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SUMMARY

Polymeric carriers have dominated the development of delivering
chemotherapeutic drugs and genes against drug-resistant cancer.
However, the biocompatibility, loading, and release capabilities of
polymers are unsatisfactory. Here, we have advanced the delivery
system by developing dynamic covalent macrocycles using a dithiol
monomer through a thiol/disulfide exchange reaction to co-deliver
doxorubicin (DOX) and small interfering RNA (siRNA). Our thermo-
dynamically based macrocycles achieve a drug-loading content of
30.2%, whereas a disulfide polymer prepared from the same mono-
mer under kinetic control cannot load DOX. In combination with
siRNA, the macrocycles exhibit excellent delivery efficiency and
enhanced anti-tumor efficacy in vitro without systemic toxicity.
Our findings suggest that dynamic covalent chemistry offers a
powerful strategy for exploring macrocyclic carriers that could
replace conventional polymers for co-delivery systems, paving the
way to more efficient clinic therapies.

INTRODUCTION

Combination therapy using effective drug molecules and functional genes such as
small interfering RNA (siRNA) has been suggested as a powerful strategy against
multiple-drug resistance (MDR).'™® Accordingly, co-delivery systems using various
carriers have been developed.”'® Apart from inorganic particles, polymers are
the main carrier molecules for co-delivery as they are stable and have chemical struc-
tures that are easy to modify."'~'® However, polymeric co-delivery systems have
inherent disadvantages. First, it is not easy to remove all the organic solvents that
are trapped in the complex spatial structure of polymers during the synthesis or
chemical modification process, which can lead to potential toxicity and safety prob-
lems for patients. Moreover, the stability of polymeric nanocarriers could cause inef-
ficient drug and gene release rates in cancer cells, lowering their therapeutic effi-
cacy.'*7'® Finally, the loading capacity of polymeric co-delivery systems is typically
low."="? Thus, it is highly desirable to explore biocompatible and stable, but
responsive, co-delivery systems with a strong loading capacity.

Nanocarriers self-assembled by macrocycles should be a top candidate with the
above-mentioned advantages for the co-delivery of genes and drugs.”®*? Supra-
molecular macrocycles are usually featured with repeating units in their cyclic struc-
tures. The number of the repeating units of macrocycles is far fewer than that of poly-
mers. This structural uniqueness endows them with multiple binding sites that can
enhance their affinity with siRNA and loading capacity.”* %" In addition, the relatively
simplified structure of macrocycles eases their chemical modification, allowing them
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Scheme 1. Schematic illustration of dynamic covalent macrocycle for the co-delivery system
showing strong drug-loading capacity under thermodynamic control

However, a polymer made from the same monomer under kinetic control could not load the same
drug.

to be equipped with hydrophobic moieties that help the encapsulation of hydropho-
bic drug molecules and remove the toxic organic solvent at the end of the synthe-
sis.”® However, the yield of macrocycles is often low owing to the competition reac-
tion between ring closure and chain formation.?”’~?? Disulfide bonds are ubiquitous
in biological systems and have been proven efficient linkages for the formation of
macrocycles.?°~*? Dithiol building blocks in physiological solutions can be oxidized
into disulfide macrocycles in the air at room temperature with a quantitative produc-
tion, when the concentration of the building block is in a millimolar range. As disul-
fide bonds are also redox responsive, supramolecular nanomaterials self-assembled
by disulfide macrocycles are assumed to be disassembled, thereby releasing the
loaded drug and gene after endocytosis in cancer cells.*”**3* These result from
the high concentration of reductants such as glutathione (GSH) inside the cancer

cells.>>3¢

Herein, we show the first example of using dynamic covalent macrocycles to explore
a gene and drug co-delivery system against drug-resistant cancer (Scheme 1). Mac-
rocycles are spontaneously synthesized from a dithiol building block while associ-
ating with a drug molecule non-covalently (see supplemental experimental proced-
ures for details of the synthesis). As the thiol/disulfide exchange reaction continues
during a slowly oxidative synthesis, the formation of the macrocycles is reversible,
and the final concentration distribution of the macrocycles is under thermodynamic
control. Only the macrocycles stabilizing the encapsulation of the drug molecules
into self-assembled nanostructures are formed. Such a one-pot strategy integrates
the synthesis, self-assembly, and encapsulation procedures into a single step, result-
ing in a co-delivery system with a high drug-loading content. The as-prepared mac-
rocycles and the drug co-self-assemble into nanofibers. Through ionic interactions
with siRNA, the nanofibers are subsequently kneaded into nanoballs. The resulting
material shows controlled release of siRNA and the drug in different conditions,
good biocompatibility, strong stability, and synergistic therapeutic effects against
MDR in tumor cells. However, in a control group, a disulfide polymer is prepared
from the same building block in a significantly accelerated oxidation process. The
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polymer has an extremely low drug-loading content. These findings suggest that the
responsive macrocycles show enhanced drug-loading capacity compared with the
corresponding polymer. The one-pot strategy for synthesizing the macrocycle medi-
ated by dynamic covalent chemistry (DCC) provides a new possibility toward effi-
cient synergistic delivery systems meeting clinical needs.

RESULTS AND DISCUSSION

Synthesis and characterization of 1; + 1,/DOX nanofibers

First, we synthesized a dithiol building block 1 by attaching a hydrophobic segment
functionalized with an arginine to a 3,5-dimercaptobenzoic acid. The hydrophobic
segment was supposed to encapsulate a drug molecule owing to hydrophobic ef-
fects. The positive charge of the arginine moiety would help siRNA loading through
ionic interactions and improve the cell penetration and nuclear localization of the
target nanocarriers. Together with building block 1, doxorubicin (DOX), a typical
anti-cancer drug, and siRNA against drug resistance were chosen for the construc-
tion of a responsive macrocycle co-delivery system. Although DOX has been widely
used for cancer treatment, its clinical outcome remains unsatisfactory because of the
negative effects caused MDR. One of the most significant underlying mechanisms of
MDR relates to two types of membrane transport proteins: P-glycoprotein (P-gp) and
MDR-associated proteins.”*” These proteins can efflux anti-cancer drugs out of cells
or cell organelles, decreasing the intracellular drug concentration and the efficacy of
the drugs.®® Therefore, to overcome drug resistance, we loaded anti-P-gp siRNA,
which can inhibit the expression of pump proteins and maintain the concentration

of DOX at an effective level.®*”

Subsequently, the 1 (0.4 mM) was used to prepare a delivery system (15 + 1,/DOX)
with the DOX (0.25 mM) in phosphate-buffered saline (PBS) buffer (oH 7.4). The so-
lution was cloudy once it was mixed but gradually became clear after 7 days. The
component analysis of the mixture after dialysis using high-performance liquid chro-
matography-mass spectrometry (HPLC-MS) showed that the 1 was mainly oxidized
into trimeric (13) and tetrameric (14) macrocycles in the air (Figures 1A and S7-S9).
In addition, the two macrocycles were also characterized in deuterated dimethyl sulf-
oxide using "H nuclear magnetic resonance (NMR) (Figure S10). The drug-loading
content (DLC) of the delivery system was approximately 30.2%. However, in a control
experiment, by accelerating the oxidation of the 1 (0.4 mM) in the same solution us-
ing hydrogen peroxide, the mixture was colorless after dialysis, which indicated that
the DOX was notloaded. Moreover, a broad peak was observed in the HPLC spectra
of the sample (Figure 1A), while the peak corresponding to the original 1 appeared
when excessive amounts of reductant dithiothreitol (DTT) were added (Figure S11).
The HPLC analysis was similar to our previous findings. The kinetic control over the
dithiol oxidation led to the formation of disulfide polymer from the 1. With the addi-
tion of DTT, the polymer was reduced to 1. These results demonstrated that,
different from the most reported examples that have explored delivery systems us-

ing a specific known macrocycle,”’*%4"

the 1 was actually a reactant that produced
the self-assembling macrocycles with the DOX during the slowly oxidative process.
Thermodynamics directed the synthesis of the right self-assembling macrocycles

that can efficiently encapsulate the DOX molecules, giving rise to a high DLC.

The morphology of the nanostructures in the 13 + 1,/DOX system was further exam-
ined using transmission electron microscopy (TEM). The macrocycles (13 and 14) and
DOX co-self-assembled into nanofibers with a diameter of approximately 6 nm
(Figures 1B and S12C), which was nearly identical to the size (approximately
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Figure 1. Characterization of 13 + 1,/DOX nanofiber and 1; + 1,/DOX/siRNA nanoball formation
(A) HPLC analysis of 13 + 14/DOX, 13 + 14 and polymer oxidized by H,O; in PBS buffer (pH 7.4).
(B) TEM analysis of 13 + 14/DOX nanofibers. Scale bar, 200 nm.

(C) PXRD of DOX, 13 + 14, and 15 + 14/DOX.

(D) TEM analysis of 13 + 14/DOX/siRNA nanoballs. Scale bar, 500 nm.

(E) Schematic illustration for the non-covalent interaction for organizing nanofibers and the
formation of 13 + 14/DOX/siRNA nanoballs.

4.8 nm) of the macrocycles determined by Chem3D (Figure S13), suggesting that the
macrocycles stacked into fibers. Moreover, the analysis of the powder X-ray diffrac-
tion (PXRD) data of 13+14/DOX revealed that a semi-crystalline nature appeared. In
Figure 1C, the new peak at 27.33° corresponded to the m-7 stacking distance of
3.26 A between macrocycles, and the new peak at 31.70° resulted from the interac-
tion of the hydrophobic chains in macrocycles.*? Furthermore, the signal of DOX in
the spectra almost disappeared, indicating that DOX was fully encapsulated as non-
crystalline within the nanofibers. These results demonstrate that the involvement of
DOX aligned the arrangement of the macrocycles. Considering the amphiphilicity of
DOX, we propose that DOX molecules may be buried in the hydrophobic branches
of the macrocycles but adjacent to the arginine moiety. Apart from the m-m interac-
tion, hydrogen bonding between the amide groups was also crucial to organizing
the nanofibers. In the Fourier-transform infrared spectrum of 15 + 14, the absorption
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peaks at 1,631 cm™" belonged to the carbonyl peaks of macrocycles, and the peaks
at 1,548 cm™" were assigned to the N-H groups (Figure S14). After loading DOX, the
absorption bonds of the C=0O and N-H groups of macrocycles moved to 1,620 and
1,538 cm™’, respectively, confirming that hydrogen bonds form between DOX and
the hydrophobic branches of the macrocycles in 13 + 1,/DOX system. Thus, the or-
ganization of the components at the molecular level into nanofibers is summarized in

Figure 1E.437%°

Synthesis and characterization of the co-delivery system

We continued to load the siRNA to the 13 + 1,/DOX nanofibers to make the co-de-
livery system. As the main interaction for loading siRNA was the ionic interaction be-
tween the guanidine and the phosphate groups, and as their ratio would play a sig-
nificant role in the loading process, various ratios between the 13 + 1,/DOX mixture
and siRNA were co-incubated. As illustrated in Figure S15A, when the N/P ratio was
higher than 4, the 13 + 1,/DOX completely retarded the siRNA migration, demon-
strating the full complexation of the negatively charged siRNA chains. Moreover,
the loading stability was also investigated by conducting a competition experiment.
In the human bodly, the presence of polyanions may compete with siRNA for binding
with nanoparticles, resulting in the desorption of siRNA. In a heparin decomplexa-
tion assay (Figure S15B), when the N/P ratio was >6, the 13 + 14/DOX loaded
with siRNA (13 + 14/DOX/siRNA) could withstand the replacement of the anionic
heparin. Therefore, considering that excessive amounts of siRNA may cause
side effects to normal cells, we regarded the optimized N/P ratio as 6 for a stable
13 + 14/DOX/siRNA system.

With this ratio, fluorescently labeled siRNA (FAM-siRNA) allowed us to determine its
encapsulation efficiency of 80.7%, which suggests good siRNA-loading performance.
The TEM analysis of the loaded sample showed that the previous 13 + 14/DOX nanofib-
ers were kneaded into nanoballs with the average size of approximately 260 nm, which
was in agreement with the Z-average size in dynamic light scattering (DLS) analysis
(Figures 1D and 1E; Table S1). In addition, the PXRD analysis of 13 + 1,/DOX/siRNA
nanoparticles was almost the same as that of 13 + 1,/DOX nanofibers, suggesting
that the addition of siRNA had little influence on the molecular arrangement of the mac-
rocycles and DOX (Figure S16). Compared with 15 + 1,/DOX nanofibers, 15 + 1,/DOX/
siRNA nanoballs had a decrease in polydispersity index (PDI) value in DLS data, which
indicates that the nanoparticles had a better uniformity than the nanofibers with different
lengths. Besides, the zeta potential of the 15 + 1,/DOX nanofibers was 17.70 & 0.61 mV,
revealing that the nanostructure was positively charged. With a small loading amount of
siRNA with negative charges, the zeta potential of the resulting 13 + 1,/DOX/siRNA
nanoballs was slightly decreased to 16.93 + 0.06 mV, which verified that the co-delivery
system was stabilized by ionic interaction (Table S1).

Redox- and pH-induced release of DOX and siRNA from the co-delivery system

Once the 13 + 14/DOX/siRNA system was obtained, we proceeded to test its responsive-
ness. In general, environmental changes can trigger well-organized nanoparticles to
disassemble and thereby release the loaded target. For the 13 + 1,/DOX/siRNA system,
we considered pH and redox stimuli for the release. The tumor microenvironmentis more
acid than normal tissues, *® which protonated the phosphate group of siRNA, weakening
the ionic interaction between siRNA and the macrocycles. In addition, the concentration
of GSH in cancer cells (>5 mM) is much higher than that in extracellular matrices at tumors
sites.”®*’ This can reduce the disulfide bonds of the 13 + 14 macrocycles into building
block 1, breaking the nanostructure and releasing the drug and gene. Thus, these dual
stimuli were applied to simulate the biological and endo-lysosomal environments for
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monitoring the release profile of DOX and the gene siRNA in vitro. As shown in Fig-
ure S17A, the cumulative DOX release profile was <6% at pH 7.4, indicating the 15 +
14/DOX/siRNA nanoballs were stable in the normal environment. The release of DOX
from the 15 + 1,/DOX/siRNA at endo-lysosomal pH 5.5 in the presence of GSH was
much faster than that at a physiological pH of 7.4. Within 12 h, approximately 60% of
the total DOXin the nanoballs was released, while the cumulative leakage was <7% within
the same period at pH 5.5 without GSH. In addition, to determine whether DOX and
siRNA could be released into the medium at the same time, the FAM-siRNA released
from the nanoballs was also investigated using a fluorescent spectrometer. In Fig-
ure S17B, a similar release behavior could be observed at different conditions. On the ba-
sis of these results, the 13 + 1,/DOX/siRNA nanoballs were stable in circulation but could
have a rapid release behavior in the reductive acid tumor environment. This characteristic
would reduce the systemic toxicity of DOX, increase drug accumulation in the cytoplasm
of tumor cells, and facilitate drug and siRNA co-anti-tumor activity.*®

Blood compatibility

Then, a hemolytic study was conducted to evaluate responses arising between nano-
particles and blood components, which could assess the safety and biocompatibility
of the 13 + 14/DOX/siRNA system. As shown in Figure S18, the 13 + 14/DOX/siRNA
system exhibited <5% hemolytic activity in red blood cells even at the highest DOX
concentration of 8 mg/mL, which demonstrated that the 13 + 1,/DOX/siRNA co-de-
livery system showed excellent blood compatibility and suitability for intravenous
administration of the co-delivery system.

Enhanced cellular uptake of the co-delivery system

Next, the ability of the 13 + 14/DOX/FAM-siRNA system to deliver DOX and siRNA
into drug-resistant NCI/ADR-RES cells were confirmed using confocal laser scanning
microscopy and flow cytometry. As shown in Figure 2A, FAM-siRNAs were delivered
into cells at extremely high cellular uptake levels through the endocytosis of 15 + 14/
DOX/FAM-siRNA, compared with the naked FAM-siRNA group, which was attrib-
uted to the high surface charge of the nanoballs that could increase the interaction
between the carrier and the cell membrane. Similarly, the DOX signal intensity of
15 + 14/DOX/FAM-siRNA was significantly higher than that of the free DOX group,
which confirmed that DOX had partly and effectively entered the nuclei
(Figures 2A and 2B). These results suggest that the macrocycle system could effi-
ciently deliver siRNA and DOXinto NCI/ADR-RES cells. Previous reports have shown
that P-gp plays an important role in the development of drug resistance, as it effec-
tively pumps out administered drugs.®’ To investigate whether 13 + 1,/DOX/siRNA
could effectively deliver anti-P-gp siRNA into NCI/ADR-RES cells, cells were incu-
bated with 13 + 14/DOX/siRNA, and then P-gp expression was detected using a
western blotting assay. As shown in Figure 2C, no obvious downregulation of
P-gp expression was found for the free P-gp siRNA group, indicating that P-gp
siRNA was not sufficiently internalized into NCI/ADR-RES cells. By contrast, a signif-
icant downregulation of P-gp expression was observed in the 13 + 14/DOX/siRNA
group, indicating that 15 + 14/DOX/siRNA can efficiently deliver P-gp siRNA into
NCI/ADR-RES cells and can be transfected, resulting in a downregulation of P-gp
expression. Thus, 15 + 1,/DOX/siRNA systems may offer enhanced MDR cell killing
by inducing synergistic therapeutic effects.

In vitro cytotoxicity and fighting against drug-resistant tumors of the co-
delivery system

Finally, to evaluate the synergistic potential of 13 + 14/DOX/siRNA co-delivery sys-
tems against NCI/ADR-RES cells, the in vitro cytotoxicity levels of free DOX, free
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Figure 2. Cell uptake studies of 1; + 1,/DOX/siRNA co-delivery system

(A) Fluorescence microscopy images of NCI/ADR-RES cells incubated with different formulations.
Green, red, and blue fluorescence indicate FAM-siRNA, DOX, and the nucleus, respectively. Scale
bar, 50 pm.

(B) Flow cytometry of the NCI/ADR-RES cells incubated with different formulations.

(C) Western blotting assay of the P-gp expression against different formulations in NCI/ADR-RES
cells.

siRNA, 13 + 1,/DOX, and 13 + 14/DOX/siRNA were evaluated in NCI/ADR-RES cells
using an MTT assay. As shown in Figure 3A, the cell viability of NCI/ADR-RES cells
dramatically decreased after treatment with 13 + 1,/DOX, whereas free DOX had
a much lower effect, indicating that the nanofibers could increase the cell uptake
of the anti-tumor agent into the cytoplasm. When the DOX concentration was
high, the cell viability of NCI/ADR-RES cells incubated with 13 + 14/DOX/siRNA
decreased to 21.6%, which could be attributed to the delivery of DOX and siRNA
into the cytoplasm to exert their synergistic anti-tumor effect. Moreover, as shown
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Figure 3. In vitro cytotoxicity and apoptosis assay

(A) In vitro anticancer efficacy. NCI/ADR-RES cells were incubated with different formulations.

(B) Percentage of NCI/ADR-RES cells in different stages from apoptosis assay after being treated
with different formulations.

All of the measurements were performed at least in triplicate; error bars represent SDs about the
mean. *p < 0.05, **p < 0.01, and ***p < 0.001.

in Figures S19 and S20, no significant cytotoxicity against NCI/ADR-RES cells and
HEK293 cells was observed for macrocycles (13 + 14) at concentrations of up to
0.2 mM, indicating that macrocycles showed good biocompatibility, which may be
due to the presence of an arginine group.”” Furthermore, in the non-MDR (MCF-
75S) cells, which do not actively pump out DOX, 13 + 14/DOX and 15 + 1,/DOX/siRNA
had similar cytotoxicity levels, which were higher than that of free DOX (Figure S21).

To confirm the anti-tumor effect of the 13 + 14/DOX/siRNA system, we used fluores-
cein-isothiocyanate-labeled annexin V and propidium iodide to stain NCI/ADR-RES
cells treated with different formulations to determine their apoptotic efficiency. As
shown in Figures 3B and S22, the NCI/ADR-RES cells in the 13 + 14/DOX/siRNA
group exhibited higher levels of later apoptosis and necrosis (63.3%) than those in
the 15 + 1,/DOX (47.6%) and free DOX groups (6.8%). The results could be attrib-
uted to the fact that the suppression of P-gp efflux pumps in NCI/ADR-RES cells
by P-gp siRNA will lead to an increase in intracellular drug concentration and induce
cell apoptosis. We also found that the 15 + 14 group had low cytotoxicity on NCI/
ADR-RES cells, similarly to free siRNA. These results further confirmed that 15 +
14/DOX/siRNA could co-deliver DOX and P-gp siRNA into NCI/ADR-RES cells and
increase anti-tumor efficacy.

In summary, we have employed DCC to construct a responsive macrocycle co-deliv-
ery system that delivers drug and gene to targeted MDR cancer cells. The thermo-
dynamic control behind the principle of DCC was crucial to enhance the loading ca-
pacity of the delivery system. Under a slow reaction rate, the dynamic system had
ample time to allow the thiol/disulfide exchange reaction to take place and reach
an equilibrium, which resulted in the production of the macrocycle carriers and a
high DLC. However, when the reaction was significantly accelerated, disulfide poly-
mers were obtained from the same monomer, but they were not able to encapsulate
the drug. The utility of our macrocycle system was demonstrated by further loading a
functional gene, and the resulting co-delivery system displayed the controllable
release of drug and gene, as well as improved synergistic efficacy against NCI/
ADR-RES cells in vitro. We expect that our macrocycle co-delivery system explored
by the strategy of DCC could serve as a versatile nanocarrier for drug and gene co-
delivery to target a broad range of diseases.
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Supplemental Experimental Procedures

1. Materials and Methods

Arginine, triethylamine (TEA), N-Hydroxysuccinimide (NHS), 3-(ethyliminomethyleneamino)-N,
N-dimethyl-propan-1-amine hydrochloride (EDC-HCI), N,N-Diisopropylethylamine (DIPEA), 11-
aminoundecanoic acid, trimethylamine (TEA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), glutathione (GSH), dimethylformamide (DMF), dimethyl
sulfoxide (DMSO) and dichloromethane (DCM) were obtained from Sigma-Aldrich. Doxorubicin
(DOX) (>98%) was provided by Melone Pharmaceutical Co., Ltd (Dalian, China). 2,5-
bis(trithyltio)benzoic acid was synthesized according to the previous report. 5 Annexin V-
fluorescein isothiocyanate (AV-FITC), propidium iodide (PI), and fetal bovine serum (FBS) were
received from Invitrogen eBioscience. Dulbecco’s Modified Essential Medium (DMEM) were
purchased from Invitrogen. The siRNA used in this study was synthesized and purified with high-
performance liquid chromatography by Shanghai GenePharma Co. Ltd (China), including scramble
SiRNA, P-gp siRNA, and fluorescence-labeled FAM-siRNA. The sequence of P-gp siRNA sense
was as follows: antisense strand of 5'-GCA CUA AAG UAG GAG ACA ATT-3"and 5'-GCU GAU
CUA UCG AUC UUA UTT-3". The P-gp primary antibody (ab103477) and beta actin secondary
antibody were purchased from Origene.

Nuclear Magnetic Resonance Spectroscopy (NMR): *H and **C NMR were recorded on a Bruker
NMR spectrometer at 500 MHz. The residual solvent peaks were used as internal references.

Mass Spectrometry (ESI-TOF): Mass spectra were recorded on a Bruker Daltonics micrOTOF-
Q ESI and a Thermo Fisher Scientific hybrid quadrupole Orbitrap mass spectrometers using direct
infusion.

High Performance Liquid Chromatography (HPLC): HPLC analysis were performed on
Agilent 1100 systems equipped with a PDA detector. All analyses were performed using a reversed-
phase HPLC column (Waters™ C8 Columns). UV absorbance was monitored at 254 nm. Column
temperature was kept at 25 <C. Injection volume: 10 i of a library subjected to a 1:20 dilution in
DMSO (5 v% TFA). Method: Eluent flow: 1.0 mL/min; eluent A: HPLC grade acetonitrile (0.1 v%
formic acid); eluent B: deionized water (0.1 v% formic acid)

Time
. A% B%
(min)

0 5 95
20 95 5
25 95 5
30 5 95




Dynamic light scattering (DLS): DLS measurement was performed on Zetasizer Nano-ZS
(Malvern Instruments Ltd., Worcestershire, UK) with a He-Ne ion laser of 633 nm.

Ultraviolet-Vis (UV-Vis) Absorption Spectroscopy: UV/Vis measurement was performed on a
Perkin EImer Lambda 35 UV/Vis spectrometer.

Powder X-ray diffraction (XRD): Powder XRD experiments were conducted using a MicroMax
007 HF X-ray generator equipped with a HyPix-6000HE photon counting detector.

Transmission Electron Microscopy (TEM): The sizes and morphologies of the samples complex
in solution were observed by using a JEM 1400 plus transmission electron microscope. The samples
were dissolved in distilled water, and then 5.0 uL of each sample was dropped onto copper grids
and air-dried at room temperature.

Preparation of 13+14/DOX nanofibers

DOX (100 mg) was accurately measured and dissolved in 1 mL deionized water. 1 (0.21 mg) was
accurately measured and dissolved in pH 7.4 PBS 1 mL, and then DOX solution (2 pL) was
introduced into the mixture. After full oxidation, the prepared 13+14/DOX nanofibers was purified
by dialysis for 1 day. DOX content was determined using a UV-vis spectrophotometer at 480 nm,
and the drug-loading content (DLC) of DOX was determined using the following formula:

Wpox

DLC(%) = X 100%

Wpox + Wi 41,

Wwpox and wy,,q,represent the weight of encapsulated DOX and weight of the macrocycles,
respectively.

Preparation of 13+14/DOX/siRNA nanoballs

Typically, 2 mg of 13+14/DOX was dissolved in 1 mL PBS and sonication for 10 min. then,
15+14/DOX solution were incubated with siRNA for 1 h at different N/P ratios (0, 1, 2, 3, 4, 5, 6,
8, 10, 15, and 20) to form the 13+14/DOX/siRNA nanoballs. The N/P ratio represents the molar
ratio of nitrogen in 13+14/DOX cationic to phosphate in siRNA. To determine the encapsulation
efficiency (EE) of 13+14/DOX/siRNA, FAM-siRNA was used. The complex solutions at different
N/P ratios were added into Amicon Ultra-4 centrifugal filter devices (50 kD, Millipore,
Massachusetts) and centrifuged (speed: 5000 rpm, time: 10 min). The solutions after being
centrifuged, which contained uncomplexed FAM-siRNA, were collected and quantified by a
NanoDrop Spectrophotometer ND-1000 (Ex: 480 nm; Em: 520 nm). The EE of siRNA was
determined using the following formula:

Ntotal — Nfree

EE (%) = X 100%

Ntotal



Norar @Nd Ngeerepresent the amount of total and uncomplex FAM-SiRNA, respectively.
Agarose Gel Electrophoresis Analysis

The 13+14/DOX/siRNA nanoballs solutions at different N/P ratios (0, 1, 2, 3, 4, 5, 6, 8, 10, 15, and
20) were sampled in an agarose gel plate (2% (w/v), ethidium bromide (0.5 mg/mL)) which was
submerged in an electrophoresis tank filled with an appropriate amount of Tris-acetate-EDTA
buffer. The system was running for 20 min at 120 V. Then, a Bio-Rad Imager was used to obtain
the visual result.

Resistance to Heparin Replacement

15+14/DOX/siRNA solutions at different N/P ratios (0, 1, 2, 3, 4, 5, 6, 8, 10, 15, and 20) were mixed
with heparin (heparin/siRNA (IU/mg) = 10) for 10 min. After that, the mixtures were incubated at
25 <C for 60 min. Then, the samples were electrophoresed at 120 V for 20 min.

In Vitro Release of 15+14/DOX/siRNA in Response to pH/Redox Stimuli

Phosphate buffer at different pH (7.4 and 5.5) with/without 5 mM GSH were selected as the media
to simulate biological and early/late endosomal conditions. The 13+14/DOX/siRNA solutions were
added into dialysis bags and put into a conical flask with 10 mL PBS solution at different pH (7.4
and 5.5) with/without 5 mM GSH. The flasks were then placed into a shaking incubator for 72 h at
37 °C. At a scheduled point, the sample was taken out and an equal medium was added. The amount
of DOX in the medium was measured and analyzed by UV-vis spectrophotometer at 480 nm. the
SiRNA released from the 13+14/DOX/SiRNA was detected with a ND-1000 as described before.

Cell culture

DOX-sensitive breast cancer cell lines MCF-7S and Human embryonic kidney 293 cells line
HEK?293 were purchased from the American Type Culture Collection (LGC Standards SARL), and
the DOX-resistant NCI/ADR-RES human ovarian cancer cell line (formerly MCF-7/ADR) was a
generous gift from Prof. Maria Vilanova at the Department of Biology, Universitat de Girona, and
Biomedical Research Institute of Girona in Spain, which was originally from Dr. Ramon Colomer
of the Institut Catala d’Oncologia de Girona, Hospital Universitari de Girona, Spain. The MCF-7S,
NCI/ADR-RES and HEK293 cells were all routinely grown at 37 <C in a humidified atmosphere of
5% CO; in Dulbecco’s Modified Eagle Medium, supplemented with 10% FBS (Biowest, Riverside,
United States), 4mM L-Glutamine, 50 U/mL penicillin, and 50 pg/mL streptomycin. In addition,
NCI/ADR-RES cells were maintained in media containing 3 uM DOX (Melone Pharmaceutical,
Dalian, China). Cells remained free of Mycoplasma and were propagated according to the
established protocols.



Hemolytic evaluation

Hemolytic study was performed to evaluate the blood compatibility of 13+14/DOX/SiRNA
nanoballs. The human blood samples were collected from the volunteer in the University of Turku.
For hemolysis study, red blood cells were separated by centrifugation at 1200 rpm for 5 min and
then washed three times with PBS. After that, red blood cells solution was prepared. Then, 100 puL
stock solution was incubated with 13+14/DOX/siRNA with different concentrations at 37 <C for 2
h. After incubation, red blood cells were centrifuged at 1200 rpm for 5 min and the supernatants
were analyzed at 570 nm were measured by a microplate reader. A phosphate buffer solution was
used as a negative control, and the distilled water was used as a positive control. The hemolysis
rates were calculated as follows.

oD - 0D
sample PBS buffer % 100%

hemolysis rate (%) =
ODdistilled water ODPBS buffer

Where the ODpgs pusfers ODsampie @A ODgistitieq water TePresent the OD values of blank
group, treatment group and positive control group, respectively.

Cell uptake by Confocal imaging and Flow cytometry

Confocal laser scanning microscopy (CLSM) and flow cytometry (FC) were used to investigate the
internalization of DOX and fluorescence-labeled from 13+14/DOX/siRNA (DOX 2 pg/mL, FAM-
siRNA: 50 nmol/L). NCI/ADR-RES cell (5x<10* cells/well) were seeded on the coverslips in 6-well
plates and incubated for one night. The free DOX, free FAM-siRNA, 13;+1./DOX and
13+14/DOX/siRNA solutions were added and incubated for 4 h. After that, the cells were fixed for
15 min using 4% paraformaldehyde at room temperature, followed by staining the cell nucleus with
a Hoechst 33258 (100 ug/mL). Finally, the coverslips and microscope slides were sealed with a
glycerin-water mixture, followed by observation with CLSM.

For the FCM detection, NCI/ADR-RES cells (5><10* cells/well) were seeded in 6-well plates and
incubated for one night. Then, free DOX, free FAM-siRNA, 13+14/DOX and 13+14/DOX/siRNA
(DOX 2 pg/mL, FAM-siRNA: 50 nmol/L) solutions were added and incubated for 4 h. After that,
the cells were rinsed with PBS for three times, trypsinized and collected, followed by suspending
in 1 mL deionized water. The samples were finally analyzed using a BD flow cytometer.

Cytotoxicity Characterization

The cytotoxicity of different formations was evaluated by the MTT assay. The cells (8x103
cells/well) were seeded in 96-well plates and incubated for one night. Then, free DOX, 15+14, free
SiIRNA, 13+14/DOX and 13+14/DOX/siRNA were added and incubated for 24 h or 48 h, respectively.
The medium was set as the control group. After that, I0uL MTT solution (5 mg/mL) was added
and incubated for 3 h. Then, the culture medium was replaced by 100 pL. DMSO, and the optical



density (OD) values at 570 nm were measured by a microplate reader. Cell viability (CV) was
calculated as follows.

Dsample Dblank

0
CV (%) =

X 100%
ODcontrol - ODblank

Where the ODpignk » ODsgmpie @aNd ODconeror Yepresent the OD values of blank group,
treatment group and control group, respectively.

P-gp Silencing Efficiency

The P-gp silencing effect of 15+14/DOX/siRNA was investigated by the western blotting method.
Briefly, the NCI/ADR-RES cells (10° cells/well) were seeded in a 6-well plate, and different
formations were added to allow transfection. Then NCI/ADR-RES cells were washed using
precooled PBS and solubilized with a lysis buffer. The protein was obtained and the concentration
was determined by BCA protein assay Kit. The protein was separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PGE) and transferred to a polyvinylidene difluoride
(PVDF) membrane. The membrane was blocked, incubated with primary antibody and secondary
antibody, and finally visualized using enhanced chemiluminescence (ECL).

Apoptotic Analysis

NCI/ADR-RES cell (10° cells/well) were seeded on the coverslips in 6-well plates and incubated
for one night. The free DOX, free siRNA, 13+14, free siRNA, 13+14/DOX and 13+14/DOX/siRNA
solutions were added and further incubated for 24 h. After that, the cells were trypsinized, collected
and washed with PBS, and Annexin binding buffer for three times. Then, SpL. Annexin V-FITC
was added into each cell suspension (100 pL) and stained for 15 min at room temperature. Then 10
uL PI was added into each cell suspension. After that, the cell suspension was added into 1 mL
PBS solution, and evaluated by FCM.

Statistical analysis

All experimental data were performed in triplicate, and the data were expressed as mean standard
deviation, where applicable. Data were statistically processed expressed using one way analysis of
variance (ANOVA) to assess significant differences among various groups followed by student t-
test using Origin Pro 8.6 software.



2. Synthesis and Characterization of building block 1
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Scheme S1. The synthesis route of 1
2.1 H-Arg-NH;
The synthesis of H-Arg-NH, was according to the previous report. 21 Arginine (2.613 g, 15 mmol)
was suspended in methanol (20 mL) and cooled in an ice bath. Then SOCI; (1.5 mL, 20 mmol) was
added in the solution drop by drop. The reaction was stirred at room temperature and monitored by
TLC. After the reaction was finished, the solvent was removed under reduced pressure. The
obtained H-Arg-OMe was yellowish paste and did not need to further purification. *tH NMR (500
MHz, D0, 298K) ¢ (ppm): 4.22 (t, J=6.42Hz, 1H), 3.88 (s, 3H), 3.28 (t, J=6.81 Hz, 2H), 2.10-1.97
(m, 2H), 1.83-1.67 (m, 2H).
Saturated ammonium hydroxide aqueous solution (10 mL, 65 mmol) was added, the resulting
solution was stirred at room temperature until the reaction was complete. The solution was
concentrated and the residue was purified by recrystallization from ice ethyl ether to get H-Arg-
NH.. The final product was white powder (2.51 g) with ~96% vyield in total. 'H NMR (500 MHz,
D,0, 298K) ¢ (ppm): 3.98 (t, J=6.50Hz, 1H), 3.28 (t, J=6.85, 2H), 1.96-1.90 (m, 2H), 1.75-1.69
(m, 2H).
2.2 B-NHS
2,5-bis(trithyltio)benzoic acid (1.610 g, 2.4 mmol) and NHS (1.104 g, 9.6 mmol) were dissolved
in anhydrous DMF (80 mL) in an ice bath. Then EDC-HCI (1.84 g, 9.6 mol) was added in the
solution and the mixture was stirred at room temperature overnight. The reaction was monitored
by TLC. When the rection was finished, the solution was poured into 200 mL deionized water, and
adjusted pH to 3 by 1M HCI solution. The white solid (1.57 g) was obtained by filtrated with ~86%
yield. 'H NMR (500 MHz, DMSO, 298K) J (ppm): 7.26-7.20 (m, 30H), 7.09 (s, 1H), 7.06 (d,
J=1.50 Hz, 2H), 2.83 (s, 4H).



2.3 B-C4-COOH

B-NHS (650 mg, 0.84 mmol) and 11-aminoundecanoic acid (844 mg, 4.2 mmol) were dissolved in
anhydrous DMF (20 mL), then TEA (588 uL, 4.2 mmol) was added in the solution. The mixture
was continuous stirred overnight at room temperature and monitored by TLC. After the reaction
was finished, DCM (50 mL) was added and the solution was washed with 1M HCI (30 mL),
saturated NaHCO; (30 mL) and water (30 mL). The organic phase was dried by MgSO4 and
concentrated under pressure. The residue was purified was dissolved in DCM and purified by flash
column chromatography to obtain the product as a white solid (560 g) with ~78% yield. *H NMR
(500 MHz, CDCls, 298K) ¢ (ppm): 7.32-7.29 (m, 12H), 7.19-7.17 (m, 18H), 7.09 (t, J=1.48Hz,
1H), 6.80 (d, J=1.55 Hz, 2H), 5.11 (t, J=5.27 Hz, 1H), 3.20-3.19 (q, J=6.65 Hz, 2H), 2.35 (t, J=7.43
Hz, 2H), 1.64 (p, J=7.25 Hz, 2H), 1.45 (p, J=7.25Hz, 2H), 1.37-1.29 (m, 12 H). *C NMR (125
MHz, CDCls, 298K) ¢ (ppm): 177.36, 166.06, 144.30, 142.23, 135.02, 134.35, 132.26, 130.08,
127.92, 126.92, 71.38, 39.95, 33.78, 29.65, 29.47, 29.38, 29.27, 29.20, 29.08, 26.00, 24.83. ESI-
QTOF [M+Na]* found: 876.3585 (expected:876.3521).
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Figure S1. 'H NMR of B-C1;-COOH (500 MHz, CDCls).
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Figure S2. 3C NMR of B-C1p-COOH (125 MHz, CDCls).

2.4 B-C1o-Arg

B-C10-COOH (717 mg, 0.84 mmol) and H-Arg-NH: (295 mg, 1.7mmol) were dissolved in
anhydrous DMF (15 mL) in an ice bath. Then HOBt (229.5 mg, 1.7 mmol), EDC-HCI (326.4mg,
1.7 mmol) and DIPEA (457 uL, 3.4 mmol) were added in the solution. The mixture was stirred
overnight at room temperature and monitored by TLC. After the reaction was finished, DCM (50
mL) was added and the solution was washed with 1M HCI (30 mL), saturated NaHCO3 (30 mL)
and water (30 mL). The organic phase was dried by MgSQO, and concentrated under pressure. The
residue was purified was dissolved in DCM and purified by flash column chromatography to obtain
the product as a white solid (0.49 g) with ~58% yield. *H NMR (500 MHz, CDCls, 298K) & (ppm):
7.32-7.28 (m, 12H), 7.20-7.13 (m, 19H), 6.78 (s, 2H), 5.39 (br s, 1H), 3.28 (br s, 2H), 3.12 (br s,
2H), 2.24 (br s, 2H), 1.92-1.70 (m, 4H), 1.51 (br s, 2H), 1.39 (br s, 2H), 1.25-1.19 (m, 12H). ©°C
NMR (125 MHz, CDCls, 298K) ¢ (ppm):147.00, 145.40, 144.24, 135.06, 132.46, 130.04, 129.82,
128.08, 127.92, 127.86, 127.41, 126.93, 71.43, 53.84, 40.19, 37.29, 35.73, 29.74, 29.55, 29.47,
27.11, 18.83. ESI-QTOF [M+H]* found: 1009.4840 (expected:1009.4873).
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Figure S3. *H NMR of B-Ci-Arg (500 MHz, CDCls).
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Figure S4. 3C NMR of B-Cio-Arg (125 MHz, CDCls).
2.5 Building block 1
3 mL TFA was degassed through three freeze-pump-thaw cycles and added into a 25 mL round
bottom flask containing B-Cio-Arg (100 mg, 99.1 mmol) under nitrogen. The organic solution was
sonicated for 5 minutes and stirred at room temperature for 15 minutes. Then EtsSiH (200 pL, 1.25
mmol) was added and the solution was stirred for 15 minutes. TFA was removed under pressure
and the suspension was dissolved in 20 mL of a degassed mixture of MeOH-H,0O (9:1). The solution




was washed with petroleum ether for three times. Methanol was removed by rotary evaporator and
the suspension was freeze-dried for 48 h to furnish the corresponding building block (30.9 mg)
with ~59% yield. *H NMR (500 MHz, CDsOD, 298K) J (ppm): 7.38 (s, 2H), 7.31 (s, 1H), 4.33 (q,
J=4.57Hz, 1H), 3.16-3.15 (q, J=6.96 Hz, 2H), 2.21 (t, J=4.97 Hz, 2H), 1.81 (m, J=3.63 Hz, 1H),
1.71-1.63 (m, 6H), 1.32-1.28 (m, 12 H). *C NMR (125 MHz, CD;0D, 298K) & (ppm): 176.55,
176.41, 168.94, 158.64, 137.44, 135.29, 131.76, 124.99, 53.58, 41.97, 41.04, 36.88, 30.55, 30.50,

30.39, 30.34, 30.31, 28.01, 26.86, 26.36. ESI-QTOF [M+H]* found:
525.2682).
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Figure S5. *H NMR of 1 (500 MHz, CD;0D).
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Figure S6. *C NMR of 1 (125 MHz, CDs;0D).



3. HPLC, mass analysis and "H NMR of 13+14.
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Figure S7. HPLC of a DCL made from building block 1.
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Figure S8. Mass spectrum of Trimer 1; from the HPLC-MS analysis of a DCL made from
building block 1. m/z calculated for [M+3H]**, 523.2525, found 523.2644.
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Figure S9. Mass spectrum of Tetramer 14 from the HPLC-MS analysis of a DCL made from
building block 1. m/z calculated for [M+3H]**, 697.6686, found 697.6838.
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Figure S10. *H NMR of 13+14 (500 MHz, DMSO).

4. HPLC of reduced 1
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Figure S11. HPLC of 1 which is reduced from polymer by DTT.



5. TEM analysis of 13+14 and 15+14/DOX and 13+14/DOX/siRNA

Figure S12. TEM micrography of nanostructures from (A-B) 13+14 and (C) 15+14/DOX
nanofibers and (D) 15+14/DOX/siRNA nanoballs. Bar scale in A and C, 200 nm; B and D, 1 um.

6. Molecular modeling of 13 and 14 by Chem 3D
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Figure S13. Molecular model of 13 and 14 by Chem3D.



7. FT-IR of DOX, 13+14 and 13+14/DOX
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Figure S14. FT-IR spectrum of DOX, 13+14 and 13+14/DOX.

8. Agarose gel electrophoresis assay of 13+14/DOX/siRNA system
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Figure S15. Agarose gel electrophoresis assay of 13+14/DOX/siRNA with different N/P ratios.
(A) Binding capability assay of 13+14/DOX/siRNA with different N/P ratios; (B) Heparin
stability assay of 13+1./DOX/siRNA with different N/P ratios.



9. PXRD of 13+14/DOX/siRNA
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Figure S16. PXRD of 13+14/DOX/siRNA nanoballs.

10. Particle size and zeta potential of 15+14 and 13+14/DOX and 13+14/DOX/siRNA

Table S1. Characterization of different formations by DLS.

Sample Z-Average (nm) Polydispersity Index  Zeta Potential (mV)
13+14 1357.0487.7 0.82940.0472 19.0340.68
13+14/DOX 683.0192.0° 0.58740.042 17.7040.61
13+14/DOX/SiRNA 298.1437.1 0.47040.040 16.9340.06

*The polydispersity index (PDI) of 13+14 is over 0.8, which means that the sample has a very wide
size distribution.

"The large Z-average size of 15+14/DOX is due to the long length of nanofibers.

11. Redox- and pH-induced release of DOX and siRNA from 13+14/DOX/SiRNA system
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Figure S17. In vitro redox- and pH-induced release of DOX and siRNA from 13+14/DOX/siRNA
system. (A) DOX release from 13+14/DOX/siRNA at different conditions; (B) siRNA release
from 13+14/DOX/siRNA at different conditions. All of the measurements were performed in

triplicate; error bars represent SDs about the mean.



12. Hemolytic study of 13+1s/DOX/siRNA system
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Figure S18. Blood compatibility of 13+14/DOX/SiRNA nanoballs. All of the measurements were
performed in triplicate; error bars represent SDs about the mean.

13. Cytotoxicity assay of 13+14 in NCI/ADR-RES cells
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Figure S19. Cell viability assay of NCI/ADR-RES cells incubated with 13+14 (13+14
concentration ranging from 0.025 mM to 0.2 mM). All of the measurements were performed at
least in triplicate; error bars represent SDs about the mean.



14. Cytotoxicity assay of 13+14 in HEK293 cells
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Figure S20. Cell viability assay of HEK293 cells incubated with 13+14 (13+14 concentration
ranging from 0.025 mM to 0.2 mM). All of the measurements were performed at least in
triplicate; error bars represent SDs about the mean.

15. In vitro anti-cancer effect of 13+14/DOX/siRNA system in MCF-7S cells
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Figure S21. In vitro anticancer efficacy. MCF-7S Cells were incubated with DOX, 13+14/DOX
and 13+14/DOX/siRNA for 24 h. All of the measurements were performed at least in triplicate;
error bars represent SDs about the mean. *P<0.05, **P<0.01, and ***P<0.001.



16. Apoptosis-induced Anticancer activity of 13+14/DOX/siRNA in NCI/RES-ADR cells
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Figure S22. Apoptotic analysis of NCI/ADR-RES cells by FC. NCI/ADR-RES cells were treated
with (A) control, (B) free siRNA, (C) 13+14, (D) free DOX, (E) 13+14/DOX and (F)
15+14/DOX/siRNA for 24 h, and then incubated with Annexin V-FITC and PI.
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