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MicroRNAs (miRNAs) are small regulatory noncoding RNAs that control a variety of biological processes.
The regulation of many endogenous miRNAs is tightly associated with various diseases. Thus, the design
of miRNA delivery systems with minimal endolysosomal trapping, efficient delivery and controlled miRNA
release is urgently needed. Herein, we have developed a new star polymer which consists of a
B-cyclodextrin (BCD) core and multiple cell-penetrating poly(disulfide) (CPD) arms. By subsequently
loading the system with miRNAs and small molecule drugs, we have successfully proven that this novel
drug delivery platform could efficiently enter mammalian cells (<2 h) without apparent endolysosomal
trapping. The global Pearson’s R value was calculated to be 0.31 between our complex and endolyso-
some, which is far below the threshold of >0.5 required for correlation. In addition, the GSH-triggered
degradation of CPD arms and the subsequent intracellular release of miR-203 and CPT, as well as the
combination therapeutic effects have been successfully demonstrated. In this way, we show that this
novel platform could be used in future to minimize potential cytotoxicity encountered by many existing
cationic branched polymer systems in miRNA delivery. Our results provide important starting points for
using CPD-based polymers to design personalized delivery platforms.
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1. Introduction

MicroRNAs (miRNAs) are a class of endogenous non-coding
RNAs of 21-23 nucleotides that control at least 30% of human
genes and a variety of biological processes by acting post-tran-
scriptionally to target mRNAs for translational cleavage, repres-
sion, and destabilization."”> miRNAs have been shown to play
important regulatory roles in spatio-temporal patterning of the
vertebrate body, as well as adult physiology.® Accordingly, aber-
rant miRNA expression has been tightly linked to various dis-
eases including cancer, cardiovascular diseases, viral infection,
and neurological disorders.*

Recently, hyperbranched or star polymers have emerged as
promising candidates for gene delivery due to their unique
characteristics, including a three-dimensional dendritic archi-
tecture, good solubility and low viscosity, and a large number
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of terminal functional groups.® Particularly, cationic branched
polymers, which possess the ability to complex with nucleic
acids and deliver them into cells, have been extensively develo-
ped as a viable route for potential therapeutic intervention.>
However, these polymers are still prone to various degrees of
cytotoxicity, poor blood circulation and particularly endosomal
entrapment, thus limiting their in vivo therapeutic efficacy.
The development of novel branched polymer-based gene deliv-
ery systems to solve these obstacles is therefore needed.

Recently, a kind of polyarginine cell-penetrating-peptide
(CPP) mimic, named cell-penetrating poly(disulfide)s (CPDs),
in which the polypeptide backbone of CPP was replaced with
poly(disulfide)s, has been reported.” Importantly, Matile et al.
showed in several elegant studies that, CPDs could rapidly enter
mammalian cells via thiol-mediated pathways, thus minimizing
the major issue of endosomal trapping commonly associated
with CPP and other means of delivery systems.'*"* In addition,
CPDs are also characterized by minimal cytotoxicity and
efficient cytosolic degradation/cargo release triggered by gluta-
thione (GSH), a metabolite endogenously expressed in mini-
molar concentrations by most mammalian cells. We and others
further showed that CPD-conjugated large cargos such as pro-
teins and nanoparticles could be rapidly delivered to mamma-
lian cells with no apparent endolysosomal trapping.'*™*”
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Studies have shown that co-delivery of anticancer drugs and
therapeutic genes could enhance chemotherapy efficacy. Until
now, various nanocarriers including cationic lipids, polymer
micelles and inorganic nanoparticles have been reported as
co-delivery candidates.'® As a result of possessing a hydro-
phobic interior and a hydrophilic exterior, as well as water
solubility and low cytotoxicity, p-cyclodextrin (BCD; Scheme 1)
has been widely used to improve the solubility and stability of
many small molecules including hydrophobic drugs.'*>* In
addition, PCD-based hyperbranched or star polymers have
been designed as small-molecule hydrophobic drugs and gene
carriers.>® For instance, Li et al. reported a system based on
cationic CD-oligoethylenimine star-shaped polymers for co-
delivery of hydrophobic anticancer drug PTX and cancer-thera-
peutic gene p53, which subsequently entered into cells via
FR-mediated endocytosis.>> Zhang and co-workers reported star-
shaped polymers for the drug/gene co-delivery by conjugating
BCD with a positively charged PAMAM dendrimer.*® However,
some obstacles remain for current CD-based hyperbranched or
star polymers to be used as an ideal delivery system, such as
cytotoxicity, low transfection efficacy or endosomal trapping.**
In particular, extensive investigations on the inclusion com-
plexes formed between camptothecin (CPT) and BCD, as well
as its derivatives, have been reported.>”">° CPT is an anticancer
drug which shows powerful anticancer activity by binding to
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Scheme 1 (a) Synthetic scheme of BCD-CPD. Reaction conditions:
(a) p-Cyclodextrin, triphenylphosphane, iodine, DMF, 15 h, 80 °C, 88%;
(b) thiourea, NaOH, KHSO,4, DMF, 20 h, 70 °C, 85%. (b) Overall strategy
for the pCD-CPD-based system for simultaneous delivery and controlled
release of miRNAs and small molecule drugs in live cells. Other chemi-
cals are shown in the ESL.t In this scheme, the number of the polymers
does not reflect the actual number and is for illustration only.
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its cellular target, DNA topoisomerase I (TOP I), and sub-
sequently inhibiting TOP I to relax supercoiled DNA prior to
transcription through the formation of a single strand break
and relegation.’® Therefore, a combination of CPT and RNA
interference (RNAi) (such as miRNAs) has the potential to
achieve a synergistic therapeutic effect in disease treatment.

Herein, we have reported a new star-like delivery system
based on the PCD core and multiple CPD arms, which is
capable of rapid and simultaneous delivery of miRNAs/small
molecule drugs (CPT) to mammalian cells, followed by sub-
sequent release of cargos triggered by endogenous GSH. As
shown in Scheme 1, after the synthesis of BCD-CPD, small
molecule hydrophobic drug CPT was first encapsulated into
the PCD core of our system to obtain CPT@BCD-CPD and the
system was subsequently complexed with miRNAs via charge
interaction to form the co-delivery system named
CPT@PCD-CPD-miRNAs. Upon incubation with live cells (step I),
the system successfully crossed the cell membrane efficiently
via thiol-mediated pathways and subsequently entered the
cytosol (step II). Next, the degradation of CPD arms triggered
by endogenous GSH led to cytosolic release of drugs/miRNAs
(step II). Thus, this novel drug delivery system could provide
the following key features: (1) it is the first reported CPD-based
star-like system that could rapidly and efficiently deliver cargos
to mammalian cells via endocytosis-independent pathways; (2)
by simultaneously delivering both miRNAs and the hydro-
phobic CPT to live cancer cells, the system is able to achieve a
synergistic therapeutic effect in disease treatment with two
mechanistically different anticancer agents; (3) intracellular
controlled-release of miRNAs is possible, triggered by
endogenous GSH-promoted rapid degradation of CPDs, thus
minimizing the cytotoxicity of the overall system.

2. Materials and methods
2.1. Materials and measurements

B-Cyclodextrin (fCD), triphenylphosphane, thiourea, iodoacet-
amide and camptothecin (CPT) were purchased from Sigma-
Aldrich and used without further purification. Iodine, sodium
methoxide, potassium bisulfate (KHSO,), sodium hydroxide
(NaOH) and triethanolamine (TEOA) were purchased from
Aladdin Reagents and used without further purification.
Antibodies were purchased from the following vendors: mouse
anti-TUBB1 antibody (D198906, Shanghai Sangon Biotech),
rabbit anti-survivin antibody (ab76424, Abcam), HRP-conju-
gated secondary antibodies: goat anti-mouse IgG (D110087,
Shanghai Sangon Biotech), goat anti-rabbit IgG (AS014,
ABclonal Technology). Dichloromethane (DCM) and N,N-di-
methylformamide (DMF) were dried with CaH, and distilled
under a nitrogen atmosphere. Water used in all experiments
was prepared by using a Milli-Q water purification system and
further treated by ion exchange columns. All other reagents
used were of analytical grade and used without further purifi-
cation. "H NMR spectra were recorded on a Bruker Avance
600 MHz NMR spectrometer. Mass spectra were obtained by
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using a Bruker Esquire HCT Plus mass spectrometer.
Absorption spectra were recorded on a Hitachi U-3010 UV-vis
spectrophotometer. Laser confocal microscopy imaging experi-
ments were performed on a Zeiss LSM 710 Confocal
Microscope equipped with a 40x water immersion objective.
Flow cytometry was performed on a BD Accuri™ Cé6 cell analy-
zer. The particle size and distribution was determined on a
Malvern Nano-ZS90 particle size analyzer based on the
dynamic light scattering (DLS) mechanism. Transmission elec-
tronic microscopy (TEM) experiments were carried out on a
JEOL JEM-1400Plus transmission electron microscope. The gel
retardation assay and western blotting (WB) were visualized
and photographed with a Bio-Rad Gel Doc XR' Imaging
System. Oligonucleotides were purchased from Sangon Biotech
(Shanghai). The sequences are as follows:

Cy5-labeled miR-203 (miR-203°):

Cy5-5-GUGAAAUGUUUAGGACCACUAG-3’

MiR-203: 5-GUGAAAUGUUUAGGACCACUAG-3’

Poly21A DNA (21A): 5-AAAAAAAAAAAAAAAAAAAA-3'

2.2. Synthesis of per-6-thio-f-cyclodextrin (CD-SH)

The PCD-SH initiator was synthesized and characterized based
on a published procedure.’” Briefly, triphenylphosphane
(5.25 g, 20 mmol), f-CD (1.13 g, 1 mmol) and iodine (5.05 g,
20 mmol) were dissolved in DMF (20 mL), and the solution
was stirred at 80 °C for 15 h. Upon concentration in vacuo to
~half the volume, the pH of the solution was adjusted to 9-10
with sodium methoxide (3 M in methanol) and then stored for
30 min at 25 °C, before being poured into 200 mL of methanol
to form a precipitate. The precipitate was washed three times
and extracted with methanol for 24 h by using a Soxhlet extrac-
tor. After rigorous drying, per-6-iodo-p-cyclodextrin was
obtained as a white powder (1.67 g, 88%). Next, per-6-iodo-
B-cyclodextrin (0.951 g, 0.5 mmol) and thiourea (0.304 g,
4 mmol) were dissolved in DMF (5 mL), and the resulting
mixture was heated to 70 °C under a nitrogen atmosphere for
20 h. Upon DMF removal under reduced pressure, the result-
ing yellow oil was next dissolved in NaOH solution (0.13 M)
and heated to reflux under a nitrogen atmosphere for 1 h. The
resulting suspension was acidified with aqueous KHSO, and
filtered, the precipitate was collected, washed thoroughly with
water, and dried in vacuo to yield per-6-thio-p-cyclodextrin
(BCD-SH) as an off-white powder (0.536 g, 85%). 'H NMR
(600 MHz, DMSO-d;) & 5.87 (s, 14 H, OH-2, OH-3), 4.93 (d, J =
3.4 Hz, 7 H), 3.71-3.65 (m, 7 H, H-3), 3.61 (t,/ = 9.2 Hz, 7 H,
H-5), 3.35 (dd, J = 9.5, 3.9 Hz, 14 H, H-2, H-4), 3.22-3.16 (m,
7 H, H-6a), 2.75 (dt, J = 14.6, 7.8 Hz, 7 H, H-6b), 2.13 (t, J =
8.3 Hz, 7 H, SH). MS m/z 1269.1 for [M + Na]’, caled for
(C42H70028S7) 1247.1.

2.3. General procedure for CD-CPD synthesis

The PCD-CPD polymers were synthesized and characterized
according to a previous report with modifocations.'® Briefly,
the monomer (M in Scheme 1, 2.0 M in DMF), initiator
(BCD-SH, 50 mM in DMF), terminator (iodoacetamide, 0.5 M
in H,O) and TEOA buffer solution (1.0 M, pH = 7.0) were
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freshly prepared. The polymerization mixture was generated by
mixing 10 pL of the monomer stock solution, 80 pL of TEOA
buffer and 10 pL of the initiator CD-SH stock solution. After
30 min of vigorous agitation at 25 °C, the polymerization reac-
tion was quenched by addition of 1.9 mL of the terminator
stock solution. The polymers were purified by a dialysis
method. Briefly, the solution was transferred into a dialysis
bag (MWCO 1 kDa) and dialyzed for 24 h to remove any small
molecules. Finally, the solution was lyophilized for the follow-
ing tests after purification with a NAP™-5 desalting column
(GE Healthcare) against H,O by following the protocols pro-
vided by the vendor.

2.4. Preparation of CPT@BCD-CPD inclusion complex

The encapsulation of CPT molecules into fCD was prepared
according to previous literature reports.”” >° CPT was first sus-
pended in water containing PCD-CPD and further stirred for
24 h in the dark (the overall solution was kept acidic in order
to avoid formation of the carboxylate form of CPT). Excessive
un-complexed CPT was subsequently removed by filtration
with a 0.22 pm filter and the resulting filtrate was freeze-dried
to obtain the CPT@PCD-CPD inclusion complex. For the
determination of drug loading (DL), CPT@PCD-CPD was
diluted and analyzed by UV-vis absorption spectrometry. DL
was calculated according to the following formula based on a
calibration curve obtained with CPT in DMSO of known CPT
concentrations:

DL (mol%) = (mol of loaded drug/total mol of SCD-CPD) x 100

2.5. Preparation of CPT@BCD-CPD-miR-203 complex system

CPT@PCD-CPD-miR-203 nanoparticles were prepared by
adding miR-203 (dissolved in DEPC-treated water) into a
CPT@BCD-CPD solution (dissolved in HEPES buffer, 10 mM,
PH 7.4) at varying volumes to give the complex system. After
vigorous agitation with a vortex mixer, the resultant solution
was incubated for 30 min at room temperature before use.

2.6. Binding capacity and GSH-triggered release analysis

After the formation of complexes of fCD-CPD with miR-203 at
different ratios, the binding capacity was analysed on a 3%
agarose gel (100 V, 10 min). For the triggered release of
miR-203, after the addition of GSH (10 mM) or HeLa cell
lysates (1 mg per mL of proteins) for 1 h at 37 °C, respectively,
aliquots were taken from the suspension and determined via
running the supernatant on a 3% agarose gel. The release of
CPT from the CPT@PCD-CPD-miR-203 complex was performed
by using the dialysis technique. 15 mg of CPT@PCD-CPD-
miR-203 was dispersed in 5 mL HEPES buffer, which was
charged into a dialysis tube (molecular weight cut-off size:
3.5 kDa). Then the tube was immersed in 30 mL of dialysis
media and stirred at 37 °C in the presence and absence of
GSH (10 mM). At certain time intervals, 0.5 mL aliquot of the
dialysis medium was taken out and the released amount of
CPT was calculated via a UV-vis spectrum.

Polym. Chem., 2017, 8, 4043-4051 | 4045
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2.7. Cell culture

Cell culture experiments were performed by using HeLa cell
lines cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco) supplemented with 10% Fetal Bovine Serum
(FBS) and 2% penicillin/streptomycin (Gibco) and maintained
at 37 °C under a 5% CO, atmosphere.

2.8. CLSM imaging of polymer complex

To visualize the complex, miR-203 was labeled with Cy5
(miR-203"). Cells were seeded in a 20 mm glass-bottom dish
and grown until 60-70% confluency. After medium removal,
the HeLa cells were incubated in fresh medium with different
polymer complexes of BCD-CPD-miR-203%> (10 pM) and
CPT@PCDs-CPD-miR-203“" (10 pM) for 0.5 h, 2 h and 12 h,
respectively. The culture medium was removed and the cells
on the glass-bottom dish were washed three times with PBS
buffer. Then the cell nuclei were stained with Hoechst for
10 min, followed by imaging analysis on a Zeiss LSM 710
Confocal Microscope System at different detection channels
(dex = 405 nm, 643 nm; Ae, = 440-470 nm for Hoechst,
665-740 nm for Cy5, respectively). For the 3D CLSM imaging,
the HeLa cells were seeded in a 30 mm dish and incubated for
12 h. After medium removal, the cells were incubated in fresh
medium with BCD-CPD-miR-203?® (10 pM) for 2 h, then
stained with Hoechst 33342 and LysoTracker™ for 15 min, fol-
lowed by analysis with the Zeiss LSM 710 Confocal Microscope
equipped with a 40x water immersion objective, and with a
step size of 0.163 pm (lex = 405 nm, 488 nm and 643 nM; Aey, =
385-470 nm for Hoechst, 500-540 nm for LysoTracker™ Green
and 665-740 nm for Cy5). The acquired images were processed
with ZEN software.

2.9. MTT cell viability assay and flow cytometry (FACS)
experiments

The cytotoxicity of pCD-CPD and CPT@PCD-CPD-miR-203 was
studied by using MTT assays in HeLa cells. HeLa cells were
seeded in 96-well plates at a density of 5000-7000 cells in each
well. After 12 h of incubation, the medium was replaced with
100 pL of fresh DMEM medium containing different formu-
lations of varied concentrations. Untreated cells were run con-
currently as negative controls. The same loading amounts of
free CPT (0.7 uM, 3.5 pM, 7 uM and 14 pM were dissolved in
DMEM containing 1% DMSO respectively) and miR-203 (13.3
nM, 26.5 nM, 66.5 nM and 133 nM respectively) treated cells
were used as positive controls. The miR-203 was transfected
with Lipofectamine 3000 (Lipo 3000). After 24 h incubation,
the plates were washed with PBS buffer and treated with fresh
medium containing 0.5 mg mL~" MTT for another 4 h. Upon
careful removal of the medium, the resulting formazan crystals
were dissolved in 150 pL of DMSO and the absorbance was
recorded at 570 nm with a Thermo MK3 ELISA reader. All
experiments were conducted in triplicate, in which the statisti-
cal mean and standard deviation were used to estimate cell via-
bility. For FACS experiments, HeLa cells were seeded in 6-well
plates and cultured until the cell density reached 70-80% of
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confluence. After medium removal, the cells were washed with
PBS buffer, and then incubated in fresh medium with
different formulations of varied concentrations. After 24 h
incubation, the cells were harvested with trypsin and washed
with cold PBS buffer. Untreated cells were run concurrently as
negative controls. PI and annexin V-FITC staining were per-
formed with a commercially available FITC annexin V
Apoptosis Detection Kit by following the manufacturer’s guide-
lines. Briefly, cells were resuspended in 1x binding buffer at a
concentration of 1 x 10° cells per mL. Then 100 pL cells were
transferred to a 1.5 mL culture tube, followed by sequential
addition of 5 pL of FITC annexin V, 10 pL PI and 400 pL 1x
binding buffer. The cells were subsequently analyzed on a BD
Accuri™ C6 cell analyzer.

To quantify the cellular uptake, HeLa cells seeded in a
6-well plate were incubated with BCD-CPD-miR-203%° or free
miR-203%” for 2 h. The cells were digested and the suspensions
were centrifuged, pelleted in eppendorf tubes, washed twice
with cold PBS buffer and re-suspended in 500 pL PBS. The cells
were subsequently analyzed on a BD Accuri™ C6 cell analyzer.

2.10. Western blotting (WB) of survivin protein

HeLa cells were seeded in 6-well plates and cultured until the
cell density reached 70-80% of confluence. Upon medium
removal, the cells were incubated in fresh medium with
different formulations. Untreated cells were set as controls.
After 12 h incubation, the cells were washed with PBS buffer
three times and collected. The cell pellets were lysed in the
Laemmli buffer (62.5 mM Tris-HCl, pH 6.8, 20% glycerol, 2%
SDS, 2 mM DTT, phosphatase inhibitor and proteinase inhibi-
tor cocktail) and boiled at 100 °C for 10 min. Protein concen-
trations were determined by using Bradford Protein Assay (Bio-
Rad, #162-0177). Subsequently, WB analysis was carried out by
using the appropriate primary and secondary antibodies.

2.11. Cell migration assay

HeLa cells were seeded in a 30 mm dish and incubated for
12 h. After incubation, the cells on the upper side of the
chamber were removed by using a needle. And then the cells
were incubated in fresh medium with different formulations
and different periods of time. The number of invading cells
was enumerated under a light microscope equipped with a 10x
objective lens.

3. Results and discussion
3.1. Synthesis and characterization of CD-CPD

The BCD-CPD-containing multi-arm star polymers were syn-
thesized according to our previous literature with suitable
modifications.'®"” As shown in Scheme 1, PCD-CPD is syn-
thesized from a thiol-modified BCD (BCD-SH, as initiators/
drug carriers), a guanidinium-propagating monomer and a
terminator, grown directly on fCD substrates in solution by ring-
opening disulfide-exchange polymerization. The synthesized
BCD-CPD was successfully confirmed by "H NMR (Fig. S51). In
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addition, the number of guanidinium cation units on each
BCD core was determined to be 33.1 according to the "H NMR
spectroscopy of BCD-CPD. The number and weight-averaged
molecular weights (M, and M,) and polydispersity index
(PDI = M,/M,) of 1.32 were determined by gel permeation
chromatography (GPC) (Fig. S67).

3.2. Formation of inclusion complex and GSH-triggered
release of miR-203 and CPT from the CPT@pCD-CPD-miR-203
complex

Subsequently, CPT molecules were encapsulated into the
hydrophobic p-CD cores by dissolving PCD-CPD into a CPT
suspension solution in a 10 : 1 molar ratio and stirring for 24 h
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Fig. 1 (a) Gel retardation assay of complexes of BCD-CPD with
miR-203 at different ratios and treated with GSH (10 mM) or Hela cell
lysates (1 mg per mL of proteins) for 1 h at 37 °C, respectively; (b) DLS
determination of pCD-CPD-miR-203 (N/P = 40) and the TEM image
(inset); (c) in vitro CPT release profiles from the CPT@PCD-CPD-
miR-203 complex in the presence and absence of GSH (10 mM) at
37 °C; (d) size changes of the fCD-CPD-miR-203 complex triggered by
GSH (5 mM) for different periods of time.
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in the dark. The DL of encapsulated CPT was determined to be
69.1% (mol% per fCD) by UV-vis measurement (Fig. S7f). In
our study, miR-203 was chosen as a model miRNA. Previous
studies showed that miR-203 functions as a key tumor suppres-
cancers by
expression of its cellular protein targets, including survivin
and Bmi-1.>> Correspondingly, its over-expression significantly
reduces tumor growth and metastasis to the bone in nude
mice.”*?** The CPT@BCD-CPD-miR-203 complex was prepared
by adding different ratios of miR-203 in a CPT@PCD-CPD solu-
tion. Gel retardation assay was first performed to investigate
the miR-203 binding capabilities of PCD-CPD. As shown in
Fig. 1a, pCD-CPD could effectively bind with miR-203 and com-
pletely complex with miR-203 at a BCD-CPD/miRNA molar
ratio of 40 (N/P, pmol/umol). The diameters of the newly syn-
thesized inclusion complexes in the presence of miR-203
(N/P = 40) were ~60 nm according to TEM and DLS studies
(Fig. 1b & c). Furthermore, the in vitro controlled release of
miR-203 was successfully observed by gel electrophoresis, in the
presence of either GSH or a HeLa cell lysate (which contains
mini-molar concentrations of GSH). The in vitro release profiles
of CPT from the CPT@PCD-CPD-miR-203 complex were
assessed using the dialysis technique in the presence and
absence of GSH. As shown in Fig. 1c, the addition of GSH could
promote the CPT release behaviour, which is probably due to
the GSH-induced dissociation of the complex. In addition, GSH-
triggered degradation of PCD-CPD resulting in changes in par-
ticle size was also confirmed via DLS measurements (Fig. 1d).

sor in various inhibiting the endogenous

3.3. Cellular uptake of fCD-CPD-miR-203 complex

In order to demonstrate the cellular uptake of our complexes,
and their subcellular localization, we first used Cy5-labelled
miR-203 to form the complex (without CPT loading) and con-
focal laser scanning microscopy (CLSM) was performed for
convenient assessment in live cells. Real-time imaging experi-
ments were initially carried out. As shown in Fig. 2a, in the

Cy5 Hoechst

1023 10° 104 10° 10° 1072
FL intensity

Fig. 2 (a) CLSM images of Hela cells incubated with pCD-CPD-miR-203Y° (10 uM; in red) for different periods of time. Cells were stained with
Hoechst (in blue); (b) CLSM images of Hela cells incubated with miR-203<¥* (in red) for 12 h. Cells were stained with Hoechst (in blue). Scale bar =
20 pm. (c) Flow cytometry analysis of HeLa cells incubated with either CD-CPD-miR-203Y° or naked miR-203¥° (10 uM each) for 2 h.
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first 30 min, most BCD-CPD-miR-203“® had accumulated
around the cell membrane, and as incubation continued, the
nanoparticles continuously crossed the cell membrane and
were eventually distributed throughout the cytosol (excluding
nucleus). However, naked miR-203“° without the assistance of
BCD-CPD did not enter cells even after prolonged incubation
in live cells (12 h, Fig. 2b), which is consistent with previous
reports.’”*> These results demonstrated that fCD-CPD could
significantly improve the cellular uptake of miRNAs. A similar
conclusion was made from flow cytometric analysis (Fig. 2c).
We also noted the slight slower cellular uptake of BCD-CPD-
miR-203“° when compared to the uptake of previously
reported CPD-conjugated proteins (which took <30 min for cell
uptake'®) - this is presumably due to significantly larger sizes
of our complexes."”

Recent studies have shown that large CPD-assisted cargos
could be rapidly delivered to mammalian cells via endocytosis-
independent pathways.">™"” We decided to investigate whether
or not the same holds true for our newly developed fCD-CPD-
based drug delivery system. Initially, 3D CLSM was performed
to track the intracellular distribution of the PBCD-CPD-
miR-203%® complex. As shown in Fig. 3a and ESI Video,? after
2 h incubation with HeLa cells, the BCD-CPD-miR-203%>
complex has successfully been transported inside cells and
was eventually distributed throughout the cytosolic space, with
no evidence of endolysosomal trapping. Furthermore, the
global Pearson’s R value was calculated to be 0.31 between our
complex (shown in Cy5 channel) and LysoTracker™, which is
far below the threshold of >0.5 required for correlation.*® Next,

(@) 900 view 45° view -90° view

0° view

Cell count

1023 10% 104 10° 108 1072
FL intensity

Fig. 3 (a) 3D CLSM projections showing Z-stack images at different
viewpoints (step size, 0.163 pm) of Hela cells incubated with fCD-CPD-
miR-203%Y® (10 pM) for 2 h, followed by staining with LysoTracker™
(green) and Hoechst (blue). Global Pearson’'s R value between Cy5
channel and LysoTracker™ was calculated to be 0.31 with ZEN software.
See ESI Video and Fig. S8+ for details. White arrows indicate no trapping
between the Cy5 channel and LysoTracker™; (b) the corresponding
orthogonal images of (a); (c) flow cytometry quantification of the
BCD-CPD-miR-203Y> complex uptake (2 h incubation) by Hela cells
treated with different inhibitors including chlorpromazine (Chlor), wort-
mannin (Wort), methyl-8-cyclodextrin (M-pCD), and 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB), and at low temperature (4 °C).
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flow cytometry analysis was further carried out to quantitat-
ively assess the uptake studies in HeLa cells at different temp-
eratures, as well as with known endocytosis inhibitors (includ-
ing chlorpromazine, wortmannin and methyl-p-cyclodextrin).
As shown in Fig. 3c, the cell uptake efficiency of our polymer
complex was not significantly affected by endocytosis inhibi-
tors. Previous cell uptake studies with CPD-loaded cargos
showed that thiol-mediated CPD uptake mechanisms were
temperature-dependent,”*™” and in the current PCD-CPD-
miR-203%> complex, we noted that a low temperature (4 °C)
reduced the cell uptake ability on our complex but did not
block the process completely. As expected, blocking free thiols
on the cell surface by treating the cells with 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB) significantly suppressed the cell
uptake efficiency, clearly supporting a thiol-mediated cargo
translocation mechanism as previously reported.'®"®'”

3.4. Synergistic delivery of miRNAs and small molecule drugs
with CPT@BCD-CPD-miR-203 complex and subsequent
therapeutic effects

Having successfully demonstrated the in vitro GSH-responsive
miR-203 release and excellent cell uptake efficiency of our
newly developed pCD-CPD-based complex, we next investigated

(Y]
—

Control BCD-CPD BCD-CPD-21A  BCD-CPD-miR-203

(b)

100

Invaded cell number

Control pCD-CPD

pCD-CPD- pCD-CPD-
21A miR-203

Fig. 4 (a) Cell migration analysis of Hela cells upon treatment with
different complex systems (15 pM) for 24 h and 48 h, respectively; (b)
analysis of migration of Hela cells after treatment with different
complex systems (15 pM) for different periods of time. Error bar was cal-
culated from three independent data.
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its ability to cause RNA interference (RNAi). Up-regulation of
the miR-203 was previously shown to suppress cancer cell
migration and proliferation.”” In a wound-healing and
Matrigel invasion assay with HeLa cells treated with the
BCD-CPD-miR-203 complex, successful delivery of miR-203 fol-
lowed by concurrent inhibition of cell migration/invasion was
clearly observed in Fig. 4. However, fCD-CPD only and the
negative control fCD-CPD-21A (loaded with Poly21A DNA) did
not affect the cell migration/invasion, which successfully
demonstrated that our PCD-CPD could serve as a potential
platform for gene delivery.

We next investigated the CPT@PCD-CPD-miR-203 system
for simultaneous co-delivery of two mechanistically distinct
drugs to achieve combination treatment in cancer cells. As
shown in Fig. 5a, the HeLa cells treated with the
CPT@PCD-CPD-miR-203%> complex showed successful intra-
cellular CPT and miR-203 release after 2 h incubation.
Furthermore, MTT cell viability and FACS experiments were
performed to assess subsequent cell killing effects of the
released miR-203 and CPT in the HeLa cells treated with the
CPT@PCD-CPD-mMiR-203 complex. As shown in Fig. 5b &
Fig. S9,7 a synergistic enhanced cell killing effect by our
CPT@pPCD-CPD-mMiR-203 complex treatment was achieved in
comparison with single-cargo delivery systems
(CPT@BCD-CPD & PCD-CPD-miR-203). Notably, our fCD-CPD
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o
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I CPT [ 3CD-CPD-miR-203
N CPT@pCD-CPD [ CPT + miR-203
o I CPT@pBCD-CPD-miR-203
3 100+
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Fig. 5 (a) CLSM images of Hela cells incubated with CPT@BCD-CPD-
miR-203<Y> (10 pM; in red) for different periods of time. Scale bar =
20 pm. (b) Cell viability of HeLa cells treated with different complexes at
various concentrations for 24 h. The concentrations are 1: control,
2: 1 pM, 3: 5 pM, 4: 10 pM, and 5: 20 pM of BCD-CPD complex.
The same loading amounts of CPT and miR-203 were added as positive
controls. All experiments were conducted in triplicate.
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Fig. 6 (a) WB analysis of inhibition of endogenous survivin protein
expression in Hela cells treated with different complexes (10 pM) or
transfection of naked miR-203 with Lipo 3000; (b) intensity of endogen-
ous survivin protein expression in the WB analyzed with Imaged soft-
ware. Error bar was calculated from three independent experiments.

exhibited minimal toxicity up to a concentration of 20 pM as
shown in Fig. 5b. Thus, these results clearly indicate that our
BCD-CPD system could serve as a robust platform for synergis-
tic intracellular cargo delivery/release, as well as a combination
therapeutic effect for potential disease treatments with two
mechanistically distinct inhibitors.

Previous studies showed that successful delivery of either
miR-203 or CPT to cancer cells led to down regulation of survi-
vin protein expression.*® Herein, we prepared different com-
plexes and incubated them with HeLa cells for 24 h. Western
blotting (WB) assay was next performed to assess the endogen-
ous survivin expression levels. As shown in Fig. 6, apparent
enhanced inhibition of endogenous survivin protein
expression upon treatment of the CPT@PCD-CPD-miR-203
complex was successfully observed. Interestingly, we found
that our delivery system displayed more effective inhibition on
survivin than Lipofectamine 3000 (a commercial transfection
reagent), which was probably due to more intracellular release
of miR-203 as a result of endocytosis-independent pathways
and GSH-triggered CPD degradation endowed in our delivery
system. All these lines of evidence lend further support that
our newly developed polymers could be a promising platform
for highly effective intracellular cargo delivery.

4. Conclusions

In summary, we have successfully developed a novel fCD-CPD-
based star-like system for synergistic delivery of chemothera-
peutic drugs and miRNAs. This system showed several advan-
tages, including rapid cell uptake without apparent endolyso-
somal trapping, intracellular controlled release of miRNAs trig-
gered by endogenous stimuli, and combination treatment via
chemo- and gene therapy. In particular, the intracellular CPD
arms of the BCD-CPD polymer underwent rapid degradation
under a highly reductive cytosolic environment and caused sub-
sequent in situ release of miRNAs, thus providing superior per-
formance in gene transfection efficiency. In this study, by
having successfully confirmed this “smart” multi-drug carrier
with promising advantages, we believe that our newly developed
fCD-CPD platform will show potential for future development
of personalized polymers for different biomedical applications.
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