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Abstract: In the treatment of cancers, small interfering ribonucleic acids (siRNAs) are delivered into
cells to inhibit the oncogenic protein’s expression; however, polyanions, hydrophilicity, and rapid
degradations in blood, endosomal or secondary lysosomal degradation hamper clinal applications. In
this study, we first synthesized and characterized two copolymers: methoxy poly(ethylene glycol)-b-
poly(2-hydroxy methacrylate-ketal-pyridoxal) and methoxy poly(ethylene glycol)-b-poly(methacrylic
check for acid-co-histidine). Afterwards, we assembled two polymers with the focal adhesion kinase (FAK)
updates siRNA, forming polyplex-mixed micelles for the treatment of the human colon cancer cell line HCT116.
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copolymer with ketal bonds could electrostatically attract the siRNA. Additionally, the pyridoxal
could form a hydrophobic core together with the hydrophobic deprotonated histidine molecules
in the other copolymer and the hydrophilic polyethylene glycol (PEG) shell to protect the siRNA.
In an acidic condition, the pyridoxal would be cleaved from the polymers due to the breakage
of the ketal bonds and the histidine molecules can simultaneously be protonated, resulting in the
endosome/lysosome escape effect. On the basis of our results, the two copolymers were successfully

e prepared and the pyridoxal derivatives were identified to be able to carry the siRNA and be cleavable
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scanning microscopy (CLSM). The FAK expression was therefore reduced, and the cytotoxicity of
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1. Introduction

RNA interference (RNAi) therapy, which is to deliver an artificial small interfering

RNA (siRNA) to silence the specific expression of genes and proteins [1], has become a
promising therapeutic strategy for treating genetic disorders [2,3], including oncogenic
cancer [4,5]. Currently, several siRNA-mediated cancer therapies are in the clinical trial
stage and have attracted a lot of attention [6-8]. However, the nature of siRNAs has led to
concerns regarding clinical development [9]. For example, an siRNA can be enzymatically
Attribution (CC BY) license (https:// degraded in blood circulatior} [.10].. A.dditionally, s.iRNAs are h'ydroph%lic aI.ld anionic
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from endosomes or secondary lysosomes is another concern [9]. In order to overcome
these natural obstacles, the siRNA is often packaged into a carrier for the treatment of
cancer [9,12,13]. These carriers are required to impede the siRNA from the nuclease during
blood circulation, ensure internalization into cancer cells and escape from the endosomes
or secondary lysosomes in cells [12-14].

So far, many viral and non-viral carriers have been intended for use as an siRNA
carrier [9,13,15,16]. Among them, polymer-based siRNA complexes have gained the
greatest attention, since the polymers can be easily designed and customized [9]. In fact,
some cationic polymers such as polyethylenimine (PEI) and polylysine (PLL) have been
introduced into an siRNA delivery system, forming polyplexes [13]. Furthermore, in order
to prolong the circulation time in blood and escape from the endosomes or secondary
lysosomes, a hydrophilic polymer (polyethylene glycol) (PEG) and histidine molecule
have been respectively assembled into polyplexes. The former enabled suitable steric
hindrance to prolong the circulation time of the polyplexes [15], whereas for the latter, its
imidazole ring could enable protonation as the pH value decreased to 6.5, further leading
to increasing the osmolarity and promoting membrane permeability in acidic endosomes
or secondary lysosomes, resulting in “proton sponge effects” [16,17]. These effects have
successfully led to a significant increase in efficiency for siRNA delivery.

However, the cytotoxicity of cationic polymers is an unignorable drawback in clinical
settings [18,19]. It is necessary to exploit polycation materials with low cytotoxicity. As
several groups have indicated, the labile bonds in endosomes or secondary lysosomes
can efficiently reduce the cytotoxicity [20-23]; therefore, a labile linkage in endosomes or
secondary lysosomes such as an acid labile linker has been introduced into the backbone of
the cationic polymers. For example, Bulmus et al. inserted an acid-labile acetal bond in
a PEG-macro initiator and prepared a polymer by the reversible-addition fragmentation
chain transfer (RAFT) polymerization [24]. Xing et al. prepared ketal containing diacrylate
and prepare the acid-labile branched polydiethylenetriamines to form the polyplex with
siRNA [25]. Kwon et al. also prepared a poly(ketalized serine) polymer to encapsulate the
siRNA [26]. These acetal and ketal bonds, which could be cleavage in acidic milieus, have
been therefore suggested to be a promising strategy for an siRNA delivery system.

In this study, we introduced an acid-labile ketal bond to conjugate a cationic and
highly biosafe vitamin B¢ derivative, pyridoxal into the copolymer, thus forming methoxy
poly(ethylene glycol)-b-poly(2-hydroxy methacrylate-ketal-pyridoxal) (mPEG-b-P(HEMA-
ketal-VBg)). Pyridoxal contained a positively charged pyridine that could be utilized
to carry the anionic siRNA in physiological conditions. Because ketal bonds could be
cleaved in acidic environments [27,28], the siRNA, as well as the vitamin By derivatives,
were released from the polymers. Moreover, in order to confirm endosomal escape ability
and optimize the formation, we further designed and prepared a copolymer, methoxy
poly(ethylene glycol)-b-poly(methacrylic acid-co-histidine) (mPEG-b-P(MA Ac-co-His)) to
carry the histidine molecules. In a physiological environment, the deprotonated histidine
molecules are hydrophobic [29]. Therefore, they could be driven close to the pyridine rings
of pyridoxal in mPEG-b-P(HEMA-ketal-VBg), forming a hydrophobic core and hydrophilic
PEG shell. Furthermore, the anionic siRNA could be attracted and encapsulated into the
core-shell structure via an electrostatic interaction between siRNA and cationic VBg, form-
ing a polyplex-mixed micellar system as shown in Scheme 1. The mixed micellar structures
protected the siRNA from degradation during blood transportation. In endosomes or
secondary lysosomes, the proton sponge effects were triggered by the histidine residues,
and the siRNA could be released into the cytosol. In this study, a 21 base-pair (bp) FAK
siRNA was used to treat human colon cancer cells. The FAK proteins have been reported
in terms of their relevance to cell survival, growth, and migration [30], in particular for
the cancer cells [31]. In other words, the inhibition of FAK proteins with RNAi therapy
lead to the cancer-cell death, and anticancer efficiency might be guaranteed. Moreover,
polyplex-mixed micelles for FAK siRNA delivery were investigated in terms of anticancer
therapy in this study.
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Scheme 1. Designs and concepts of the pH-sensitive polyplex-mixed micellar system. The FAK siRNA was assembled with
the cationic copolymer, mPEG-b-P(HEMA-ketal-VBg), and the histidine molecules appended copolymer, mPEG-b-P(MAAc-

co-His). In a physiological

condition, the two polymers would form the polyplex-mixed micelles to stably encapsulate

the siRNA; while in endosomes or secondary lysosomes, upon a decreasing pH value, cationic vitamin Bg derivatives
(pyridoxal) are cleaved, and meanwhile, the histidine molecules would be protonated to trigger the proton sponge effects.
Finally, the siRNA will release to the cytosol.

2. Materials and Methods
2.1. Materials

A FAK siRNA was designed by MDBio Inc. (Taipei City, Taiwan) to target the 5'-
AACCACCTGGGCCAGTATTAT-3' (21 base pairs) sequence, and the company also pro-
vided the fluorescein isothiocyanate (FAM)-labeled siRNA. The chemical reagents used to
synthesize the copolymers, including methoxy poly(ethylene glycol) (Molecular weight:
5000), vitamin Bg derivative, pyridoxal hydrochloride, L-histidine, and 2-hydroethyl
methacrylate (HEMA), were purchased from MilliporeSigma (Munich, Germany). Ad-
ditionally, other chemical reagents including N-hydroxysuccinimide (NHS ester), 2,2’-
dimethoxypropane (DMP), p-toluenesulfonic acid (PTSA) and 4-dimethylaminopyridine
(DMAP) were purchased from Alfa Aesar (Ward Hill, MA, USA), whereas the monomer,
methacrylic acid (MAAc), was obtained from Acros Organics (Geel, Belgium) and the
N,N’-dicyclohexylcarbodiimide (DCC) was purchased from Fluka, Honeywell Interna-
tional Inc. (Charlotte, NC, USA). The organic solvents, including ethanol and N,N’-
dimethylformamide (DMF), and N,N-dimethyl acetamide (DMAc) were acquired from
TEDIA Company, Inc. (Fairfield, OH, USA). The cell culture medium, McCoy’s 5A medium,
was obtained from MilliporeSigma (Munich, Germany) and the MTS cell proliferation as-
say kits for cytotoxic evaluation were purchased from Promega Corporation (Madison,
WI, USA). The fluorescent dye, Lysosensor Blue DND-167, was acquired from Invitro-
gen, Thermo Fisher Scientific Corporation (Waltham, MA, USA). The regents for the
Western blot analysis, including 40% of acrylamide, ammonium persulfate, and N,N,N,N-
tetramethylethylenedi (TEMED), were obtained from Bio-Rad Laboratories, Inc. (Hercules,
CA, USA) and the buffers, including the TRIS buffer, RIPA lysis buffer, and loading buffer,
were respectively purchased from Amresce LLC (Fountain Parkway Solon, OH, USA) and
Biotools Co., Ltd. (Taipei City, Taiwan). The primary antibodies for Western blot analysis,
B-tublin antibody and rabbit anti-PTK2 polyclonal antibody, were, respectively, obtained
from EnoGene Biotech Co, Ltd. (New York, NY, USA) and ABclonal Technology (Woburn,
MA, USA). The secondary antibodies, including goat anti-rabbit IgG and rabbit anti-mouse
IgG, were acquired from Jackson ImmunoResearch Inc. (West Grove, PA, USA).
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2.2. Preparation and Characterization of mPEG-b-P(HEMA-Ketal-VBg)

In order to synthesize the pH-sensitive cationic copolymer mPEG-b-P(HEMA-ketal-
VBg), the copolymer methoxy poly(ethylene glycol)-block-poly(hydroxyethyl methacrylate)
(mPEG-b-PHEMA) was first prepared. Thereafter, the vitamin Bg derivative, pyridoxal
hydrochloride, was conjugated on the copolymer mPEG-b-PHEMA via acid-labile ketal
linkages, forming the copolymer mPEG-b-P(HEMA-ketal-VBg).

The preparation of the mPEG-b-PHEMA was carried out following our previous
reports [32,33]. In brief, the macroinitiator, methoxy poly(ethylene glycol)2-4,4’, -azobis94-
cyanovaleric acid) (mPEG2-ABCPA), was first prepared. The macroinitiator (1 mmole) was
dissolved into ethanol under nitrogen, and simultaneously 2-hydroxyethyl methacrylate
(40 mmole) was added. After homogenous blending, the solution was heated until 70 °C
for 24 h. Afterwards, the mPEG-b-P(HEMA) polymer was precipitated by the iced ether.
After drying in a vacuum oven, the product was characterized using a hydrogen nuclear
magnetic resonance ('H-NMR) (400 mHz, Bruker Avance III 400, Billerica, MA, USA)
spectroscopy and Fourier transform infrared spectroscopy (FT-IR) (Affinity-1, Shimadzu,
Kyoto, Japan).

The mPEG-b-PHEMA was further conjugated with pyridoxal molecules via ketal
bonds to prepare the mPEG-b-P(HEMA-ketal-VBg) copolymer. The preparation was car-
ried out as follows: First, the 2'2-dimethoxypropane (DMP) (1.4 mmole), the pyridoxal
hydrochloride (2 mmole) and the p-toluenesulfonic acid (0.003 mmole) were placed in a
round flask and dissolved into anhydrous N,N-dimethylacetamide (DMAc). Afterwards,
the solution was heated to 80 °C in an oil bath. Meanwhile, the synthesized copolymer,
mPEG-b-PHEMA (0.025 mmole), was placed into another round flask and dissolved into
the anhydrous DMAc. At 3, 6, 12 and 24 h post-reaction, the mPEG-b-PHEMA solution was
added into the DMP and pyridoxal solutions at 80 °C. The mixture was further reacted for
3 hat 80 °C. Afterwards, the solution was cooled down to room temperature and purified
by iced ether. The precipitates in the ether were collected and dried in a vacuum over. The
chemical structures of the dried powders were characterized with 'H-NMR and FT-IR. The
optimization of the reaction periods was determined by the conjugation rates, calculated
from 'H-NMR.

2.3. pH-Responsiveness of the Copolymer mPEG-b-P(HEMA-Ketal-VBg)

The copolymer mPEG-b-P(HEMA-ketal-VBg) (10 mg) was dissolved in pH 7.4 and pH
5.0 phosphate buffer saline (PBS) solutions. The solutions (1 mL) were placed into dialysis
bags (M.W.C.O. 6-8 k). Afterwards, the dialysis bags were independently immersed in
3mL of pH 7.4 or pH 5.0 PBS and incubated at 37 °C. At0, 1, 2, 3, 6 and 24 h post-incubation,
the PBS was collected and pyridoxal concentrations were detected using an ultraviolet-
visible light spectrometer (UV-vis spectrometer) (Lambda 35, PerkinElmer, Inc., Waltham,
MA, USA). The absorbance at a 410 nm wavelength was recorded.

Moreover, the copolymer mPEG-b-P(HEMA-ketal-VB6), which was dissolved in pH
7.4 and pH 5.0 PBS and incubated at 37 °C for 24 h, was also measured using a gel
permeation chromatography (GPC) system equipped with a refractive index (RI) detector
(Shimadzu Corporation, Kyoto, Japan).

2.4. Preparation and Characterization of mPEG-b-P(MAAc-co-His)

In order to prepare the mPEG-b-P(MAAc-co-His) copolymer, the copolymer mPEG-
b-PMAAc was prepared in advance. The preparation of the mPEG-b-PMAAc was also
carried out according to our previous report [32,33]. Briefly, the macroinitiator, mPEG2-
ABCPA (1 mmole), was weighed and placed into a two-neck bottle. Under nitrogen,
the organic solvent, ethanol, was added to dissolve the macroinitiators. Afterwards, the
monomer, methacrylic acid (40 mmole), was added in the solution under nitrogen. After
homogeneously blending, the solution was reacted at 70 °C. Twenty-four hours later, the
solution was cooled down to room temperature and gradually dropped into iced ether for
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purification. The precipitates in the ether were collected and dried in a vacuum oven. The
dried product was identified using 'H-NMR and FT-IR.

Thereafter, the mPEG-b-PMAAc copolymer was partially modified with N-hydroxy
succinimide (NHS ester) via a coupling reaction. The preparation was carried out as follows:
The copolymer mPEG-b-PMAAc (0.1 mmole) was placed into a round bottom flask with
NHS ester (4.5 mmole), 4-dimethylaminopyridine (DMAP) (0.003 mmole), and dicyclo-
hexylcarbodiimide (DCC) (9 mmole). Afterwards, the anhydrous organic solvent dimethyl-
formamide (DMF) was added under nitrogen to dissolve the compounds. The solution
was reacted at 25 °C for 24 h. To terminate the reaction, acetic acid (3 mmole) was dropped
into the solution. The product, methoxy poly(ethylene glycol)-block-poly(methacrylic acid-
co-NHS ester) (mPEG-b-P(MAAc-co-NHS ester)), was obtained via precipitation in the
iced ether. After drying in a vacuum oven, the product was characterized using 'H-NMR
and FT-IR.

The synthesized polymer, mPEG-b-P(MAAc-co-NHS ester) was further reacted with
the L-histidine molecules. The mPEG-b-P(MA Ac-co-NHS ester) copolymer (0.1 mmole)
and the L-histidine (3 mmole) was dissolved in DMF and deionized water, respectively. The
two solutions were mixed together afterwards and reacted at 25 °C for 48 h. The polymer
solution was further purified via dialysis against deionized water and freeze-dried. The
powder was identified using 'H-NMR and FT-IR.

2.5. Polyplex Preparation and Characterization

The various moles of the mPEG-b-P(HEMA-ketal-VBg) were dissolved in 2 mL of
dimethyl sulfoxide (DMSO) and mixed with 1 mL of PBS. Afterwards, various concen-
trations of the polymer solutions were blended with 0.5 mL of the FAK siRNA solution
(1 pg/mL) and incubated at 25 °C. At 34, 8-9, and 24 h post-incubation, the polyplex solu-
tions were independently placed into a dialysis bag (M.W.C.O. 6-8 k) and dialyzed against
deionized water. After dialysis, the solutions were placed in an ultracentrifuge filter tube
(M.W.C.O. 10 k) and the volumes of the solutions were concentrated until reaching 3.5 mL.
The polyplex samples were analyzed with agarose gel electrophoresis and measured within
the UV-vis spectrum. Additionally, the particle sizes of the polyplexes were measured with
dynamic light scattering (DLS) (Zetasizer 3000HSA, Malvern Panalytical, Worcestershire,
UK). The particle sizes were analyzed using CONTIN method. The morphologies of the
polyplexes at pH 7.4 and pH 5.0 were observed using transmission electron microscopy
(TEM) (JEM-2000 EXII, JEOL Ltd., Tokyo, Japan) after staining with the 2% uranyl acetate.

2.6. Polyplex-Mixed Micelle Preparation and Characterization

The copolymer mPEG-b-P(HEMA-ketal-VBg) (1 mmole) was first dissolved in 2 mL of
DMSO, and meanwhile, various concentrations of the copolymer, mPEG-b-P(MA Ac-co-
His) (2, 1 and 0.5 mmole), were independently dissolved into 1 mL of PBS. Afterwards, the
two polymer solutions were mixed together, and the siRNA solution was further added
into the polymer solution. After incubation at 25 °C for 3—4 and 8-9 h, the solution was
placed into dialysis bags and dialyzed against deionized water for 24 h. The polyplex-
mixed micelle solution was thereafter placed into an ultracentrifuge filter tube (M.W.C.O.
10 k) and concentrated to 3.5 mL under 1500 rpm for 15 min at 4 °C. The polyplex-mixed
micelles were analyzed with agarose gel electrophoresis. Additionally, their particle sizes
were measured with DLS under analysis with CONTIN method and their morphologies
was observed using TEM with 2% uranyl acetate staining.

2.7. Internalization

Fluorescent dye 5’ 6-fluorescein (FAM)-labeled siRNA was prepared into the polyplex-
mixed micelles following our abovementioned methods. Afterwards, the polyplex-mixed
micelles were stored at 4 °C for the in vitro tests. To observe the endocytic behaviors of the
polyplex-mixed micelles in cancer cells, human colon cancer cells HCT116 (1 x 10° cells)
were seeded on the slides and incubated at 37 °C with a 5% CO; supply. As the cells were
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attached, HCT116 cells were treated with polyplex-mixed micelles. After incubation for 1
and 6 h, the excess polyplex-mixed micelles were removed and the cells were washed with
PBS thrice. Afterwards, the cells were treated with 1 uM of Lysosensor Blue DND-167 and
incubated at 37 °C in darkness. At 2 h post-incubation, excess fluorescent dye was removed
and the HCT116 cells were washed. The cells were further fixed with 4% paraformaldehyde
for 30 min. After fixation, the cells were washed with PBS thrice and mounted with glycerol.
The slides were stored at 4 °C until observation. The internalization and the fluorescence
of the cells were observed using a confocal laser scanning microscope (CLSM) (Olympus
FV1000, Olympus Corporation, Tokyo, Japan). The fluorescence of polyplex-mixed micelles
was detected using an excitation wavelength of 488 nm and emission wavelength of 520 nm.
The fluorescence of the endosomes or secondary lysosomes and staining with Lysosensor
Blue DND-167 was detected using an excitation wavelength of 405 nm and emission
wavelength of 425 nm.

2.8. Cytotoxicity Evaluation

Cytotoxicity toward cancer cells was assessed via an MTS assay. Human colon cancer
HCT116 cells (1 x 10* cells) were seeded on each well in a 96-well plate. The cells were
treated with various concentrations of polymers, including the mPEG-b-P(HEMA-ketal-
VB6) and mPEG-b-P(MA Ac-co-His) copolymers (31.3, 62.5, 125.0, 250.0, and 1000.0 ug/mL).
Afterwards, the MTS reagent (100 uL) was added into each well and the cells were incubated
for 37 °C for 3 h. Cell viability was determined using an enzyme-linked immunosorbent
assay (ELISA) reader by detection of the absorbance at the 490 nm wavelength.

Additionally, the cells were also treated with various concentrations of the FAK siRNA,
polyplex, and polyplex-mixed micelles (3.1, 6.3, 12.5, 25.0 and 100.0 pg/mL), whereas the
concentrations of the polyplexes and polyplex-mixed micelles were adjusted in advance
based on their carrying siRNA levels. At 24 h post-incubation, the polymers, siRNA,
polyplexes, and polyplex-mixed micelles were removed and the cells were washed with
PBS thrice. The cell viability was also determined using MTS assay as aforementioned. The
results were statistically analyzed using Student’s t-test (Excel 2019) and the significant
differences are shown with asterisks (*, p < 0.05; **, p < 0.01; and ***, p < 0.001).

2.9. Western Blotting Analysis

The in vitro therapeutic efficacies of siRNA and its polyplexes were evaluated by
Western blotting analysis. Human colon cancer HCT116 cells (1 x 10° cells/mL) were
seeded on each well in 6-well plates. When the cells were attached onto the plates, the
FAK siRNA, polyplexes, and polyplex-mixed micelles were independently co-incubated
with the HCT116 cells at 37 °C. At 24 h post-incubation, the excess FAK siRNA, polyplexes,
and polyplex-mixed micelles were removed and the HCT116 cells were washed with
PBS thrice. The cells were collected and redispensed afterwards in a lysis buffer. After
reacting with the lysis buffer on ice for 30 min, the cells were further centrifugated at 4 °C
under 12,000x g for 5 min. The supernatants were collected to extract the proteins. The
extracted proteins were quantified using a Bradford assay (Bio-Rad protein assay, Bio-Rad
Laboratories Inc., Hercules, CA, USA). The extracted proteins were thereafter adjusted to
the same concentrations and loaded into 10% SDS-PAGE gels for protein separation and
analysis. After transferring the proteins from the gels to a polyvinylidene fluoride (PVDF)
membrane, the membrane was blocked for 1 h with 5% milk, and afterwards, the membrane
was washed thrice. The membrane was further incubated with the FAK primary antibody
(rabbit anti-PTK2 polycolonal antibody) and -tublin antibody solution at 25 °C for 1 h.
After removing the antibody solution, the membrane was treated with the secondary
antibody (anti-IgG antibody) and reacted for 1 h at 25 °C. When the reaction was complete,
the membrane was washed for 3 h and treated with an enhanced chemiluminescence (ECL)
reagent. The membrane was observed using a luminescence/fluorescence imaging system
(LAS 4000, Fujifilm Holdings Corporation, Tokyo, Japan).
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3. Results and Discussions
3.1. Synthesis and Characterization of Copolymers mPEG-b-P(HEMA-ketal-VBg)

In order to encapsulate the anionic siRNA, the cationic polymer mPEG-b-P(HEMA-
ketal-VBg) was prepared. First, the copolymer mPEG-b-P(HEMA) was synthesized follow-
ing our previous methods as shown in Scheme 2a [32,33]. In brief, the mPEG-b-PHEMA
was prepared from the macroinitiator, methoxy poly(ethylene glycol)2-block-4,4-azobis(4-
cyanovaleric acid) (mPEG2-ABCPA), and the monomer, 2-hydroxyethyl methacrylate
(HEMA), with free radical polymerization and precipitation in ether. As Kissel et al. illus-
trated, the length of the PEG strongly influences the siRNA transfection efficiency and the
protection from the nuclease in blood, and a PEG chain molecular weight of 5 kDa could
provide sufficient protection, as well as the knockdown of specific proteins [34]. Therefore,
in this study, the PEG molecular weight of 5 kDa was chosen and prepared in advance for
the macroinitiator, namely, mPEG2-ABCPA. The copolymer was dried and characterized
using 'H-NMR and FT-IR as respectively shown in Figure Sla,b in Supporting Information.
On the basis of the integral areas of the methyl groups in the HEMA and the ethylene
groups in PEG in Figure Sla, there were 44 repeating units of mPEG-b-PHEMA. Addition-
ally, Figure S1b indicated that the mPEG-b-PHEMA displayed a strong C-O stretching
peak at 1102 cm~! and broad O-H stretching peak at 3425 cm !, respectively, representing
the ether bonds in mPEG and the hydroxyl groups in HEMA.

The synthesized copolymer mPEG-b-PHEMA was reacted with the 2,2-dimethoxy
propane and vitamin B6 derivative pyridoxal, forming the copolymer mPEG-b-P(HEMA-
ketal-VBg), as shown in Scheme 2a, with the catalyst p-toluenesulfonic acid. As suggested
by Ozorio et al., the optimal reaction temperature for ketal linkage is 80 °C [35]. As such,
we fixed the reaction temperature at 80 °C, and the reaction periods were alternated to
optimize the synthesis of the mPEG-b-P(HEMA-ketal-VBg) copolymer. After purification
with iced ether, the copolymer was dried and characterized with 'H-NMR and FT-IR, as
shown in Figure 1a,b. The 'H-NMR spectrum was utilized to determine the conjugation
rate of the copolymers with various reaction periods. As Figure S2 in the Supporting
Information indicates, the conjugation rates increased with the increases in the reaction
periods before the 15 h incubation period. After the 15 h reaction, the conjugation rate
decreased due to the acid-catalyzed hydrolysis. The optimal total reaction period at 80 °C
for mPEG-b-P(HEMA-ketal-VBg) synthesis was 15 h. The 'H-NMR spectrum in Figure 1
indicates that the optimal conjugation rate was approximately 13.2%. The FT-IR spectrum
in Figure 1b shows a C=N stretching peak in pyridoxal at 1540 cm~! and also characteristic
peaks for mPEG-b-PHEMA, including C-O stretching and a broad O-H stretching peak
(Figure S1b in the Supporting Information). The C-O ether stretching of PEG was also
found. These results indicate the successful conjugation of VB¢ onto the copolymer and
that the cationic mPEG-b-P(HEMA-ketal-VBg) was synthesized.

The ketal linkage of the cationic copolymer was acid-labile, and the pyridoxal could
be cleaved from the polymers. Moreover, the pH response of this cationic polymer and
the pyridoxal releasing behaviors were identified. Firstly, gel permeation chromatography
(GPC) was attempted to introduce and identify the cleavage of the ketal bonds in the
cationic mPEG-b-P(HEMA-ketal-VBg) copolymer in pH 7.4 and 5.0 at 37 °C; the molecular
weight of the polymer is shown in Figure S3 in the Supporting Information. Before
incubation, the peak at 8/3”-4” was observed as shown in Figure S3a. After incubation
at pH 7.4 for 24 h, the peak did not significantly shift, and a similar GPC spectrum was
detected, as shown in Figure S3b. This indicates that the molecular weight of the cationic
copolymer did not change. Meanwhile, as the copolymer was incubated at pH 5.0 for 24 h,
the GPC spectrum shown in Figure S3c displayed slight differences. As Figure S3c shows,
the peak at 8/3”-4” was still detected, but one peak was present at about 13’. These results
indicate that the molecular weights of the polymer did not significantly change due to
the fact that the conjugation rate of the pyridoxal was only 13%. However, some small
molecules were cleaved from the copolymers in pH 5.0 conditions after 24 h incubation,
resulting in a peak formation in the GPC spectrum. These GPC results clearly demonstrate
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that the cationic mPEG-b-P(HEMA-ketal-VBg) copolymer can retain its molecular weight
in pH 7.4 conditions, while its ketal linkage could be cleaved in acidic conditions; thus, the
pyridoxal molecules can be released.
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Scheme 2. Synthesis of the (a) mPEG-b-P(HEMA-ketal-VBg) and (b) mPEG-b-P(MAAc-co-His) copolymers. (a) The
synthesis of the copolymer mPEG-b-P(HEMA-ketal-VBg) involves two steps: 1. Preparation of the mPEG-b-P(HEMA), using
the macroinitator, mPEG2-ABCPA, to conduct the free radical polymerization with the monomer, HEMA; 2. conjugation of
the cationic vitamin By derivative, pyridoxal, using a ketal linker created by 2,2’-dimethoxypropane reagents with catalyst,
p-toluenesulfonic acid. (b) The synthesis of the mPEG-b-P(MA Ac-co-His) copolymers involves 3 steps: 1. preparation of the
mPEG-b-P(MAACc) copolymers, using the mPEG2-ABCPA macroinitiator and the MA Ac monomers; 2. modification of
the mPEG-b-P(MAAc) into mPEG-b-P(MAAc-co-NHS), where the NHS ester was conjugated onto the mPEG-b-P(MAACc)
polymers with the ester bonds; and 3. modification of the histidine onto the mPEG-b-P(MAAc-co-NHS) copolymers. The
amine groups in histidine were reacted with the NHS groups in the mPEG-b-P(MAAc-co-NHS) copolymers to install the
histidine molecules.
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Figure 1. Characterization of the copolymer, mPEG-b-P(HEMA-ketal-VBg). (a) The TH-NMR spectrum of the mPEG-b-
P(HEMA-ketal-VBg), after the copolymer was dissolved into DMSO-dg. (b) The FI-IR spectrum of the mPEG-b-P(HEMA-
ketal-VBg) copolymers. (c) The pyridoxal (vitamin By derivative) releasing behaviors. The mPEG-b-P(HEMA-ketal-VBg)
copolymer was dissolved into phosphate buffer saline and placed into dialysis bags. The dialysis bags were further
incubated at pH 7.4 and pH 5.0 in PBS and the released pyridoxal was detected in the UV-Vis spectrum.

Therefore, we further studied the behaviors of the vitamin Bg derivatives released
from the polymers. The copolymer mPEG-b-P(HEMA-ketal-VBg) was dissolved in pH
7.4 and pH 5.0 PBS and placed in dialysis bags. The dialysis bags were further immersed
into pH 7.4 and 5.0 PBS and incubated at 37 °C. At a pre-determined time, the released
pyridoxal in PBS was detected as shown in Figure 1c. As Figure 1c shows, when the
mPEG-b-P(HEMA-ketal-VBg) copolymers were incubated in a pH 7.4 environment for 6 h,
little pyridoxal was released; however, a 2-fold increase of released pyridoxal was detected
when the polymers were incubated at pH 5.0 for 6 h. After 24 h, over 50% of the vitamin
Bg derivatives were released from the polyplex-mixed micelles in the pH 5.0 condition,
while almost 70% of the vitamin By derivatives were still preserved in the polyplex-mixed
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micelles. This release behavior clearly demonstrates the acid-cleavable properties of the
cationic mPEG-b-P(HEMA-ketal-VBy).

3.2. Synthesis and Characterization of Copolymers mPEG-b-P(MAAc-co-His)

In order to provide the proton sponge effect, histidine molecules appending the poly-
mer mPEG-b-P(MAAc-co-His) were prepared. The synthesis was carried out as shown
in Scheme 2b. In brief, the mPEG-b-PMA Ac was firstly synthesized via free radical poly-
merization from the macroinitiator mPEG2-ABCPA together with monomer methacrylic
acid (MAAc). After purification with iced ether, the polymer was characterized with 'H-
NMR and FT-IR, as shown in Figure S4a,b in Supporting Information. According to the
'H-NMR and FT-IR spectrum, there were approximately 33 repeating units for the copoly-
mers and the successful synthesis of mPEG-b-PMA Ac was identified as S-4 in Supporting
Information.

Furthermore, the copolymer mPEG-b-PMA Ac was partially modified with N-hydroxy
succinimide (NHS) via ester linkage as shown in Scheme 2b. The modified copolymers were
identified using '"H-NMR and FT-IR spectrum, as Figure S5a,b in Supporting Information
shows. On the basis of 'H-NMR spectrum, the conjugation rate was 71% and the FT-IR
spectrum identified the successful conjugation and synthesis of mPEG-b-P(MAAc-co-NHS
ester), as S-5 in Supporting Information illustrated.

Afterwards, as Scheme 2b illustrates, the mPEG-b-P(MAAc-co-NHS) reacted with the
amine groups in the histidine molecules. The "H-NMR spectra in Figure 2a shows that the
peaks at 2.7 ppm were also eliminated, representing that almost all of the NHS ester groups
had reacted with histidine molecules. The FT-IR spectrum in Figure 2b further indicates
that the N-H stretching and C=N stretching peaks in histidine appeared and that the
N-O stretching peaks in NHS groups almost diminished completely, illustrating that the
histidine molecules were completely conjugated onto the NHS groups in the polymers, and
therefore, the copolymer mPEG-b-P(MA Ac-co-His) was successfully prepared. As Hwang
et al. suggested, the number of histidine molecules in the polymer significantly affects the
proton sponge effects. The histidine molecule count required for endosome escape is over
20 on average. The mPEG-b-P(MAAc-co-His) copolymer conjugated 23 histidine molecules
in total, so the endosome escape effect could be achieved [36].
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Figure 2. Characterization of the copolymer, mPEG-b-P(MAAc-co-His). (a) The TH-NMR spectrum of the mPEG-b-P(MAAc-
co-His) copolymer in DMSO-dg. (b) The FT-IR spectrum of the mPEG-b-P(MA Ac-co-His) copolymers.
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3.3. Optimization and Characterization of the Polyplex-Mixed Micelles

The mPEG-b-P(HEMA-ketal-VBg) copolymer with positively charged pyridine groups,
which is its ability to carry anionic siRNA and form the polyplex, was examined. First, the
ratio of the cationic pyridine groups in the copolymer to siRNA phosphate groups, which
we defined as N/P ratio, was optimized. Meanwhile, various incubation periods were also
in consideration as well. As 5-6 and Figure S6a,b in Supporting Information suggested, the
polymers and siRNA should be incubated for at least 8-9 h with the ratio of 100:1 such
that they could completely form the desired polyplexes. However, the particle sizes of
the polyplexes reached to several um-sized, as the TEM images in Figure Séc indicated.
That could be accounted for by the incomplete interactions between the siRNA and the
cationic reagents. As Spagnou et al. illustrated, the structures of 21 bp siRNAs are rigid
and they have difficulty in terms of condensation in the presence of the cationic reagents,
therefore resulting in an undesirably large complex [37]. Particle size plays an important
role in internalization. Several studies have indicated that a large polyplex has difficulty in
terms of internalization into cancer cells, so it is essential to reduce the particle size [38—40].
Additionally, devices for endosome escape are needed. Therefore, we further introduced
the polymer mPEG-b-P(MA Ac-co-His) to form the polyplex-mixed micelles. With this
copolymer, the relative hydrophobic imidazole rings of histidine provided the hydrophobic
forces to stabilize the structures and hence reduced the particle sizes [29]. In addition,
the histidine residues permitted the proton sponge effects by the protonation of their
imidazole rings, causing an influx of chloride ions and leakage of the endosomal /lysosomal
membrane via osmotic pressure [9,17]. Herein, the optimization of the polyplex-mixed
micelles was investigated. Here, we defined the ratio of the histidine containing polymer
and the cationic polymers as H/N ratio. We fixed the ratio of the cationic copolymers and
siRNA into 100:1, while various molar ratios of the histidine-containing polymers and
cationic polymers were applied to optimize the polyplex-mixed micelles. In addition, the
incubation periods for polyplex-mixed micelle formation were to be investigated.

The polyplex micelle formation was identified using gel electrophoresis as shown in
Figure 3a, which indicates that when the two polymers co-incubated with siRNA for 4 h
free siRNA was detected, as indicated by the red arrow. The siRNA and the two equal molar
ratios of the polymers were co-incubated for 8 h. Notably, the band representing free siRNA
disappeared. The results clearly illustrate that the siRNA was totally encapsulated in the
presence of the other constituent polymer mPEG-b-P(MA Ac-co-His); however, when the
higher level of the mPEG-b-P(MAAc-co-His) was added (H/N ratio is 2:1), the polyplexes
were hardly well assembled, as shown in Figure 3a. This arose from the impedance of
anionic carboxylate groups in the mPEG-b-P(MA Ac-co-His) polymer. The results suggest
that in order to completely encapsulate the siRNA we should add the 2 polymers with
an equal molar ratio, wherein the ratio of the mPEG-b-P(HEMA-ketal-VB¢) and siRNA
should be 100:1. The particle sizes and the morphologies of the polyplex-mixed micelles
were, respectively, identified using DLS and TEM. The average hydrodynamic diameters
of the polyplex-mixed micelles were approximately 253.7 nm and the polydispersity index
(PDI) was 0.2. Their TEM images (Figure 3b) are in agreement with the particle size results
as measured by DLS. Additionally, their micellar core-shell structures could be witnessed
in Figure 3b after staining with uranyl acetate. The TEM images clearly and directly
demonstrate the formation of mixed micelle polyplexes. Even if the particle sizes were
reduced to 250 nm, the gene transfection efficiency was reported to be low for polyplexes
with particle sizes over 150 nm [38]. However, as Rejman et al. suggested, internalization
still enabled the occurrence in polyplexes over 500 nm, whereas the uptakes decreased
upon the alternation of the endocytic pathway [41]. Therefore, the particle sizes were
acceptable for siRNA delivery.

Furthermore, the pH responsiveness of the polyplex-mixed micelles was identified by
morphological observation. The polyplex-mixed micelles were incubated at 37 °C under
pH 5.0 conditions for 24 h. Their morphology was observed using TEM after staining
with uranyl acetate. The TEM images, shown in Figure 3¢, indicate that, after acidic
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treatment, the core—shell structures of the polyplex-mixed micelles had destructed and
numerous voids were discovered. These phenomena could account for the cleavage of the
pyridoxal from the polymers and the protonation of the histidine molecules. The cationic
pyridoxal was appended on the polymers with ketal bonds. Under acidic conditions,
the pyridoxal could be cleaved from the mPEG-b-P(HEMA-ketal-VBg) copolymer, as
identified in Figure 1c. Moreover, the imidazole ring in a histidine molecule could be
protonated and positively charged when the pH value is lower than 6.5. Therefore, in a pH
5.0 environment, with the detachment of the pyridoxal moieties and positively charged
histidine, the polyplex-mixed micelles were destroyed in voids.

(b)

W

Figure 3. Preparation and characterization of the polyplex-mixed micelles. Various concentrations of the copolymer,
mPEG-b-P(MAAc-co-His), were incubated with the cationic copolymer, mPEG-b-P(HEMA-ketal-VBg), and siRNA for 3—4
and 8-9 h to form the polyplex-mixed micelles. The polyplex-mixed micelles were analyzed with (a) gel electrophoresis.

(b) The morphologies of the polyplex-mixed micelles were observed using TEM. (c) The morphology of the polyplex-mixed

micelles after incubation in acidic conditions (pH 5.0). The polyplex-mixed micelles were incubated at 37 °C at pH 5.0 for

24 h; afterward, the morphology was further observed using TEM after staining with uranyl acetate.

3.4. Internalization, Intracellular Releasing Behaviors and Endosome Escape

To detect and observe the intracellular behaviors of the polyplex-mixed micelles, a
fluorescent dye, FAM-labeled siRNA, was utilized to prepare the polyplex-mixed micelles.
Afterwards, the FAM-labeled siRNA and polyplex-mixed micelles were respectively in-
cubated with the human colon cancer cell line HCT116 at 37 °C with a 5% CO, supply.
At 1 and 6 h post-incubation, the endosome/secondary lysosomes were stained with
a fluorescent reagent and the cells were observed using CLSM. As Figure 4a shows, at
1 h post-incubation, green fluorescence was observed inside the human colon cancer cell
HCT116 and overlapped with the red fluorescence (present in yellow), indicating that
the FAM-labeled siRNA (shown in green) was internalized into human colon cancer cells
and accommodated in the endosomes or secondary lysosomes (present in red). At6 h
post-incubation, the green fluorescence was also observed in the endosome or lysosome
of the cells, while the fluorescent intensity of the FAM-labeled siRNA subtly decreased,
due probably to the degradation of the siRNA in the endosomes or secondary lysosomes.
With respect to the polyplex-mixed micelles, the green fluorescence of the FAM-labeled
siRNA was observed in the cells after 1 h of incubation, also overlapping with the red
fluorescence, showing yellow fluorescence, as Figure 4b shows. The CLSM images demon-
strate that the FAM-labeled siRNA was internalized into cancer cells and located in the
endosomes/secondary lysosomes. After 6 h of incubation, green fluorescence was still
observed, while the fluorescence intensity did not significantly increase during incubation
periods. This accounts for the particle sizes of our polyplex-mixed micelles, even though
it was noticeable that this green fluorescence was separate from red fluorescence after
6 h of incubation. As Figure 4c shows, most green fluorescence was located near the red
fluorescence, indicating that the FAM-labeled siRNA (shown in green) escaped from the
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endosomes/secondary lysosomes. Due to the high H/N ratios, the escape of endosomes or
lysosomes could be attributed to the proton sponge effects of sufficient histidine molecules
in the polyplex-mixed micelles [36]. In addition, the acid-cleavable ketal linkage in mPEG-
b-P(HEMA-ketal-VB6) might increase the efficiency of the endosome escape. As Li et al.
identified, the hydrophobic core of a polyplex micelle results in the reduction of the endo-
some escape efficiency of the siRNA [42]. During internalization, the hydrophobic core of a
polyplex micelle was suggested collapse [9,42]. In our study, the core of the polyplex could
be destroyed upon the cleavage of the pyridoxal from the copolymer (as shown in Figure 3c)
at low pH. The dissociated core therefore facilitated the siRNA entry into the cytosol.
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°
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Figure 4. Internalization and endosome escape. The fluorescence dye, (a) FAM-labeled FAK siRNA, and (b) FAM-labeled
polyplex-mixed micelles were respectively incubated with the human colon cancer cells (HCT116) for 1 and 6 h. Afterwards,

the endosomes and secondary lysosomes in the cells were stained with a fluorescence dye and the fluorescence of the

HCT116 cells was detected using confocal laser scanning microscopy (CLSM), where the FAM fluorescence is present in

green and the fluorescence of the endosomes or secondary lysosomes is represented in red. (c) At 6 h co-incubation with the

human colon cancer cell line, HCT116, the accommodation of FAM-labeled in cells were also observed using CLSM.



Polymers 2021, 13, 1823

14 of 17

(@)

)

%

S

Cell viability (

3.5. In Vitro Cytotoxic Evaluation

The therapeutic efficacies and cytotoxicities of the polyplex-mixed micelles were
further evaluated for the treatment of the human colon cancer cells HCT116. First, the
cytotoxicity of the constituent polymers, including mPEG-b-P(HEMA-ketal-VBg) and
mPEG-b-P(MAAc-co-His), was examined to ensure biosafety. As Figure 5a shows, both
polymers did not cause significant cell death after incubation with the human colon cancer
cell line HCT116 for 24 h, even when high concentrations of the polymers were applied.
Notably, artificial cationic copolymers have been reported to cause severe cytotoxicity
toward a variety of cells; therefore, they were designed to form a polyplex with siRNA
under relatively low N /P ratios [38,43]. However, our cationic mPEG-b-P(HEMA-ketal-
VBg) copolymer displayed very low cytotoxicity, even when high levels of copolymers were
utilized to assemble siRNA. This was attributed to the cleavable fashions of the cationic
pyridoxal molecules at low pH. As Forrest et al. illustrated, cleavable cationic reagents
can efficiently reduce the cytotoxicity of cationic polymers [22]. A cationic moiety, i.e.,
pyridoxal, could be eliminated from our cationic copolymer mPEG-b-P(HEMA-ketal-VBg),
leading to a reduction in toxicity toward the cells. It is notable that in previous studies,
the researchers installed the acid-labile linkages on the cationic polymer backbone [20,25],
while in our study, the cationic moieties were appended on the polymer with acid-labile
linkage. The cytotoxic results in Figure 5a demonstrated that our strategy could also
efficiently reduce the cytotoxicity.

(b)
1401 [ ImPEGb-P(HEMA-aceta-VB,) 1601 = L__free SiRNA
X Polyplex
120 J (I MPEG-b-P(MAAc-co-His) 1404 | o . Polyplex mixed micelles
] 120 . x o
== | I
804 2100
% 80
60 R
8 60+
40 4
40 ~
20
204
0- 0
31.3 625 1250 2500  1000.0 31 63 125 2510 1000
Polymer concentration (ug/mL)
siRNA concentration (ug/mL)

Polyplex

Control Polyplex mixed
micelles

FAK protein ey roey

B-Tublin (. S —

Figure 5. FAK protein expression and cytotoxic evaluation. (a) Various concentrations of the constituent copolymers,
including mPEG-b-P(HEMA-ketal-VB6) and mPEG-b-P(MA Ac-co-His) as incubated with the human colon cancer cells
HCT116 for 24 h. (b) Various concentrations of the free siRNA, polyplexes, and polyplex-mixed micelles incubated with the

human colon cancer cells HCT116 for 24 h. The cell viability was analyzed using an MTS assay. The results were statistically
analyzed; significant differences are shown with asterisks (¥, p < 0.05; **, p < 0.01; and ***, p < 0.001). (c) The FAK siRNA,
the polyplexes and the polyplex-mixed micelles were incubated with the human colon cancer cell line HCT116 for 24 h.
Afterwards, the proteins in the HCT116 cells were extracted and analyzed via Western blotting.
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As Figure 5b shows, when we treated the polyplex-mixed micelles, the cells displayed
siRNA concentration-dependent cytotoxicity. When 100 pg/mL of siRNA containing
polyplex-mixed micelles was co-cultured with cancer cells for 24 h, the cell viability reduced
to 61.9 £ 2.0%, as shown in Figure 5b. It is noticeable that when the cells were treated
with 100 pg/mL of the free siRNA, only 10% of cell death occurred as a result. This could
reasonably account for the siRNA degradation within endosomes or secondary lysosomes.
When the cells were treated with 100 pug/mL for the polyplexes made from the cationic
polymer mPEG-b-P(HEMA-ketal-VBg), the cell growth was subtly inhibited. After 24 h of
incubation the cell viability remained 87.0 &= 3.8%. The low cytotoxicity of the polyplexes
toward cancer cells could be attributed to their large particle sizes.

Furthermore, the FAK protein expression was examined using Western blotting. We
treated 100 ug/mL of FAK siRNA to the human colon cancer cell HCT116 for 24 h. Af-
terwards, the expressions of the FAK proteins were analyzed as per Figure 5c. At24 h
post-incubation, the intensity of the FAK protein bands of the cells treated with free siRNA
and polyplexes still remained in comparison of the cells without any treatment (control).
After 24 h of incubation, as the cells were treated with polyplex-mixed micelles, the intensi-
ties of the FAK protein bands appeared to be weak, indicating that the expression of FAK
protein was efficiently inhibited when the polyplex-mixed micelles were applied. The result
in Figure 5c is in correspondence with that of the cytotoxicity present in Figure 5b. The FAK
siRNA in the polyplex-mixed micelles could be internalized into cancer cells and escape
from the endosomes/secondary lysosomes (Figure 4b,c). Herein, the siRNA can efficiently
inhibit the expression of the FAK proteins, resulting in cancer cell death. However, the
siRNA and polyplexes were unable to escape from the endosomes or secondary lysosomes
in cancer cells. Finally, the siRNA was gradually degraded in the endosomes or secondary
lysosomes during the process of endocytosis. Notably, the naked siRNAs typically need 3
to 7 days to achieve oncogenic knockdown and suppress proteins [9]. However, we could
rapidly inhibit the FAK protein suppression due to the acid-labile cationic polymers and
proton sponge effect. Our polyplex-mixed micelles enabled the rapid and precise delivery
of the siRNA to cytosol, leading to the rapid onset of the RNAi effects. Even though our
polyplex-mixed micelles could rapidly release the siRNA and cause the cancer cell inhibi-
tion, the cancer cell viability was still higher than the half-maximal inhibitory concentration
(ICsp), as Figure 5b displayed. This may be due to the slow internalization caused by the
particle sizes. However, the reduction in particle sizes may be associated with the increase
in the rates of the conjugation of the cationic pyridoxal species to the copolymers, and the
toxicity can be re-evaluated. This novel polyplex-mixed micellar system revealed a high
biosafety and feasibility in siRNA delivery. Therefore, the combination of the FAK siRNA
therapy and chemotherapy was suggested to be applied in treatment of the colon cancer in
the future.

4. Conclusions

In this study, we synthesized two polymers, including an acid-linkage and cationic
copolymer, mPEG-b-P(HEMA-ketal-VBg), and a copolymer containing histidine molecules,
mPEG-b-P(MAAc-co-His). These two polymers were assembled with FAK siRNA to form
a polyplex-mixed micellar system. In endosomes or secondary lysosomes, vitamin Bg
derivatives (pyridoxal) could be cleaved due to the polymer designation, and the histidine
molecules presented the proton sponge effect and forced the siRNA to release the cytosol.
Therefore, the polymers did not display toxicity, and meanwhile the RNAi effect was
rapidly initiated and suppressed the expression of FAK proteins. Eventually, the polyplex-
mixed micelles efficiently led to the cytotoxic effects toward the human colon cancer cells
HCT116. Vitamin By derivatives containing pH-responsive polyplex-mixed micelles are
promising candidates for rapid onset siRNA vectors for anticancer therapy.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/polym13111823/s1, Figure S1: Preparation and characterization of the mPEG-b-P(HEMA)
copolymers, Figure S2: Preparation and characterization of the mPEG-b-P(MAAc) copolymers,


https://www.mdpi.com/article/10.3390/polym13111823/s1
https://www.mdpi.com/article/10.3390/polym13111823/s1

Polymers 2021, 13, 1823 16 of 17

Figure S3: Modification and characterization of mPEG-b-P(MAAc-co-NHS) copolymer, Figure S4:
Preparation and characterization of the polyplexes.

Author Contributions: Y.-T.C., C.-L.L. and H.-C.C. conceived and designed the concepts and experi-
ments. S.-F.H. performed most experiments, including the polymer synthesis and in vitro studies.
Y.-H.W. and L.-Y.Y. analyzed the results. Y.-T.C. and C.-L.L. wrote the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: C-L.C. thanks the Ministry of Science and Technology (MOST) in Taiwan for his grants
(MOST 108-2314-B-010-052-MY3, 106-2221-E-010-018-MY3 and 105-2628-B-010-002-MY3). Y.-T.C. also
sincerely thanks the MOST in Taiwan for her grant (MOST 108-2320-B-039-056-).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors sincerely appreciated the Ministry of Science and Technology
(MOST) in Taiwan for the financial support (MOST 108-2320-B-039-056-, 108-2314-B-010-052-MY3,
106-2221-E-010-018-MY3 and 105-2628-B-010-002-MY3). The authors also thank the financial sup-
port from China Medical University (CMU109-MF-54). The TEM and CLSM were assisted by the
Instrumentation Resource Center in National Yang Ming Chiao Tung University (Taiwan).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21-nucleotide RNAs mediate RNA
interference in cultured mammalian cells. Nature 2001, 411, 494-498. [CrossRef]

2. Aagaard, L.; Rossi, J.J. RNAi therapeutics: Principles, prospects and challenges. Adv. Drug Deliv. Rev. 2007, 59, 75-86. [CrossRef]

3.  Reddy, L.S,; Sarojamma, V.; Ramakrishna, V. Future of RNAi in medicine: A review. World ]. Med. Sci. 2007, 2, 01-14.

4. Murmann, A.E.; Yu, ].; Opal, P; Peter, M.E. Trinucleotide repeat expansion diseases, RNAi, and Cancer. Trends Cancer 2018, 4,
684-700. [CrossRef] [PubMed]

5. Tian, Z; Liang, G.; Cui, K,; Liang, Y.; Wang, Q.; Lv, S.; Cheng, X.; Zhang, L. Insight into the Prospects for RNAi Therapy of Cancer.
Front. Pharmacol. 2021, 12, 308. [CrossRef]

6.  Setten, R.L.; Rossi, J.].; Han, S.-P. The current state and future directions of RNAi-based therapeutics. Nat. Rev. Drug Discov. 2019,
18, 421-446. [CrossRef]

7. Ando, H,; Ishida, T. An RNAi therapeutic, DFP-10825, for intraperitoneal and intrapleural malignant cancers. Adv. Drug Deliv.
Rev. 2020. [CrossRef] [PubMed]

8. Haussecker, D.; Kay, M.A. Drugging RNAI. Science 2015, 347, 1069-1070. [CrossRef]

9. Gary, D.J.; Puri, N.; Won, Y.-Y. Polymer-based siRNA delivery: Perspectives on the fundamental and phenomenological
distinctions from polymer-based DNA delivery. J. Control. Release 2007, 121, 64-73. [CrossRef]

10. Braasch, D.A,; Jensen, S.; Liu, Y.; Kaur, K.; Arar, K.; White, M.A.; Corey, D.R. RNA interference in mammalian cells by chemically-
modified RNA. Biochemistry 2003, 42, 7967-7975. [CrossRef] [PubMed]

11. Dowdy, S.F. Overcoming cellular barriers for RNA therapeutics. Nat. Biotechnol. 2017, 35, 222-229. [CrossRef]

12.  Kim, B,; Park, J.H.; Sailor, M.J. Rekindling RNAi therapy: Materials design requirements for in vivo siRNA delivery. Adv. Mater.
2019, 31, 1903637. [CrossRef] [PubMed]

13. Bholakant, R.; Qian, H.; Zhang, J.; Huang, X.; Huang, D.; Feijen, J.; Zhong, Y.; Chen, W. Recent Advances of Polycationic siRNA
Vectors for Cancer Therapy. Biomacromolecules 2020, 21, 2966-2982. [CrossRef]

14. Liu, Y, Ji, X,; Tong, WW.; Askhatova, D.; Yang, T.; Cheng, H.; Wang, Y.; Shi, ]. Engineering multifunctional RNAi nanomedicine to
concurrently target cancer hallmarks for combinatorial therapy. Angew. Chem. Int. Ed. 2018, 57, 1510-1513. [CrossRef] [PubMed]

15.  Merkel, O.M.; Kissel, T. Quo vadis polyplex? J. Control. Release 2014, 190, 415-423. [CrossRef] [PubMed]

16. Midoux, P; Pichon, C.; Yaouang, J.J.; Jaffrés, P.A. Chemical vectors for gene delivery: A current review on polymers, peptides and
lipids containing histidine or imidazole as nucleic acids carriers. Br. ]. Pharmacol. 2009, 157, 166-178. [CrossRef]

17. Meng, Z.; Luan, L.; Kang, Z.; Feng, S.; Meng, Q.; Liu, K. Histidine-enriched multifunctional peptide vectors with enhanced
cellular uptake and endosomal escape for gene delivery. . Mater. Chem. B 2017, 5, 74-84. [CrossRef]

18.  Hunter, A.C. Molecular hurdles in polyfectin design and mechanistic background to polycation induced cytotoxicity. Adv. Drug
Deliv. Rev. 2006, 58, 1523-1531. [CrossRef] [PubMed]

19. Hunter, A.C.; Moghimi, S.M. Cationic carriers of genetic material and cell death: A mitochondrial tale. Biochim. Biophys. Acta

(BBA) Bioenerg. 2010, 1797, 1203-1209. [CrossRef]


http://doi.org/10.1038/35078107
http://doi.org/10.1016/j.addr.2007.03.005
http://doi.org/10.1016/j.trecan.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30292352
http://doi.org/10.3389/fphar.2021.644718
http://doi.org/10.1038/s41573-019-0017-4
http://doi.org/10.1016/j.addr.2020.08.002
http://www.ncbi.nlm.nih.gov/pubmed/32781056
http://doi.org/10.1126/science.1252967
http://doi.org/10.1016/j.jconrel.2007.05.021
http://doi.org/10.1021/bi0343774
http://www.ncbi.nlm.nih.gov/pubmed/12834349
http://doi.org/10.1038/nbt.3802
http://doi.org/10.1002/adma.201903637
http://www.ncbi.nlm.nih.gov/pubmed/31566258
http://doi.org/10.1021/acs.biomac.0c00438
http://doi.org/10.1002/anie.201710144
http://www.ncbi.nlm.nih.gov/pubmed/29276823
http://doi.org/10.1016/j.jconrel.2014.06.009
http://www.ncbi.nlm.nih.gov/pubmed/24933599
http://doi.org/10.1111/j.1476-5381.2009.00288.x
http://doi.org/10.1039/C6TB02862D
http://doi.org/10.1016/j.addr.2006.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17079050
http://doi.org/10.1016/j.bbabio.2010.03.026

Polymers 2021, 13, 1823 17 of 17

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Oishi, M.; Nagasaki, Y.; Itaka, K.; Nishiyama, N.; Kataoka, K. Lactosylated poly (ethylene glycol)-siRNA conjugate through
acid-labile 3-thiopropionate linkage to construct pH-sensitive polyion complex micelles achieving enhanced gene silencing in
hepatoma cells. J. Am. Chem. Soc. 2005, 127, 1624-1625. [CrossRef]

Lee, Y.; Mo, H.; Koo, H.; Park, J.-Y,; Cho, M.Y,; Jin, G.-w.; Park, ].-S. Visualization of the degradation of a disulfide polymer, linear
poly (ethylenimine sulfide), for gene delivery. Bioconjugate Chem. 2007, 18, 13-18. [CrossRef]

Forrest, M.L.; Koerber, ].T.; Pack, D.W. A degradable polyethylenimine derivative with low toxicity for highly efficient gene
delivery. Bioconjugate Chem. 2003, 14, 934-940. [CrossRef]

Wang, C.; Wang, X; Du, L.; Dong, Y.; Hu, B.; Zhou, J.; Shi, Y.; Bai, S.; Huang, Y.; Cao, H. Harnessing pH-Sensitive Polycation
Vehicles for the Efficient siRNA Delivery. ACS Appl. Mater. Interfaces 2021, 13, 2218-2229. [CrossRef]

Huang, X.; Sevimli, S.I.; Bulmus, V. pH-labile sheddable block copolymers by RAFT polymerization: Synthesis and potential use
as siRNA conjugates. Eur. Polym. ]. 2013, 49, 2895-2905. [CrossRef]

Wang, P; Yan, Y,; Sun, Y.; Zhang, R.; Huo, C.; Li, L.; Wang, K.; Dong, Y.; Xing, J. Bioreducible and acid-labile polydiethylenetri-
amines with sequential degradability for efficient transgelin-2 siRNA delivery. . Mater. Chem. B 2019, 7, 6994-7005. [CrossRef]
Wong, S.; Kemp, J.A.; Shim, M.S.; Kwon, Y.J. Solvent-driven, self-assembled acid-responsive poly (ketalized serine)/siRNA
complexes for RNA interference. Biomater. Sci. 2020, 8, 6718-6729. [CrossRef]

Gannimani, R.; Walvekar, P.; Naidu, V.R.; Aminabhavi, T.M.; Govender, T. Acetal containing polymers as pH-responsive
nano-drug delivery systems. ]. Control. Release 2020. [CrossRef]

Kwon, Y.J. Before and after endosomal escape: Roles of stimuli-converting siRNA /polymer interactions in determining gene
silencing efficiency. Acc. Chem. Res. 2012, 45, 1077-1088. [CrossRef] [PubMed]

Lee, E.S.; Shin, H.J.; Na, K.; Bae, Y.H. Poly (I-histidine)-PEG block copolymer micelles and pH-induced destabilization. J. Control.
Release 2003, 90, 363-374. [CrossRef]

Mitra, S.K.; Hanson, D.A.; Schlaepfer, D.D. Focal adhesion kinase: In command and control of cell motility. Nat. Rev. Mol. Cell
Biol. 2005, 6, 56—68. [CrossRef] [PubMed]

McLean, G.W.; Carragher, N.O.; Avizienyte, E.; Evans, J.; Brunton, V.G.; Frame, M.C. The role of focal-adhesion kinase in
cancer—a new therapeutic opportunity. Nat. Rev. Cancer 2005, 5, 505-515. [CrossRef] [PubMed]

Chiang, Y.-T.; Cheng, Y.-T.; Lu, C.-Y;; Yen, Y.-W,; Yu, L.-Y,; Yu, K.-S,; Lyu, S.-Y;; Yang, C.-Y.; Lo, C.-L. Polymer-liposome complexes
with a functional hydrogen-bond cross-linker for preventing protein adsorption and improving tumor accumulation. Chem.
Mater. 2013, 25, 4364-4372. [CrossRef]

Lee, K.-Y,; Chiang, Y.-T.; Hsu, N.-Y,; Yang, C.-Y.; Lo, C.-L.; Ku, C.-A. Vitamin E containing polymer micelles for reducing normal
cell cytotoxicity and enhancing chemotherapy efficacy. Acta Biomater. 2015, 24, 286-296. [CrossRef] [PubMed]

Mao, S.; Neu, M.; Germershaus, O.; Merkel, O.; Sitterberg, ].; Bakowsky, U.; Kissel, T. Influence of polyethylene glycol chain length
on the physicochemical and biological properties of poly (ethylene imine)-graft-poly (ethylene glycol) block copolymer/SiRNA
polyplexes. Bioconjugate Chem. 2006, 17, 1209-1218. [CrossRef] [PubMed]

Ozorio, L.P; Pianzolli, R.; Mota, M.B.S.; Mota, C.J. Reactivity of glycerol/acetone ketal (solketal) and glycerol/formaldehyde
acetals toward acid-catalyzed hydrolysis. J. Braz. Chem. Soc. 2012, 23, 931-937. [CrossRef]

Hwang, H.S.; Hu, J.; Na, K.; Bae, Y.H. Role of polymeric endosomolytic agents in gene transfection: A comparative study of poly
(L-lysine) grafted with monomeric L-histidine analogue and poly (L-histidine). Biomacromolecules 2014, 15, 3577-3586. [CrossRef]
Spagnou, S.; Miller, A.D.; Keller, M. Lipidic carriers of siRNA: Differences in the formulation, cellular uptake, and delivery with
plasmid DNA. Biochemistry 2004, 43, 13348-13356. [CrossRef]

Grayson, A.C.R.; Doody, A.M.; Putnam, D. Biophysical and structural characterization of polyethylenimine-mediated siRNA
delivery in vitro. Pharm. Res. 2006, 23, 1868-1876. [CrossRef]

Shi, J.; Choi, J.L.; Chou, B.; Johnson, R.N.; Schellinger, J.G.; Pun, S.H. Effect of polyplex morphology on cellular uptake,
intracellular trafficking, and transgene expression. ACS Nano 2013, 7, 10612-10620. [CrossRef]

Von Gersdorff, K.; Sanders, N.N.; Vandenbroucke, R.; De Smedt, 5.C.; Wagner, E.; Ogris, M. The internalization route resulting in
successful gene expression depends on both cell line and polyethylenimine polyplex type. Mol. Ther. 2006, 14, 745-753. [CrossRef]
Rejman, J.; Oberle, V.; Zuhorn, 1.S.; Hoekstra, D. Size-dependent internalization of particles via the pathways of clathrin-and
caveolae-mediated endocytosis. Biochem. J. 2004, 377, 159-169. [CrossRef] [PubMed]

Li, C; Zhou, J.; Wu, Y,; Dong, Y,; Du, L.; Yang, T.; Wang, Y.; Guo, S.; Zhang, M.; Hussain, A. Core Role of Hydrophobic Core of
Polymeric Nanomicelle in Endosomal Escape of siRNA. Nano Lett. 2021, 21, 3680-3689. [CrossRef] [PubMed]

Patil, M.L.; Zhang, M.; Minko, T. Multifunctional triblock nanocarrier (PAMAM-PEG-PLL) for the efficient intracellular siRNA
delivery and gene silencing. ACS Nano 2011, 5, 1877-1887. [CrossRef]


http://doi.org/10.1021/ja044941d
http://doi.org/10.1021/bc060113t
http://doi.org/10.1021/bc034014g
http://doi.org/10.1021/acsami.0c17866
http://doi.org/10.1016/j.eurpolymj.2013.03.036
http://doi.org/10.1039/C9TB01183H
http://doi.org/10.1039/D0BM01478H
http://doi.org/10.1016/j.jconrel.2020.09.044
http://doi.org/10.1021/ar200241v
http://www.ncbi.nlm.nih.gov/pubmed/22103667
http://doi.org/10.1016/S0168-3659(03)00205-0
http://doi.org/10.1038/nrm1549
http://www.ncbi.nlm.nih.gov/pubmed/15688067
http://doi.org/10.1038/nrc1647
http://www.ncbi.nlm.nih.gov/pubmed/16069815
http://doi.org/10.1021/cm402614k
http://doi.org/10.1016/j.actbio.2015.06.014
http://www.ncbi.nlm.nih.gov/pubmed/26087112
http://doi.org/10.1021/bc060129j
http://www.ncbi.nlm.nih.gov/pubmed/16984130
http://doi.org/10.1590/S0103-50532012000500019
http://doi.org/10.1021/bm500843r
http://doi.org/10.1021/bi048950a
http://doi.org/10.1007/s11095-006-9009-2
http://doi.org/10.1021/nn403069n
http://doi.org/10.1016/j.ymthe.2006.07.006
http://doi.org/10.1042/bj20031253
http://www.ncbi.nlm.nih.gov/pubmed/14505488
http://doi.org/10.1021/acs.nanolett.0c04468
http://www.ncbi.nlm.nih.gov/pubmed/33596656
http://doi.org/10.1021/nn102711d

	Introduction 
	Materials and Methods 
	Materials 
	Preparation and Characterization of mPEG-b-P(HEMA-Ketal-VB6) 
	pH-Responsiveness of the Copolymer mPEG-b-P(HEMA-Ketal-VB6) 
	Preparation and Characterization of mPEG-b-P(MAAc-co-His) 
	Polyplex Preparation and Characterization 
	Polyplex-Mixed Micelle Preparation and Characterization 
	Internalization 
	Cytotoxicity Evaluation 
	Western Blotting Analysis 

	Results and Discussions 
	Synthesis and Characterization of Copolymers mPEG-b-P(HEMA-ketal-VB6) 
	Synthesis and Characterization of Copolymers mPEG-b-P(MAAc-co-His) 
	Optimization and Characterization of the Polyplex-Mixed Micelles 
	Internalization, Intracellular Releasing Behaviors and Endosome Escape 
	In Vitro Cytotoxic Evaluation 

	Conclusions 
	References

