstrated that the balance of hydrophobic
and cationic segments of pH-responsive siRNA polyplexes
could enhance endosomal escape, stability, blood circulation
half-life, and bioactivity in vivo.*® Furthermore, a study used a
series of siRNA polyplexes composed of various polymers and
thus having different N/P ratios (number of amines on the
polymer/number of phosphates on the siRNA) to demonstrate
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the influence of the composition, complex formulation, and
surface density of poly(ethylene glycol) on its particle size,
surface charge, colloidal stability, and bioactivity in vivo.*
Accordingly, polymer structure and composition play a vital
role in drug formulation and gene delivery in vitro and in vivo.
On the basis of the findings of research on the combination
of chemotherapy and gene therapy and those of research on
the influence of polymer composition and structure on drug
delivery, we designed a pH-responsive triblock copolymer that
can simultaneously encapsulate doxorubicin (Dox) and Bcl-2
siRNA to achieve both chemotherapy and gene therapy. We
also studied the effects of monomer sequence and cationic
segment chain length on siRNA condensation and release pro-
files. A series of copolymers, namely poly(ethylene glycol)-b-
poly(2-(dimethylamino)ethyl methacrylate)-b-poly(2-(diiso-
propylamino)ethyl methacrylate) (PEG-b-PDMAEMA-h-PDPA)
and poly(ethylene glycol)-b-poly[(2-(dimethylamino)ethyl meth-
acrylate)-r-(2-(diisopropylamino)ethyl methacrylate)] (PEG-b-
(PDMAEMA--PDPA)) with different DMAEMA chain lengths
(Scheme 1A), were synthesized using atom transfer radical
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Scheme 1 Schematic of (A) chemical structure of PEG-b-PDMAEMA-b-PDPA and PEG-b-(PDMAEMA-r-PDPA) copolymers; (B) sequential formation
of self-assembled copolymers, Dox-loaded micelles, and Dox/Bcl-2 siRNA-loaded micelleplexes; and (C) selection strategy for copolymer candi-
dates for the efficacious formulation of a combination drug delivery system.
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polymerization (ATRP).** PEG was used as the outer layer of
the micelleplex, providing biocompatibility and preventing
aggregation. PDMAEMA could carry a positive charge at an
appropriate pH value to condense the negatively charged
siRNA through electrostatic interactions. PDPA could serve as
the hydrophobic core of the micelleplex and could stabilize
Dox in the core (Scheme 1B). We first evaluated the siRNA con-
densation efficiency as well as the Dox drug-loading efficiency
(DLE) and drug-loading capacity (DLC) by using the syn-
thesized copolymers as the carrier (Scheme 1C). The Dox/Bcl-2
siRNA-loaded micelleplexes with PEG;;3-b-PDMAEMA;;5-b-
PDPA;, exhibited loading efficiency levels of approximately
87% and 90%, respectively. The pH value was switched from
7.4 to 5.0, triggering a pH-responsive release, as evidenced by
the increase in cumulative release from 24% to 69% for Dox
and 15% to 59% for Bcl-2 siRNA in 24 h. In the in vitro study,
the uptake efficiency of the micelleplexes was higher than that
of free siRNA by fivefold, and the expression of Bcl-2 mRNA in
MDA-MB-231 cells was suppressed by more than 50% com-
pared with that in control cells. In particular, the copolymer
delivery system comprising the Dox/Bcl-2 siRNA-loaded micel-
leplexes exhibited superior therapeutic efficacy compared with
single delivery systems comprising Dox-loaded micelles and
Bcl-2 siRNA-loaded micelleplexes; this thus indicates that this
triblock copolymeric delivery system could be a two-in-one
platform for combination therapy for TNBC.

Results and discussion
Polymer synthesis and self-assembled structure

We synthesized a series of block and random copolymers,
namely PEG-b-PDMAEMA-p-PDPA and PEG-b-(PDMAEMA--
PDPA), by using ATRP, with CuBr/PMDETA serving as the cata-
lyst, PEG13-Br (M,, = 5000 g mol™", P = 1.03) serving as the
initiator, and Cu(0) serving as the reducing agent in anisole at
40 °C. Sequential chain extension reactions were conducted on
PDMAEMA and PDPA (Scheme S1Af) to yield triblock copoly-
mers that exhibited varying degrees of polymerization (DPs) of
the PDMAEMA segment (DP = 18, 41, and 55), similar PDPA
chain lengths (DP = 54-59), molecular weights of 19100,
22 600, and 25500, and polydispersity (D) values of approxi-
mately 1.17-1.27. Random copolymers were prepared through
the copolymerization of DMAEMA and DPA (Scheme S1Bf) to
yield a molecular weight and composition similar to that of the
corresponding block copolymers. Table 1 presents the character-
istics of three triblock copolymers and three random copolymers
derived from PEG-b-(PDMAEMA--PDPA) (denoted as LR, MR,
and SR, corresponding to long, medium, and short PDMAEMA
chain lengths, respectively) and PEG-b-PDMAEMA-H-PDPA
(denoted as LB, MB, and SB, corresponding to long, medium,
and short PDMAEMA chain lengths, respectively). The repeating
unit and number-average molecular weight (M, nwmr) Of
PDMAEMA and PDPA were calculated using 'H nuclear magnetic
resonance (NMR) spectra, and the molecular weight distribution
was determined through gel permeation chromatography (GPC).
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Table 1 Characteristics of PEG-b-(PDMAEMA-r-PDPA) and PEG-b-
PDMAEMA-b-PDPA

DP°
My, NMR' - D, ”
Entry (g mol™) pP DMAEMA DPA (nm) PDI

d

PEG-b-(PDMAEMA-7-PDPA)

SR 20200 1.16 20 58 23.37 0.247
MR 22300 1.22 36 57 31.47 0.177
LR 25000 1.18 58 55 32.53 0.219
PEG-b-PDMAEMA-b-PDPA

SB 19100 1.17 18 54 25.70 0.208
MB 22600 1.27 41 55 23.50 0.235
LB 25500 1.25 55 59 22.97 0.245

“ Molecular weight determined by "H NMR. ? Polydispersity measured
by GPC using THF/LiBr as eluent. D = M,/M,,. ‘Degree of polymeriz-
ation calculated by "H NMR. ¢ Z-Average size of nanoparticles and dis-
tribution in DIW determined by DLS.

Dynamic light scattering (DLS) analysis revealed that these
block and random copolymers could self-assemble into nano-
particles through nanoprecipitation under ultrasonication!
This finding was validated by the hydrophobicity of PDPA that
constituted the core of the micelle and by the hydrophilicity of
PEG and PDMAEMA that remained on the sphere and pre-
vented micelle aggregation. Micelles derived from these poly-
mers exhibited a relatively consistent particle size that ranged
between 23 and 33 nm and had a particle size distribution
(PDI) of approximately 0.22 (Table 1). However, the correlation
between particle size and molecular weight was nonsignifi-
cant; this could be attributed to the loose micelle structure,
meaning that the particle size was not sensitive to the
difference in chain length among the polymers. We sub-
sequently used these polymers to investigate the influence of
monomer sequence on the formulation of the two-in-one deliv-
ery system.

Structure-dependent formulation of block and random
copolymers with siRNA

Both PEG-b-PDMAEMA-b-PDPA and PEG-b-(PDMAEMA-7-PDPA)
were expected to form micelleplexes loaded with siRNA and to
condense the loaded siRNA in the polycationic layer through
an electrostatic interaction between positively charged amines
on DMAEMA and negatively charged phosphates on siRNA
(Scheme S27). The micelleplexes were formed by mixing an
siRNA stock solution at a constant volume and a micelle solu-
tion at various N/P ratios simultaneously. The N/P ratio was
used to quantify the condensation efficiency of the gene
carrier. We used agarose gel electrophoresis along with ethi-
dium bromide staining to assess the siRNA condensation
efficiency of the synthesized block and random copolymers
(Fig. 1). Various polymer concentrations were added to the
siRNA stock solution in a phosphate-buffered environment
(pH 7.4; ionic strength = 10 mM) to encapsulate siRNA with
the desired N/P ratios (N/P = 1, 5, 10, 15, 20). The qualitative
assessment results revealed that the LB and MB copolymers
exhibited the highest siRNA condensation efficiency, which
increased with the N/P ratio. Although the LR copolymer

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) Gel electrophoresis of siRNA-condensed SB, MB, LB, SR, MR and LR micelleplexes. The arrow indicates where the siRNA shift occurred.
(B) siRNA condensation efficiency of SB, MB, LB, SR, MR and LR micelleplexes at various N/P ratios determined by the quantification of ethidium

bromide fluorescence in the siRNA band using ImageJ analysis software.

exhibited a relatively high siRNA condensation efficiency level,
the SB, SR, and MR did not show adequate siRNA conden-
sation efficiency, even when the N/P ratio was as high as 20
(Fig. 1A). The LB and MB copolymers had similar conden-
sation efficiency levels, which exceeded 70% at an N/P ratio of
10 and approached 90% at an N/P ratio of 20. However, the SB
copolymer had a condensation efficiency of only 5%, even
when the N/P ratio was 20; this finding is consistent with that
reported by a previous study that a longer cationic PDMAEMA
chain is associated with a higher siRNA condensation
efficiency.*® Accordingly, we selected the micelleplex composed
of LB and siRNA for our subsequent stability test, which
demonstrated that the micelleplex exhibited consistent con-
densation efficiency levels when preserved at 4 °C for a week
(Fig. S1t). Moreover, the results revealed that the random SR
and MR copolymers could barely carry the loaded siRNA (<5%
efficiency at an N/P ratio of 20). Despite the LR copolymer
achieving a condensation efficiency level of 70% at an N/P
ratio of 20, the random copolymers had lower siRNA conden-
sation efficiency levels than did the corresponding block copo-
lymers (Fig. 1B). This finding implies that the random
sequence of DMAEMA and DPA prevented the PDMAEMA
segment from binding with the siRNA. On the basis of the pre-
ceding results, we can determine that even with the same
polymer composition, the macromolecular design, such as the
sequence of monomers and the chain length of the cationic
segment, has a substantial effect on the self-assembled struc-
ture and formulation of siRNA carriers.

Structure-dependent formulation of block and random
copolymers with Dox and siRNA

We designed the PDPA segments in PEG-b-PDMAEMA-b-PDPA
and PEG-b-(PDMAEMA--PDPA) to incorporate Dox into their
cores by leveraging their hydrophobicity, thus enabling
payload delivery through a hydrophobic-to-hydrophilic tran-
sition in an acidic environment. We loaded Dox into the
micelles through the nanoprecipitation of the Dox and copoly-
mer solution under sonication (Scheme S37); subsequently, we

This journal is © The Royal Society of Chemistry 2022

derived the DLE and DLC of the copolymers through the pre-
cipitation of Dox in a dialysis bag against a phosphate-
buffered solution (pH 7.4, 20 mM). All three block copolymers
could capture Dox, with their DLE and DLC exceeding 75%
and 10%, respectively. However, the DLE and DLC of the PEG-
b-(PDMAEMA-7-PDPA) copolymers were 41%-49% and 7.2%-
8.4% (Table 2), respectively, which were lower than those of
the block copolymers; this finding indicates that the random
distribution of the DPA monomers weakened the hydrophobi-
city of the copolymers, reducing the amount of Dox that could
be stabilized in the core. We executed DLS to determine
changes in micelle size before and after Dox loading. The
results showed that for the block copolymers, the micelle size
increased after Dox loading; the explanation for this finding is
that the block copolymers had a more regulated structure in
which PDMAEMA-b-PEG surrounded the PDPA block in the
core to ensure that the encapsulated Dox enlarged only the
core, leading to an increase in particle size after Dox loading.
For the random copolymers, the micelle size decreased after
Dox loading; the explanation for this finding is that
PDMAEMA--PDPA loosely constituted the micelle core, and
the addition of Dox enhanced the hydrophobic interaction in
the core and dragged the DPA monomers to form a denser

Table 2 Hydrodynamic diameter (Dy) of self-assembled copolymers
and drug-loaded self-assembled copolymers, as determined using DLS,
and corresponding DLE? and DLC” values

DLE® DLC? Size (nm) Size (nm)
Entry (%) (%) without DOX with DOX
SR 41.6 7.2 25.4+0.9 31.8+2.7
MR 44.5 7.7 32.8+2.1 23.4+1.9
LR 48.7 8.4 33.5+0.4 16.2 + 1.9
SB 75.0 10.1 28.7 +1.3 342 +4.1
MB 771 10.4 27.5+0.8 28.1+3.8
LB 86.9 11.4 28.9+0.7 342+2.4

“DLE (%) = (weight of loaded Dox/weight of Dox in feed) x 100. ? DLC
(%) = [weight of loaded Dox/(weight of Dox + polymers)] x 100.

Polym. Chem., 2022, 13, 5568-5578 | 5571
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Fig. 2 (A) Comparison of siRNA condensation efficiency between LB micelles and Dox-loaded LB micelles. (B) Zeta potential of Dox-loaded LB

micelles before and after siRNA condensation.

core, thus resulting in a decrease in particle size. The encapsu-
lation of Dox was further confirmed by the quenched fluo-
rescence of Dox (Fig. S21), which was attributed to the n-x
stacking interaction between Dox molecules in the constrained
core. Consider, for example, the LB copolymers: the Dox-
loaded LB micelles exhibited high stability when preserved at
4 °C for a week, and this was supported by the release profile
of the Dox-loaded LB micelles in the dialysis bag against the
phosphate-buffered solution (pH 7.4, 140 mM); this profile
demonstrated a cumulative release of less than 10% in a week
(Fig. S37). Furthermore, we assessed the particle size of the
Dox-loaded LB micelles over a 1-week period by using DLS ana-
lysis, which revealed a consistent hydrodynamic diameter (Dy,)
and count rate throughout the assessment period (Fig. S47).

Because the Dox-loaded LB micelles exhibited prominent
DLE and DLC results, they were selected for further analysis of
siRNA condensation. The Dox-loaded LB micelles were added
to an siRNA stock solution at predetermined N/P ratios to
prepare Dox/Bcl-2 siRNA-loaded micelleplexes. The Dox-loaded
micelles exhibited similar siRNA condensation efficiency levels
with the empty LB micelles at various N/P ratios (Fig. 2A), sig-
nifying that the encapsulation of Dox within the hydrophobic
core had no considerable effect on the siRNA condensation
efficiency of the cationic PDMAEMA block. Furthermore, our
DLS analysis results revealed that the zeta potential of the Dox-
loaded micelleplexes dropped from 47 to 22 mV after siRNA
condensation, suggesting that siRNA was condensed in the
PDMAEMA layer of the Dox-loaded LB micelles through an
electrostatic interaction (Fig. 2B).

pH-Responsive release profiles of siRNA and Dox

Studies developing ultra-pH-sensitive fluorescence probes
composed of fluorogen-conjugated poly(ethylene glycol)-b-poly
(2-(diisopropylamino)ethyl methacrylate) have reported that
the hydrophobic-to-hydrophilic transition of protonable PDPA
is a pH trigger in these probes.***° Accordingly, we expected
that the PDPA block could respond to changes in pH and lead
to supramolecular disassembly; we thus evaluated the range of

5572 | Polym. Chem., 2022, 13, 5568-5578

pH and the sensitivity corresponding to the hydrophobic-to-
hydrophilic transition of PDPA (Fig. 3A). The pH-dependent
DLS analysis results demonstrated that the LB micelles were
stable in the basic environment; they exhibited a particle size
of 28 nm and light-scattering intensity of 274 keps. Their par-
ticle size and light-scattering intensity began to decrease when
the pH value was lower than 7.4, and they dropped to 13 nm
and 85 keps, respectively, when the pH value was 6.8 (Fig. 3B
and C). The pH interval (ApH;4-00%), Which was defined as the
PH range associated with a 10%-90% difference in pH change
compared with the original data,”” was calculated to be 0.24.
The median of the pH interval, defined as the pH associated
with the phase transition (pH,), was determined to be 6.88.
The dramatic changes in particle size and light-scattering
intensity were attributed to the supramolecular disassembly
induced by the protonation of the PDPA block. This expla-
nation was supported by transmission electron microscopy
(TEM) images, in which the micelles exhibited an intact struc-
ture at pH values of 7.4 and 7.0 but were barely identifiable at
a pH value of 6.5 (Fig. 3D). Accordingly, PEG-b-PDMAEMA-b-
PDPA formed micelles when the pH value exceeded 7.4.
Lowering the pH value led to the protonation of the PDPA
segment, which weakened the hydrophobic interactions in the
core. Further increasing the acidity level could ensure the com-
pletion of the hydrophobic-to-hydrophilic transition of PDPA
and thus disassemble the micelles to unimers. According to
the narrow pH interval as well as the derived pH value for the
phase transition, the LB micelles should be an ideal carrier for
pH-responsive Dox/siRNA release.

To determine the pH-responsive release profiles for Dox
and siRNA, we assessed the cumulative release efficiency of
Dox and siRNA from the Dox/Bcl-2 siRNA-loaded LB micelle-
plexes (Fig. 4) in a phosphate-buffered solution (pH 7.4;
20 mM; ionic strength = 0.14 M) and acetate buffer (pH 5.0;
20 mM; ionic strength = 0.14 M). At a pH value of 7.4, the
cumulative release efficiency of Dox from the micelleplexes
was 24% after 24 h, and it steadily approached 40% after 96 h.
By contrast, at a pH value of 5.0, the micelleplexes exhibited

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Cumulative (A) Dox and (B) siRNA release profiles of Dox/Bcl-2 siRNA-loaded LB micelleplexes at 37 °C in phosphate-buffered solution (pH
7.4; 20 mM; ionic strength = 0.14 M) and acetate buffer (pH 5.0; 20 mM; ionic strength = 0.14 M).

burst release of Dox, with the cumulative release efficiency
being 69% after 24 h; the cumulative release efficiency gradu-
ally reached >99% after 96 h, indicating the release of the
entirety of the encapsulated Dox (Fig. 4A). Regarding siRNA

This journal is © The Royal Society of Chemistry 2022

release, we calculated the cumulative release efficiency by
using a previously reported ultracentrifugation method to
collect liberated FAM-labeled siRNA from the solution.*® The
results revealed that at a pH value of 5.0, the Dox/Bcl-2 siRNA-

Polym. Chem., 2022,13, 5568-5578 | 5573


https://doi.org/10.1039/d2py00246a

Published on 31 August 2022. Downloaded on 2/23/2026 2:27:39 AM.

Paper

loaded LB micelleplexes exhibited a cumulative release
efficiency of 59.2% after 24 hours, considerably exceeding the
value of 14.6% observed at a pH value of 7.4 (Fig. 4B). We vali-
dated the feasibility of the aforementioned ultracentrifugation
method by conducting a control assessment involving free
siRNA; the results indicated a release efficiency of approxi-
mately 90% within 1 h (Fig. S51). The significant increase in
release efficiency for both Dox and siRNA could be attributed
to the pH-induced dissociation of the PDPA core in the micel-
leplexes. This thus suggests that the Dox/Bcl-2 siRNA-loaded
LB micelleplexes could selectively release Dox and siRNA in the
acidic late endosome/lysosome environment, preventing prema-
ture leakage and releasing the encapsulated payload on demand.

Material cytotoxicity

We tested the cytotoxicity of the LB micelles by conducting a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay on MDA-MB-231 cancer cells. The LB micelle con-
centration was set to 1.5-15 pg mL ™" because 15 ug mL ™" of LB
micelles could carry approximately 100 nM siRNA and 3.07 uM
(1.67 pg mL™") Dox, which exceeded the dose used for in vitro
research. The MDA-MB-231 cells were treated with the LB
micelles for 6 h and then incubated for another 24 h;
MDA-MB-231 cells without treatment were used as controls.
We observed that the treatment with various concentrations of
LB micelles did not lead to an effective decrease in the viability
of the treated cells compared with the control cells (Fig. 5), sig-
nifying that a PEG-b-PDMAEMA-b-PDPA concentration of
<15 pg mL™" should not be harmful to cells.

—

In vitro cellular uptake

We applied confocal laser scanning microscopy (CLSM) to
assess the intracellular delivery performance of the Dox/siRNA-
loaded LB micelleplexes; for this assessment, the siRNA and
120
100 +
80
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40-
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0 1.5 3 75 15
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Fig. 5 Material cytotoxicity of LB micelles in MDA-MB-231 cancer cells,
as evaluated using the MTT assay. MDA-MB-231 cancer cells (3000 cells
per well) were treated with the LB micelles and further incubated for
24 h. Data are expressed as mean values + SEM; *p < 0.05, ns, not
significant.
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Dox concentrations were set to 75 nM and 3 pg mL™?, respect-
ively. The derived CLSM images are depicted in Fig. 6A (orig-
inal-size images are depicted in Fig. S18-S22}). Moreover,
siRNA was labeled with FAM and visualized in green fluo-
rescence, Dox was visualized in red fluorescence, and
MDA-MB-231 cancer cell nuclei were labeled with DAPI and
visualized in blue fluorescence. For the control cells with free
Dox and free FAM-labeled siRNA, only a small amount of Dox
was absorbed, and the cellular uptake efficiency of free FAM-
labeled siRNA was extremely low. The Dox/siRNA-loaded LB
micelleplexes were effective in delivering Dox and FAM-labeled
siRNA into the nuclei, as confirmed by the enhanced fluo-
rescence intensity and by the overlap of fluorescence with
different colors. Furthermore, the Dox/siRNA-loaded LB micel-
leplexes could simultaneously deliver both Dox and FAM-
labeled siRNA to the cytoplasm, as indicated by the overlap of
all three fluorescence. We quantitatively analyzed the cellular
uptake of Dox and FAM-labeled siRNA in the MDA-MB-231
cancer cells by calculating the average optical density (AOD) of
Dox and FAM-labeled siRNA in the CLSM images. The uptake
efficiency of free Dox and that of free siRNA were calibrated as
1 for comparison with the number of payloads delivered by the
Dox-loaded micelles, Bcl-2 siRNA-condensed micelleplexes,
and Dox/siRNA-loaded micelleplexes. The uptake efficiency
levels of the Dox-loaded micelles and the Dox/siRNA-loaded
micelleplexes were both higher than that of free Dox by
approximately twofold (Fig. 6B), whereas cellular internaliz-
ation of Dox showed an insignificant difference between Dox-
loaded micelles and Dox/siRNA-loaded micelleplexes as deter-
mined by CLSM images and flow cytometry (Fig. S23A and
S24A, BY). This difference can be attributed to the differences
in cellular uptake mechanisms; specifically, free Dox only
diffused into the cells passively, whereas the encapsulated Dox
was delivered to the cells through caveolar endocytosis, in
which the positively charged surface of the micelleplexes facili-
tated cellular internalization through an electrostatic inter-
action with the negatively charged cell membrane.”*>" The
uptake efficiency levels observed for the siRNA-condensed
micelleplexes and Dox/siRNA-loaded micelleplexes were com-
parable as determined by CLSM images and flow cytometry
(Fig. S23B and S24C, D), and they both exceeded that derived
for free siRNA by fivefold (Fig. 6C). The enhanced uptake
efficiency can be attributed to the fact that the protonated
PDMAEMA on LB shielded the negative charge on siRNA to
prevent electrostatic repulsion between the cell membrane and
siRNA, in addition to being attributable to the caveolar endocy-
tosis process facilitated by the electrostatic interaction between
the positively-charged micelleplexes and negatively-charged
cell membrane.

In vitro downregulation of Bcl-2 mRNA

Before testing the therapeutic effects of the Dox/Bcl-2 siRNA-
loaded micelleplexes, we conducted a control experiment to
test the in vitro downregulation of Bcl-2 mRNA (an antiapopto-
tic gene) by Bcl-2 siRNA-loaded LB (hereafter referred to as Bel-
2 siRNA/LB) micelleplexes. To compare the effectiveness of
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DAPI DOX

FAM-siRNA/ NPs

control siRNA-loaded LB (hereafter denoted as Ctrl siRNA/LB)
micelleplexes with that of the Bcl-2 siRNA/LB micelleplexes in
silencing Bcl-2 mRNA expression in MDA-MB-231 cells, we per-
formed a quantitative real-time polymerase chain reaction
(qRT-PCR) analysis. As illustrated in Fig. 7, the Bcl-2 mRNA
expression in cells treated with the Ctrl siRNA/LB micelleplexes
(concentration = 50 nM) was consistent with that in the
control cells (i.e., untreated cells). Increasing the concentration
of Ctrl siRNA/LB micelleplexes to 100 nM still resulted in a
nonsignificant silencing effect. However, the Bcl-2 siRNA/LB
micelleplexes (concentration = 50 nM) substantially downregu-
lated the expression of Bcl-2 mRNA, and when their concen-
tration was increased to 100 nM, the Bcl-2 mRNA expression
was further downregulated by 50%, implying that siRNA deli-
vered by PEG-b-PDMAEMA-b-PDPA should be effective for the
downregulation of Bcl-2 mRNA expression.

In vitro combination therapy of pH-responsive, two-in-One
Dox/Bcl-2 siRNA-loaded micelleplexes

To demonstrate the effectiveness of PEG-b-PDMAEMA-b-PDPA
copolymers in simultaneously delivering Dox and siRNA for
combination therapy, we compared the therapeutic efficiency
of Dox/Bcl-2 siRNA-loaded LB (hereafter denoted as Dox/Bcl-2
SsiRNA/LB) micelleplexes with that of Ctrl siRNA/LB micelle-
plexes, Bcl-2 siRNA/LB micelleplexes, and Dox/control siRNA-
loaded LB (hereafter denoted as Dox/Ctrl siRNA/LB) micelle-
plexes. Therapeutic efficiency was evaluated using the MTT
assay to determine MDA-MB-231 cell viability after treatment
with the various micelleplexes (Fig. 8). At a siRNA concen-
tration of 50 nM, the cells treated with the Ctrl siRNA/LB and
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Fig. 6 Cellular uptake of FAM-labeled siRNA (75 nM) and Dox (3 ug mL™%) in MDA-MB-231 cancer cells. FAM-labeled siRNA, Dox, and DAPI-labeled
nuclei are visualized in green, red, and blue fluorescence, respectively. Scale bar = 20 pm. (A) Images captured using a Zeiss LSM 780 confocal
microscope for MDA-MB-231 cells treated with free Dox, free FAM-labeled siRNA, Dox/LB micelles, FAM-labeled siRNA/LB micelleplexes, and Dox/
FAM-labeled siRNA/LB micelleplexes. (B) Cellular uptake of Dox determined by calculating AOD in CLSM images. (C) Quantitative data of cellular
uptake of FAM-labeled siRNA. Data are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 7 Expression of Bcl-2 mRNA, as evaluated using qRT-PCR, in
MDA-MB-231 treated with Ctrl siRNA/LB micelleplexes and Bcl-2 siRNA/
LB micelleplexes at siRNA concentrations of 50 and 100 nM. Data are
expressed as mean values + SEM; *p < 0.05, **p < 0.01.

Dox/Ctrl siRNA/LB micelleplexes exhibited high viability
(>80%); this is because the Ctrl siRNA/LB micelleplexes could
not downregulate mRNA expression and because the Dox con-
centration in the Dox/Ctrl siRNA/LB micelleplexes was too low
(1 pg mL™") to induce substantial cytotoxicity. The Bcl-2
siRNA/LB micelleplexes could inhibit the expression of mRNA
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Fig. 8 Cell viability of MDA-MB-231 cancer cells treated with Ctrl-
siRNA/LB, Bcl-2 siRNA/LB, Dox/Ctrl-siRNA/LB, and Dox/Bcl-2 siRNA/LB
micelleplexes at siRNA concentrations of 50 and 100 nM. Data are
expressed as mean values + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

and thus engendered a lower cell viability rate (approximately
68%). The cells treated with the Dox/Bcl-2 siRNA/LB micelle-
plexes had a cell viability of 54%, which can be attributed to
the combined effects of Dox and siRNA in suppressing Bcl-2, a
gene that sensitizes drug-resistant TNBC cells to Dox.
Furthermore, Dox/Bcl-2 siRNA/LB micelleplexes effectively
induced cell apoptosis determined by FITC Annexin V assay
via flow cytometry (Fig. S25 and 26), whereas Ctrl siRNA/LB
showed an insignificant effect on MDA-MB-231 cells in com-
parison with the control group without treatment. When the
siRNA concentration was raised to 100 nM, the Bcl-2 siRNA/
LB, Dox/Ctrl siRNA/LB, and Dox/Bcl-2 siRNA/LB micelleplexes
(but not the Ctrl siRNA/LB micelleplexes) exhibited enhanced
therapeutic efficiency, matching the expectation that the Ctrl
siRNA acts as a blank. The viability of the MDA-MD-231 cells
treated with the Bcl-2 siRNA/LB micelleplexes dropped from
68% to 56%; this is because 100 nM Bcl-2 siRNA could effec-
tively activate the RISC to suppress the growth of MDA-MB-231
cancer cells through the inhibition of antiapoptotic mecha-
nisms. The viability of the cells treated with the Dox/Ctrl
siRNA/LB micelleplexes was reduced from 82% to 56%; this
can be attributed to the elevated Dox concentration (from 1 to
2 pg mL '), which exceeded the drug tolerance of the cancer
cells and thus led to cell apoptosis. In particular, the Dox/Bcl-2
siRNA/LB micelleplexes exhibited the highest therapeutic
efficacy in that they reduced the viability of the cells to 36%,
demonstrating the effectiveness of combining chemotherapy
and gene therapy for TNBC treatment.

Conclusions

We synthesized a series of block and random copolymers to
prepare a two-in-one pH-responsive drug delivery system that
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can carry both Dox and siRNA to achieve combination chemo-
therapy and gene therapy. Considering the importance of a
well-defined block copolymer structure and an adequate cat-
ionic block chain length for Dox and siRNA loading, we
selected the PEG;3-b-PDMAEMA;;5-b-PDPA;, (LB) block copoly-
mer, which had the longest PDMAEMA chain and the highest
Dox and Bcl-2 siRNA loading efficiency levels (DLE = 86.9%
and 93%, respectively), as the carrier. We encapsulated the LB
copolymer with Dox and Bcl-2 siRNA to form Dox/Bcl-2 siRNA-
loaded micelleplexes, which were stable at pH 7.4 and exhibi-
ted Dox and siRNA cumulative release efficiency levels of 24%
and 15% within 24 h. Changing the pH value from 7.4 to 5.0
resulted in a burst release, which increased the cumulative
release efficiency of Dox and siRNA to approximately 69% and
59%, respectively, within 24 h. Control studies confirmed that
PEG;13-b-PDMAEMA;5-b-PDPAs, concentrations below 15 pg
mL™" had negligible cytotoxicity, that the Dox/Bcl-2 siRNA-
loaded micelleplexes facilitated the cellular internalization of
Dox and siRNA, and that Bcl-2 siRNA/LB micelleplexes were
effective in suppressing antiapoptotic mechanisms through
the downregulation of Bcl-2 mRNA expression. As revealed by
our in vitro test of therapeutic efficiency, the Dox/Bcl-2 siRNA-
loaded micelleplexes could effectively deliver Dox and Bcl-2
siRNA simultaneously and produced the lowest cell viability
(36%) compared with the Dox/Ctrl-siRNA/LB micelleplexes
(56%) and Bcl-2 siRNA/LB micelleplexes (56%). Although we
used Dox as the chemotherapy drug and Bcl-2 siRNA for TNBC
treatment in this study, PEG;,3-b-PDMAEMA;5-b-PDPA5o can
encapsulate a wide variety of hydrophobic chemotherapeutics
and siRNAs. Moreover, considering the pH-responsive behavior
of PEG;13-b-PDMAEMA;5-b-PDPA;g, for which the phase tran-
sition pH was 6.88 and pH interval was 0.24, we anticipate that
delivery systems based on PEG-b-PDMAEMA-b-PDPA will con-
stitute a versatile pH-responsive platform for encapsulating
both chemotherapy drugs and siRNA for combination therapy
for TNBC treatment.
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