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Abstract: Combinatorial antitumor therapies using different
chemodrug combo or chemo/gene agent combo emerge as promising
ways to overcome the drug resistance, a major cause for the failure
of cancer treatment. However, dramatic pharmacokinetic differences
of adopted drugs greatly impede the combinatorial antitumor practices,
raising the great demand of developing appropriate drug delivery
systems (DDSs) for tumor treatment. By employing fluorescent
dithiomaleimide (DTM) as a linker, herein, we conjugate two paclitaxel
(PTX) molecules with a floxuridine (FdU)-integrated antisense
oligonucleotide (termed as chemogene) to form a precise
macromolecular drug-chemogene conjugate. This PTX-chemogene
conjugate can self-assemble into spherical nucleic acid (SNA)-like
micellular nanoparticle as a carrier-free DDS, which effectively knocks
down the expression of P-glycoprotein first and subsequently releases
the FdU and PTX to exert a synergistic antitumor effect and greatly
inhibit the tumor growth. Our carrier-free DDS bearing drug/drug
synergy and chemo/gene synergy may shed light on reversing multi-
drug resistance of cancer.

Introduction

Multidrug resistance (MDR) greatly hinders the effectiveness of
chemotherapy in cancer research and clinical applications, which
are mainly caused by the adaptive gene expression of tumor cells
under stressed pressure.t! For instance, P-glycoprotein (P-gp), a
typical drug efflux pump that is usually overexpressed in drug-
resistant cells, has proven to be a main factor to reduce the
intracellular drug accumulation, especially for the hydrophobic
drugs (e.g. vincristine, paclitaxel, doxorubicin), resulting in the
failure of killing the tumor cells.?! To address this issue, two major
strategies have been developed to reverse the drug resistance,
including: combination use of different chemodrugs® and
synergistic administration of chemodrug/inhibitor combo.” For
the former case, different chemodrugs with diverse molecular
mechanisms could exert antitumor effects cooperatively and
improve the efficacy via preventing cancer cells to form
compensatory  resistance mechanism.®!  For instance,
combination use of doxorubicin and B-lapachone has been
confirmed to against the drug-resistant breast tumor.[®! However,
the effectiveness of drug combination strategy is limited and

highly relies on the accurate molar ratio of the selected drugs.!"]
The latter approach involves the co-administration of chemodrug
and drug resistance related protein inhibitors, such as small
molecule inhibitors,® antisense oligonucleotides (ASOs),! smalll
interfering RNAs, % which restores the sensitivity of tumor cells to
used chemodrug. As the drug resistance is mainly caused by the
evolutionary adaption of tumor cells to the drug-induced pressure,
reversing drug resistance at genetic level is more effective to treat
the drug-resistant cancer. However, intrinsic differences between
small molecular drugs and macromolecular gene therapeutics are
even more prominent, making the delivery of chemodrug/gene
combo more challenging. Although various materials, such as
cationic  polymers,*!  micelles,*?  liposomes,*®  porous
organic/inorganic nanomaterials,** have been explored to serve
as co-delivery carriers, concerns regarding drug loading capacity,
stability, and biosafety remain in this field. As such, carrier-free
DDS emerges as a new fashion in drug delivery study due to the
avoidance of carrier-induced problems.’® For instance,
amphiphilic drug-drug conjugate (ADDC)! or amphiphilic
supramolecular drug-drug (ASDD) pair*’l have been engineered
using two small molecular drugs with opposite solubility, which
further self-assemble into micellular nanoparticles for systemic
delivery. These strategies allow the delivery of selected drugs with
accurate molar ratio to achieve great synergistic therapeutic
effects, but usually with limited type of drug molecules. In contrast,
carrier-free DDS containing both chemo and gene therapeutics is
seldom explored so far.

Recently, we demonstrated a concept of chemogene that
integrated chemodrug into sequence-specific nuclei acids to
simultaneously perform as gene regulator and chemotherapeutic
agents.!*®l However, chemogene alone is difficult to transfect the
cells and play its functions owing to its negatively-charged feature,
requiring us to construct a nanoformulation for delivery.[8l
Inspired by ADDC approach, we envision that conjugating a
hydrophobic drug and chemogene to form a precise drug-
chemogene conjugates (DCgCs) may not only overcome the
carrier issue, but also achieve drug/drug and drug/gene
combinatorial therapy to reverse the MDR. As a proof-of-concept,
floxuridine (FdU) incorporated chemogene with antisense
sequence that target P-gp gene is employed to conjugate with
PTX to form the DCgC. As shown in Scheme 1, two PTX
molecules are first connected to a fluorescent and azide-
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containing DTM linker. Then the PTX dimer is further conjugated
with chemogene through click chemistry. Owing to their
amphiphilic feature, the obtained DCgCs can self-assemble into
SNA-like micellular particles, which may exhibit improved
physiological ~stability®™® and high cellular transfection
capability.?? Equipped with chemogene and PTX, the SNA-like
assemblies first will knock down the P-gp expression, and then
release the fluoride monophosphate (FAUMP) and PTX either by
enzymatic degradation!*8:2!l or glutathione reduction??, which can
serve as active agents to synergistically inhibit the proliferation of
tumor cells. With precise molecular design of DCgC and
synergistic functions of its assembly, our carrier-free DDS exhibits
great potential to reverse the drug resistance and suppress the
growth of drug-resistant cancer.

Results and Discussion
First, the PTX-chemogene conjugate was synthesized as

shown in Scheme 1a. In detail, PTX dimer with an azide group
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was first synthesized by condensation of the fluorescent DTM and
PTX with mole ratio of 1:2 (Figure S1 to S12). The successful
synthesis of PTX dimer was confirmed by proton nuclear
magnetic resonance (*H-NMR, Figure S10), carbon nuclear
magnetic resonance (*C-NMR, Figure S11) and Fourier-
transform infrared spectroscopy (FTIR, Figure S12). Matrix-
assisted laser desorption/ionization (Maldi-ToF) gave an m/z
value at 2123.448, which could be attributed to
[C110H120N6O32S,+Na]*. Chemogene, anti-P-gp ASO, and
scramble oligonucleotide (T20) with amine terminals (Table S1)
were obtained by DNA solid-phase synthesis and further modified
with dibenzocyclooctyne (DBCO) terminals via the reaction of
amine and N-hydroxysuccinimide. 20% Denaturing
polyacrylamide gel electrophoresis (PAGE, Figure S13)
demonstrated the successful synthesis of the DBCO modified
oligonucleotides. Then the PTX dimer with azide group was
connected to the oligonucleotide strands by cooper-free click
chemistry. Maldi-ToF in Figure S14 verified the successful
synthesis of PTX-chemogene.
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Scheme 1. (a) The design and synthetic route of PTX-chemogene conjugates for the construction of self-fluorescent carrier-free DDS. (b) Schematic representation
of PTX-chemogene assembly to reverse the drug resistance. SNA-like PTX-chemogene assembly could efficiently enter the cells and be degraded into PTX under

intracellular GSH environment to prevent cell proliferation and chemogene to
degradation could further induce cancer cell apoptosis.

The obtained amphiphilic PTX-chemogene could self-
assemble into nanoparticles in aqueous solution. After assembly,
the product was verified by non-denaturing agarose gel
electrophoresis (1% w/w). As shown in Figure 1a and Figure S15,
a major sharp band with much lower mobility could be observed

suppress the P-gp expression. Subsequently, FAUMP released by enzymatic

on the gel for all PTX-conjugated oligonucleotides compared to
that of free oligonucleotide strands, indicating the formation of
large assembled structures with relatively narrow size distribution.
To evaluate the stability of the obtained DDS, critical micelle
concentrations (CMCs) of the PTX-oligonucleotide conjugates

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

were determined by a previously reported method using Nile red
as a florescent probe.?® The results showed that CMC values of
assembled PTX-T20, PTX-ASO, and PTX-chemogene, were 8.7,
10.2, and 7.5 uM, respectively (Figure 1b). In addition, dynamic
light scattering (DLS) measurements revealed that the average
hydrodynamic diameters of micellular structures assembled by
PTX-T20, PTX-ASO, and PTX-chemogene, were 89 nm, 105 nm,
and 81 nm, with polydispersity index (PDI) of 0.172, 0.118, and
0.219, respectively (Figure 1c), which are suitable for systemic
delivery.? Meanwhile, cryogenic electron microscopy (Cryo-EM,
Figure 1d), transmission electron microscopy (TEM, Figure S16
and Figure S17), and liquid atomic force microscopy (liquid AFM,
Figure S18) showed that the self-assembled PTX-chemogene
had spherical shape with the sizes ranging from ~ 50-90 nm. All
these data revealed that the PTX-chemogene was successfully
assembled into nanosized DDS.
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Figure 1. Characterizations of the SNA-like micellular particles assembled by
PTX-T20, PTX-ASO, and PTX-chemogene conjugates. (a) Non-denaturing
agarose gel (1% w/w) electrophoresis analysis of PTX dimer (lane 1), Anti-P-gp
ASO (lane 2), PTX-ASO (lane 3), chemogene (lane 4), PTX-chemogene (lane
5), T20 (lane 6), PTX-T20 (lane 7). (b) The CMCs of PTX-T20, PTX-ASO, and
PTX-chemogene determined by using Nile red as a fluorescence probe. (c)
Hydrodynamic diameters of PTX-T20, PTX-ASO, and PTX-chemogene in
aqueous solution. (d) Cryo-EM images of micellular particles assembled by
PTX-T20, PTX-ASO, and PTX-chemogene (Scale bar: 200 nm).

DTM, produced by reaction of 2,3-dibromomaleimide and thiols,
possesses a strong green fluorescence, which can be used for
tracking the DDS.?% We used both flow cytometry and confocal
laser scanning microscopy (CLSM) to evaluate the in vitro cellular
uptake efficiency of PTX-chemogene using carboxyfluorescein
(FAM) labeled free ASO as a control. As shown in Figure 2a, PTX-
chemogene assembly showed an excitation wavelength of 405
nm and emission wavelength of 530 nm, which is similar to the
fluorescence property of FAM-labeled ASO. Thus, PTX-
chemogene assembly can perform as a self-fluorescent DDS for
biomedical applications. Flow cytometry showed that the mean
fluorescent intensity of PTX-chemogene assembly treated drug-
resistant HeLa (HeLa/PTX) cells was over ten times higher than
that of ASO/FAM treated group after 6 h incubation (Figure 2b),
suggesting the rapid internalization of PTX-chemogene. Even
after 6 h incubation, free DNA strands (ASO/FAM) still could
hardly internalize the HelLa/PTX cells. Moreover, PTX-
chemogene assembly treated HeLa/PTX cells exhibited stronger
green fluorescence in the cytoplasm than that of ASO/FAM
treated group after 2 h incubation as shown in Figure 2c. Both
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flow cytometry and CLSM results indicated the efficient cellular
uptake behavior of the obtained PTX-chemogene assembly,

implying its potential to be an effective carrier for both
chemodrugs and nucleic acid delivery.
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Figure 2. Self-fluorescent property of PTX-chemogene assemblies and their
cellular uptake behaviour. (a) Fluorescence spectra of FAM-labelled anti-P-gp
ASO (red line) and PTX-chemogene (black line). (b) Flow cytometry analysis of
HeLa/PTX cells incubated with FAM-labelled free anti-P-gp ASO, and PTX-
chemogene at the same oligonucleotide concentration of 2 uM at 37 °C for
different time intervals, 0.1 h, 2 h, and 6 h respectively. (¢) CLSM images of
HeLa/PTX cells incubated with FAM-labelled free anti-P-gp ASO (yellow), and
PTX-chemogene (yellow), at an oligonucleotides concentration of 2 uM at 37 °C
for 2 h. Cell nuclei (red) were stained with PI. (Scale bar: 50 mm).

It has been widely reported that P-gp protein overexpressed on
tumor cell membrane highly accounts for the reduction of
intracellular drug accumulation and the raise of drug resistance
for hydrophobic drugs.?! To investigate whether our designed
PTX-chemogene assembly could reverse drug resistance through
down regulating the P-gp protein expression, quantitative reverse
transcription polymerase chain reaction (QRT-PCR) analysis and
western blot assay were conducted to evaluate the P-gp
expression at both mRNA and protein level. After treating with
PTX-chemogene and a series of control samples, including naked
ASO, PTX-T20 assembly, PTX-ASO assembly, and mock group,
PTX-chemogene caused a 67% knockdown of P-gp mRNA in
HeLa/PTX cells (Figure 3a), which was close to that induced by
PTX-ASO (73%) and relative P-gp mRNA level in HelLa cells
(87%). As a comparison, only 20% P-gp mRNA knockdown was
observed in naked ASO, which could be ascribed to the poor cell
uptake efficiency of naked DNA. Meanwhile, the P-gp mRNA
knockdown of PTX-T20 assembly treated HeLa/PTX cells (34%)
is much lower than those of PTX-chemogene and PTX-ASO
treated cells, indicating that the anti-P-gp sequence was crucial to
regulate the gene levels. Moreover, protein expression of P-gp
valuated by western blot assay is consistent with the results of
gRT-PCR analysis. P-gp protein expression was knocked down
by 45% in PTX-chemogene treated HelLa/PTX cells, which is
comparable to that of PTX-ASO treated cells (P-gp protein
knockdown efficiency (46%), as determined by band densitometry
(Figure 3b). In contrast, PTX-T20 treated cells showed 20%
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reduction of P-gp expression, again demonstrating that the P-gp
protein knockdown was sequence-specific. Meanwhile, free ASO
strand failed to down regulate P-gp protein expression due to its
poor cellular uptake. qRT-PCR and western blot results confirmed
that PTX-chemogene could effectively knock down the target
gene.

PTX-chemogene constructed through DTM bond, possesses a
better thermal stability and reductive responsibility than disulfide
bond bearing DDS.1?2 Owing to the differential concentration of
glutathione tripeptide (GSH) between intracellular (~ 102 M) and
extracellular microenvironment (~ 10° M),?1 PTX-chemogene
assembly could release PTX and chemogene after tumor cell
uptake. The reduction responsive drug release behavior of PTX-
chemogene assembly was evaluated under different conditions
(1xPBS, pH 7.4, 0.5% w/v Tween 80, and with or without 10 mM
dithiothreitol (DTT)) at 37 °C. Under PBS condition (pH 7.4, 0.5%
w/v Tween 80) with 10 mM DTT, over 85% of PTX could be
released from the PTX-chemogene assembly over 72 h (Figure
S19). However, 10% PTX release was observed even after 72 h
incubation without DTT treatment. Thereafter, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay and
cell apoptosis analysis were conducted to evaluate the antitumor
effect of the new DDS using HeLa cells. As shown in Figure S20,
the ICs value of PTX-chemogene against HelLa cells (0.06 uM) is
much lower than that of PTX-ASO (0.16 uM) and PTX-T20 (0.18
uM), demonstrating the improved antitumor effect of chemo-gene
synergistic therapy. Meanwhile, the 1Cso value of free PTX against
HelLa cells (0.03 uM) was higher than that of mixture of PTX and
FdU (0.02 uM), which indicated that co-administration of PTX and
FdU could efficiently improve the antitumor effect. However, 1Cso
value of PTX and chemogene mixture was 0.07 uM, higher than
that of PTX and FdU mixture, indicating the poor cell uptake of
chemogene as illustrated above. In addition, enhanced
cytotoxicity of the PTX-chemogene assembly was also confirmed
by flow cytometry-based apoptosis assay (Figure S21).

A large number of previous studies have confirmed that down-
regulation of drug-resistant related protein (P-gp) expression
could effectively reverse cancer drug resistance. To evaluate
whether our designed PTX-chemogene could reverse drug
resistance and improve the anticancer efficacy in in vitro study,
both MTT assay and cell apoptosis analysis were performed using
HeLa/PTX cells. MTT assay showed that the increased
cytotoxicity of PTX-chemogene (0.2 uM) is comparable to that of
PTX-ASO (2 uM), which confirming the synergistic therapeutic
effect of PTX and FdU (Figure 3c and 3d). Meanwhile, the
cytotoxicity toward HeLa/PTX cells of PTX-ASO was 4-fold higher
than that of PTX-T20, indicating that the antisense could
specifically regulate protein expression and overcome the PTX
resistance. Cell apoptosis assay showed that the total apoptosis
rate of PTX-chemogene treated group is 77.2%, which is higher
than that of PTX-ASO (54.7%) and PTX-T20 (39%, Figure S22).
The results above demonstrated the higher cytotoxicity of PTX-
chemogene, indicating that our new DDS indeed could effectively
reverse the drug resistance. Importantly, the combination of PTX
and FdU further improve the therapeutic efficacy.

Spherical nanopatrticles with nanometer scale below 200 nm
have been widely employed as DDSs due to the EPR effect.? In
this work, PTX-chemogene assembly with average hydrodynamic
diameters of ~ 100 nm may have excellent EPR effect for in vivo
experiments. To illustrate the bio-distribution of PTX-chemogene
assembly, athymic nude mice bearing subcutaneous HelLa/PTX
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Figure 3. In vitro antitumor evaluation for the PTX-chemogene assembly. (a) P-
gp MRNA expression in HeLa/PTX cells treated with different drug formulations,
in which untreated HeLa and HeLa/PTX cells were used as controls. (b)
Western blot image of P-gp protein expression in HeLa/PTX cells treated with
different drug formulations. The relative intensity ratios of P-gp/GAPDH
normalized to HeLa/PTX were marked. (c) In vitro antitumor effect of different
drug formulations on HelLa/PTX cells evaluated by MTT assays. (d) Half
maximal inhibitory concentration (ICso) of different drug formulations for
HeLa/PTX cell treatment.

tumors were subjected to in vivo optical imaging and an ex vivo
bio-distribution study. Owing to the similar hydrodynamic
diameter of PTX-ASO assembly and PTX-chemogene assembly,
we investigated the bio-distribution of PTX-ASO assembly instead
of PTX-chemogene assembly. Firstly, Cy5.5, Cy5.5-labeled ASO,
and Cyb5.5-labeled PTX-ASO assembly were intravenously
injected into mice (100 ng Cy5.5/kg mice). Then the whole-body
optical imaging was applied at different post-injection time. As
shown in Figure 4a, significant fluorescent signals were observed
at the tumor site in PTX-ASO treated mice, which is much higher
than that in naked ASO and free Cy 5.5 treated groups even after
8 h post-injection. To quantitatively analyze the bio-distribution of
PTX-ASO assembly, the tumors and major organs were collected
at 1 h, 4 h, 8 h, and 24 h post-injection and their fluorescence
intensities were determined by ex vivo imaging (Figure 4c).
Notably, PTX-ASO assembly showed 7 times higher tumor
accumulation than those of naked ASO and free Cy5.5 after 1 h
post-injection. Even after 8 h post-injection, the fluorescence
intensity at the tumor site in PTX-ASO assembly treated group
was still 5 times higher than that of naked ASO treated group. All
these results above demonstrated that the PTX-ASO assembly
had effective tumor accumulation effect due to the passive
targeting effect.

To evaluate the in vivo antitumor efficacy of PTX-chemogene
assemblies, athymic nude mice bearing drug-resistant HelLa
tumors were intravenously administered with the self-assembled
nanoparticles at a dose of PTX (8 mg/kg) once every 3 days.
Meanwhile, PBS, free PTX, mixture of PTX and FdU, mixture of
PTX and chemogene, PTX-T20, PTX-ASO with equivalent PTX
dosage were used as controls. Tumor volume and body weight of
all the treated mice were recorded before each administration to
evaluate the in vivo treatment effect (Figure 5 and Figure S23).
The tumor volume curves in Figure 5a showed that PTX-
chemogene exhibited significant tumor growth inhibition. The
average tumor volume of mice treated with PTX-chemogene was
only 195 mm? after 15 days treatment, which was much smaller
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Figure 4. In vivo bio-distribution of PTX-ASO assembly in mice bearing
subcutaneous HelLa/PTX tumors. The concentration of Cy5.5 injected was 100
ua/kg. (a) In vivo fluorescent imaging of the mice treated with free Cy5.5, Cy5.5-
labeled ASO, and Cy5.5-labeled PTX-ASO assembly at 1 h, 2 h, 4 h, 6 h, 8 h,
and 24 h post injection. Tumor sites are marked with red dashed circles. (b)
Quantitative analysis of tumors distribution of free Cy5.5, Cy5.5-labeled ASO,
and Cyb5.5-labeled PTX-ASO assembly after 1 h, 4 h, 8 h, and 24 h injection. (c)
Fluorescent images of different organs and tumors excised from the mice
treated with different samples at different post-injection time, including 1 h, 4 h,
8 h, and 24 h respectively. (d) Quantitative accumulations of free Cy5.5, Cy5.5-
labeled ASO, and Cy5.5-labeled PTX-ASO assemblies in major organs and
tumors after 1 h, 4 h, 8 h, and 24 h injection.

than those treated with PTX-ASO (379 mm?®) and other control
groups, demonstrating that co-delivery of PTX and FdU could
improve the anti-cancer effect. Meanwhile, both PTX-chemogene
and PTX-ASO showed better tumor inhibition effect on drug-
resistant tumor than that of PTX-T20 (tumor volume: 623 mm3),
indicating that chemogene indeed reverse the drug resistance.
However, the tumor volume of mice treated with PBS, free PTX,
mixture of PTX and FdU, and mixture of PTX and chemogene
increased quickly and reached to 885 mm3, 692 mm?, 637 mm?3,
and 541 mm? after 15 days treatment, respectively. This result
indicated that free PTX did not show obvious therapeutic
efficiency on drug-resistant tumor, while the co-administration of
PTX and chemogene could partially reverse the drug resistance
and slightly retard the tumor growth.

After the 15 days treatment, all treated mice were sacrificed and
then the tumors were photographed (Figure 5b). The tumor
inhibitory rate (TIR) calculated from tumor weight showed that
PTX-chemogene treated group appeared the highest inhibition
rate, 80% inhibitory rate compared to that of PBS treated group
(Figure 5c). Histology and immunofluorescence analysis of
tumors dissected from different formulation treated mice were
conducted to further evaluate the antitumor efficacy after
treatments (Figure S24). The hematoxylin and eosin (H&E)
staining results showed that the tumor cells of PBS treated group
presented large nucleus (blue), suggesting a rapid tumor cell
growth of none drug treated group. In contrast, PTX-chemogene
and PTX-ASO treated group appeared obvious small nuclear
fragments and nuclear shrinkage, indicating the apoptosis of
tumor tissues. Furthermore, necrotic areas were apparently
observed in both PTX-chemogene and PTX-ASO treated group.
However, H&E staining images of tumors treated with mixture of
PTX and FdU or mixture of PTX and chemogene appeared a
small number of vacuolization and apoptotic areas, which
indicated that combined chemo-drug administration could partially
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enhance the anti-cancer effect on drug-resistant cancers.
Meanwhile, ki67 antigen expression implied that PTX-chemogene
could effectively inhibit the proliferation of cancer cells. Besides,
terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay was further carried out to evaluate the
cell apoptosis in tumor tissues. From the TUNEL results, PTX-
chemogene assembly was the most effective pathway to induce
tumor cell apoptosis among all the other therapeutics, which is
corresponding to the results of H&E staining. Immuno-
histochemical analysis in Figure S24 illustrated that PTX-
chemogene assembly could dramatically suppressed P-gp
protein expression in in vivo study. To further quantificationally
confirm the in vivo P-gp regulation of PTX-chemogene, qRT-PCR
and western blot assay were used to analyze the P-gp gene and
protein expression levels of tumors treated with different
formulations, respectively. As shown in Figure 5d and 5e, PTX-
chemogene down-regulated 67% of P-gp mRNA and 86% of P-
gp protein, using GAPDH as an internal control, which were
equivalent to those of PTX-ASO (73% knockdown of P-gp gene
and 90% knockdown of P-gp protein). These results showed that
FdU integrated ASO did not affect the performance of ASO.
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Figure 5. In vivo anticancer effect and gene regulation of PTX-chemogene
assembly in mice bearing HeLa/PTX tumors. PTX, PTX+FdU, PTX+chemogene,
PTX-T20, PTX-ASO, and none treated group were used as controls. (a)
Changes of tumor growth volume after intravenous injection of different
formulations in HeLa/PTX tumor-bearing nude mice (n = 4 in each group,
concentration of PTX: 8 mg/kg). (b) Images of tumors exfoliated from mice in
each group after 15 days treatment. (c) Tumor inhibitory rate (TIR) after
treatment. (n = 4). (d) P-gp mRNA levels of different formulations treated drug
resistant tumors (L) compared to none-treated group (Lo). () P-gp protein
expression of different formulations treated drug-resistant tumors. (f) Body
weight changes of HelLa tumor-bearing mice after treatment with PBS, PTX,
PTX+FdU, PTX+chemogene, PTX-T20, PTX-ASO, and PTX-chemogene.
Statistical significance: **** P<0.0001, *** P<0.001, ** P<0.01, * P<0.1, NS no
significant difference.

At the meantime, no significant changes in body weight of mice
in all treated group could be observed, implying the bio-safety of
PTX-chemogene assembly (Figure 5f). Otherwise, blood
biochemical indicators of PTX-chemogene treated mice did not
show obvious hepatic and renal toxicity (Figure S25). Histological
examination of organs (heart, liver, spleen, lungs, and kidneys)
displayed no obvious tissue destruction, apoptosis, or
inflammation on morphology, which ensured the biosafety of PTX-
chemogene (Figure S26). These results demonstrated that the
PTX-chemogene assemblies could effectively induce the
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apoptosis of tumor tissue without causing systemic toxicity on
other organs at the therapeutic dosage.

Conclusion

In summary, we reported a new carrier-free DDS assembled by
precise  drug-chemogene conjugates, which integrates
combinatorial chemodrug therapy and chemo/gene therapy to
treat the drug-resistant tumor. PTX and FdU-integrated
chemogene were conjugated by fluorescent DTM linker without
employing any exogenous carriers. The molar ratio of PTX, FdU
and chemogene could be precisely controlled through well-
established solid-phase synthesis and click conjugation. With an
amphiphilic design, the obtained PTX-chemogene conjugates
could further assemble into SNA-like micellar nanoparticles with
high cellular uptake efficiency. Upon internalizing into the cancer
cells, the high concentration of intracellular GSH environment
triggered the release of chemogene to knockdown the P-gp
expression (up to 73%) and PTX to induce the cell apoptosis. The
FAUMP subsequently released by enzymatic degradation could
further prevent proliferation of the cancer cells, achieving a
synergistic antitumor effect with a inhibit rate against drug-
resistant tumor up to ~ 80%. Compared to carrier-based DDSs,
our drug conjugate design is precise and simple, which could be
easily expanded to integrate other types of therapeutics. For
instance, nucleic acid analogues rather than FdU could be
similarly integrated into the chemogenes and their sequences can
also be selected to target many other genes. This method
provides a new pathway for tumor therapy.
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A carrier-free drug delivery system is assembled by a precise amphiphilic drug-chemogene conjugate, which is prepared by conjugating
two paclitaxel molecules with an floxuridine-integrated antisense using a fluorescent dibromomaleimide linker. With two component
chemodrugs bearing synergistic antitumor effect and antisense sequence to knock down the P-glycoprotein, our PTX-chemogene
assembly can effectively reverse drug resistance and inhibit the tumor growth.
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