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ABSTRACT: A pH/redox-triggered mesoporous silica nanoparticle
(MSN)-based nanoplatform has been fabricated for doxorubicin/paclitaxel
(DOX/PTX) codelivery. In this drug-delivery system (DDS), PTX is
covalently attached to the surface of DOX loaded MSN via a linker with
disulfide bond. By directly attaching PTX to MSN, we can significantly
enhance the PTX́s loading degree and achieve the optimum drug loading
ratio to DOX, therefore, to generate the best synergistical effect. More
importantly, PTX and the linker act as a redox-sensitive “gate” to precisely
control the release profile of DOX and PTX. Subsequently, polystyr-
enesulfonate (PSS) is electrostatically coated to DOX loaded MSN-PTX in
microfluidics to achieve acidic pH responsive, because the free amino
group on MSN surface has a protonation state at acidic pH, and the
electrostatic interaction will be destroyed at pH 5. In addition, PSS can also
neutralize the surface zeta potential, thus reduce the nonspecific
endocytosis of healthy cells. By evaluating cell viability in cancer cell BT549 and healthy breast cell MCF-10A, we observed that
the nanoparticles can selectively release DOX and PTX and eliminate cancer cells, while they will have negligible effect on the
healthy breast cells, due to the acidic and redox microenvironment in cancer cells. Overall, we have developed a nanoplatform for
precise DOX/PTX combination therapy with high selectivity between cancer cells and healthy cells.

KEYWORDS: mesoporous silica nanoparticles, doxorubicin, paclitaxel, pH/redox-triggered release, microfluidic technology,
combination therapy

1. INTRODUCTION

During the past decades, the incidence and mortality of cancer
is continually increasing, posing challenges for the current
medication.1,2 Nowadays, the main clinical cancer treatments
include surgery, radiotherapy, and chemotherapy.3,4 Among
them, chemotherapy is the most accessible therapeutic option
for tumors. Most chemotherapy drugs lack tumor site
targeting;5−9 and the use of a single chemotherapeutic agent
often causes adverse drug effects and drug resistance.10−12

Hence, preparing drug delivery systems (DDS) to improve
drug selectivity and enable the combination therapy is of great
importance.
Nanoparticles (NPs) based DDSs hold lots of advantages,

including targeting the tumor sites, prolonging circulation time,
and improving bioavailability.5−8 Among the nanocarriers
reported, MSN is one of the most extensively studied
nanoparticles for smart drug delivery.13−17 The MSN-based
nanodelivery system presents lots of outstanding properties,
such as good biocompatibility, easy chemical modification, and
high encapsulation capacity.18−20 In the process of the high

selectivity of drug-loaded NPs, besides utilizing the enhanced
permeability and retention effect (EPR effect) that nano-
particles will passively aggregate at the tumor site, it is also
possible to selectively kill tumor cells by designing the
nanoparticles with tumor microenvironment triggered drug
release.21−24 Since there are multiple stimuli at the tumor site,
the carrier with multiple stimuli response can more precisely
deliver the drugs as compared to a single stimuli.25,26 The
combination of Doxorubicin (DOX) and Paclitaxel (PTX) is
an effective and active treatment for many solid tumors. DOX
is a family of anthracycline antibiotics that binds to DNA and
inhibits nucleic acid synthesis. PTX can promote microtubule
assembly and lead to apoptosis. The combination of DOX and
PTX has been used as important conventional chemo-
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therapeutic agents because of their different action mecha-
nisms; however, it has been reported that the ratio of DOX to
PTX plays a critical role in the synergistical effect but due to
the distinct water solubility, the DOX/PTX combination has
rarely achieved optimum synergistic.27,28 Moreover, both drugs
have adverse drug effects if systemically dosed.
In this work, As revealed in Scheme 1, DOX is loaded into

MSN, but PTX is conjugated with MSN through a redox-
sensitive linker, which can enhance and control the loading
degree, solubility, stability of the hydrophobic drug PTX. The
loading ratio of DOX and PTX is precisely controlled to
optimize the synergistic effect by accurately controlling the
content of covalently linked PTX. Moreover, the redox
sensitive linker can also control the PTX and DOX release
simultaneously.
Polystyrenesulfonate (PSS) is an electronegative polymer

with high biocompatibility29 which can produce electrostatic
attraction with free amino groups on the surface of MSN. To
prevent the PTX́s direct expose to physiological environment
and further increase the tumor specificity of nanoparticles, PSS
is coated on top of DOX loaded MSN-PTX via microfluidics,
which has been widely used for nanoparticle fabrication and
nanocomponents related drug loading and delivery.30−32

Basically, microfluidics technology can be used to process
very small quantities of samples, and the size, shape and
functional surface of the fabricated nanoparticles can also be
tuned. These advantages can facilitate drug delivery and
control the release profiles. In addition, because the parameters
can be precisely controlled, microfluidics can also scale up
production.33−35 The coating of PSS with microfluidics can
completely seal the pores on MSN, and control the drug
release under the acidic condition, as found in tumor

microenvironments.36 Moreover, PSS can also inhibit the
unspecific cell uptake by adjusting the zeta potential to
neutral.37 At last, the effects and selectivity of this nanoparticle
between cancer cells and healthy cells are evaluated with breast
cancer cell BT549 and healthy breast cell MCF-10.

2. EXPERIMENTAL SECTION
2.1. Materials. Doxorubicin (DOX) and Paclitaxel (PTX) were

purchased from Arisun ChemPharm Co., Ltd. (China). Cetyltrime-
thylammonium chloride (CTAC); tetraethyl orthosilicate (TEOS);
triethanolamine (TEA); 1-octadecene; ammonium nitrate
(NH4NO3); 3-aminopropyltriethoxysilane (APTES) and ethanol
solution were purchased from Sigma-Aldrich (Finland). 4-dime-
thylaminopyridine (DMAP), 3,3′-dithiodipropionic acid (DTDP) and
N-(3-(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride
(EDC·HCl) were purchased from Alfa Aesar (Finland). Dichloro-
methane (DCM), DL-dithiothreitol (DTT), triethylamine, acetyl
chloride, were also purchased from Sigma-Aldrich (Finland).

2.2. Preparation and the Characterization of PTX-S-S-COOH
(Paclitaxel Conjugate with DTDP). The synthesis and character-
ization of dithiodipropionic anhydride (DTDPA) and PTX-S-S-
COOH are described in the previous literature.5,38−40 The details are
provided in the Supporting Information (SI).

2.3. Synthesis MSN and MSN-NH2. MSN was synthesized as
previously reported.41 MSN-NH2 was made by refluxing 200 mg
MSN and 200 μL APTES in ethanol overnight. Then centrifuged at
16 000 rpm to obtain the crude product, which was washed with
ethanol three times to obtain the Amine-functionalized MSN. The
details are provided in the SI.

2.4. Synthesis of MSN-PTX and Different Molar Ratio Drug
Loading. 2.4.1. Synthesis Different (DOX: PTX) Drug Molar Ratio of
DOX@MSN-PTX (DOX: PTX = 1:10; 1:5; 1:0.588). Basically, we first
control the loading content of DOX by loading time, and then we add
the same amount of PTX-SS-COOH to control the amount of PTX
unchanged. The details are provided in the SI.

Scheme 1. Schematic Illustration of the Synthesis of DOX@MSN-PTX; and the Microfluidic Fabrication of DOX@MSN-
PTX@PSSa

aThe PSS layer swells under acidic tumor microenvironment; thus the DOX@MSN-PTX@PSS becomes positively charged and can be internalized
by tumor cells via endocytosis. Subsequently, the pH/redox condition in tumor cells can induce the DOX and PTX release inside the tumor cells.
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2.4.2. Characterization of Drug Loading and Encapsulation
Efficiency. The DOX and PTX loading content (LC (%) = (loaded
drug (DOX/PTX)/weight of nanoparticles ×100) and entrapment
efficiency (EE (%) = (loaded drug (DOX/PTX)/added drug (DOX/
PTX) weight ×100) were quantified by UV−vis spectroscopy at 490
nm and gradient analytical HPLC assay, respectively. HPLC assay was
performed on an Agilent 1100 instrument, and 20 μL of solution was
loaded onto Waters reverse phase column (250 × 4.6 mm).
Acetonitrile (TFA 0.1%):water (TFA 0.1%) (acetonitrile increases
from 5 to 95% with 20 min) was eluted at 1 mL/min, and the PTX
were detected at 254 nm by a UV detector (UV-975, Jasco). The
loaded drug was calculated by using the whole amount of added drug
minus all the amount of drug within supernatant which was collected
after each centrifugation.
2.5. Preparation of DOX@MSN-PTX@PSS. We encapsulate

DOX @ MSN-PTX in a PSS polymer by using a microfluidic device.
Instrument parameters and preparation methods are as described in
the previous article.30,31,42,43 All the details are provided in the SI.
2.6. The in Vitro Release of DOX and PTX from the

Nanoparticles. DOX@MSN-PTX@PSS were sonicated uniformly
in 1.0 mL of PBS buffer solution (pH5 with DTT; pH5 without DTT;
pH7 with DTT; pH7 without DTT) and then, put it into PBS buffer
at 37 °C, continually shaking in the darkroom. At selected intervals,
the buffer was centrifuged at 16 000 rpm, then the 0.9 mL supernatant
was withdrawn and analyzed by fluorescence spectrum. Subsequently,
0.9 mL fresh medium was returned to the original solution and
sonicated until nanoparticles dispersed well then put back into the
shaker. The UV−vis spectral standard curve of doxorubicin is Y1 =
0.02083X1 − 0.00399 (R = 0.9998) Here Y1 is UV absorption integral
of DOX at 490 nm wavelengths; X1 is the concentration of DOX(μg),
and the standard curve detected by HPLC for paclitaxel is Y2 =
0.03311X2 − 0.04503 (R = 0.9997) Here Y2 is UV absorption integral
of PTX at 230 nm wavelengths; X2 is the concentration of PTX(μg).

2.7. Characterization of the PTX-SS-COOH and Nano-
particles. The blank MSN, DOX@MSN-PTX, DOX@MSN-
PTX@PSS was evaluated by using The 1H NMR, MS, FTIR,
Zetasizer Nano ZS and the transmission electron microscope (TEM).
Methods and instrument parameter are described in the SI.

2.8. Biocompatibility and Particle Cell Interaction. Cell
culture, maintenance, and cytotoxicity assays were studied in human
breast cancer cell BT-549 and health cell MCF-10A. WST-1 cell
viability assay and Multimode microplate reader were used for
cytotoxicity assays. Doxorubicin localization and cellular uptake study
are detected by confocal microscopy and flow cytometer. All the
details are provided in the SI.

3. RESULTS AND DISCUSSION
3.1. Synthesize and Characterization of PTX-SS-

COOH. In order to enhance the PTX loading capacity,
tumor targeting specificity and achieve the optimum drug
loading ratio to DOX, we conjugated PTX to MSN through a
redox-sensitive liner. As shown in Figure 1A, PTX is first
conjugated with the redox-sensitive linker to form the PTX-SS-
COOH through a two-step reaction. DTDP is a commercially
available redox-sensitive linker, while the directly esterification
with PTX will result in byproduct formation because DTDP
has two active carboxyl groups to react with PTX. Therefore,
the DTDP is converted to DTDPA, then it is conjugated with
PTX.

1H NMR spectra of PTX-SS-COOH and its intermediate
products are shown in Figure 1B. The peak of −COOH group
of DTDP at 12.35 ppm (Figure 1B (a)) disappeared after
refluxing in acetyl chloride at 70 °C and turning to the circle.
Moreover, the DTDP powder melts to a clear and transparent
solution after refluxing at 70 °C which suggests that the

Figure 1. (A) the synthesis route of PTX-SS-COOH; (B) the 1H NMR spectra of DTDP in DMSO-d6, DTDPA in CDCl3, PTX in CDCl3, PTX-
SS-COOH in DMSO-d6.
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melting point shifted from 153 to 155 to 70 °C, which also
confirms the successful synthesis of DTDPA.40

For the conjugation between PTX and DTDPA, the 2′-OH
proton peak of PTX at 4.7 ppm disappeared (Figure 1B (b)),
which is the most active reactive site to react with DTDPA.44

In addition, the −COOH group showed up again but shifted
to 9.4 ppm (Figure 1B (c)), indicating the opening of the
circle.40 The MS− spectra of PTX-SS-COOH shown in SI
Figure S1 gives a sharp peak at mass of 1044.3134, which is
almost identical to the calculated mass of 1044.3152, and the
2090.6350 peak equals to the PTX-SS-COOH dimer. More-
over, As shown in SI Figure S2, the HPLC characterization of
PTX and PTX-SS-COOH showed single peak with a retention
time of 13.296 and 4.998 min, respectively. The results of
HPLC, MS, and NMR together confirm that the PTS-SS-
COOH is successfully synthesized.
3.2. Synthesize and Characterization of MSN, DOX@

MSN-PTX, DOX@MSN-PTX@PSS, Nanoparticles. MSN
was prepared in an oil−water two-phase layered reaction
system.41 The oil phase is composed by a TEOS solvent with
1-octadecene, and the water phase is containing CTAC and
TEA as a template and catalyst, respectively.

MSN was successfully synthesized with uniform porous
sphere structure in TEM (Figure 2A). The DLS results showed
that MSN was around 117.37 nm (Figure 2B) and zeta
potential was around −19 mV (Figure 2C). The negative
charge of MSN is due to the presence of −OH groups on the
surface. Whereas, after modifying the MSN with APTES, the
zeta potential dramatically increased to positive (around 28
mV) (Figure 2C). To conjugate with PTX, TEM results
showed that the surface pores of DOX@MSN-PTX become
unclear, and the particle size was around 100 nm (Figure 2A),
while DLS showed that the DOX@MSN-PTX was about 150
nm (Figure 2B). Since TEM requires observing the sample in
the dry state, whereas DLS allows the samples to be observed
in a solvated state, where there will be particles associated with
solvent molecules, the size detected in DLS is generally bigger
than in TEM.45 Moreover, after the esterification between
PTX-SS-COOH and MSN, the zeta potential shows a small
decline to 15 mV, but it is still positive (Figure 2C).It
suggested that there was still an unsaturated −NH2 group in
existence. Furthermore, the FTIR spectra showed that after the
esterification of PTX-SS-COOH with −NH2, an intense new
peak was observed at 1650 cm−1 (Figure 2D), which is due to
the new carbonyl (CO) stretching of amide I absorption

Figure 2. Characterization of DOX@MSN-PTX@PSS nanoparticles. (A) TEM images (B) Size and PDI results from DLS. (C) the zeta potential
of MSN; DOX@MSN-NH2; DOX@MSN-PTX; DOX@MSN-PTX@PSS (n = 3) and (D) FTIR spectra.

Figure 3. (A) The in vitro release of PTX from NPs; (B) The in vitro release of DOX from NPs. (molar ratio of DOX: PTX = 1:0.588).
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(the most intense band centered at 1600−1700 cm−1).46 In
addition, the binding rate of PTX is extremely high at around
94% (SI Table S1), almost all of the input drugs are covalently
combined with MSN. With this advantage, we can precisely
control the dosage of PTX to achieve the optimal drug loading
ratio.47

Subsequently, a PSS layer was introduced by microfluidic
technology (SI Figure S3). The water-soluble polymer PSS and
MSN were added in the inner phase, and the ethanol served as
the outer phase, when the two liquid meet together, PSS was
nanosediment to the MSN surface. With decreasing pH value,
more and more unmodified amino groups on MSN are
protonated, and the electrostatic attraction will be destroyed.
PSS membranes will change to a swelling and porous structure,
which results in the rapid drug release.36,48 As shown in TEM,
a significant PSS shell layer was observed in the DOX@MSN-
PTX@PSS NPs (Figure 2A). the DLS results showed the zeta
potential of DOX@MSN-PTX was adjusted to around 3 mV
by PSS which can significantly reduce the nonspecific
phagocytosis by healthy cells (Figure 2C).37 Overall, according
to the results, we have successfully synthesized DOX@MSN-
PTX@PSS NPs.
3.3. In Vitro DOX and PTX Release from the DOX@

MSN-PTX@PSS NPs. The in vitro release profiles of the NPs

at pH 5 or 7, in the absence or presence of DTT are shown in
Figure 3. The results indicated that less than 13% of PTX
released at pH 7 without DTT after 20 h. The cumulative PTX
release was stimulated by DTT and increased to 30% at 20 h.
Acidic pH 5 also had minor stimulation effect on PTX release,
whereas the PTX release had been greatly stimulated in the
presence of DTT plus pH 5, which reached to around 35% at
20 h. The release profile of DOX showed a similar trend
compared to PTX, both the pH 5 and DTT had stimulated
DOX release, and the cumulative DOX release increased
significantly to around 70% at 20 h at pH 5 with DTT (Figure
3B). The drug release from DOX@MSN-PTX@PSS depends
on two factors, the PSS layer with acidic pH responsive and the
PTX layer with redox responsive. Under acidic conditions,
unmodified amino groups of MSN-NH2 are protonated and
the electrostatic attraction with PSS declined. PSS membranes
changed to a swelling and porous structure; moreover, the
protonated DOX also has a reduced force with PSS, and
therefore resulted in the rapid DOX release.36,48 The release of
PTX layer depends on the redox condition, therefore DTT
stimulated both PTX and DOX release. Moreover, under two
simulated conditions, the DOX and PTX release has
significantly increased, which reflects that double response

Figure 4. Cytotoxicity of PTX, DOX, DOX + PTX mixture, and drug loaded NPs for BT549 and MCF-10A and Blank MSN for MCF-10A. The
molar ratios of DOX and PTX for BT549 cells are (A) 1:5, (B) 1:10, (C) 1:0.588; (D) The cytotoxicity of MCF-10A cells incubated with the ratio
of DOX and PTX at 1:0.588. The blank MSN concentration corresponds to the content of the MSN in the drug loaded NPs. (n = 6).
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nanoparticles are more precise in controlling drug release than
the single response nanoparticles.
3.4. In Vitro Cytotoxicity and Cell Apoptosis. The cell

viabilities of DOX, PTX, DOX + PTX, and NPs were studied
by using WST-1 assay for breast cancer cell BT549 and healthy
breast cell MCF-10A. The drug loading ratio of PTX and DOX
can be controlled by adjusting the drug loading time and DOX
concentration in loading buffer and the input content of PTX-
SS-COOH in the reaction. Particles with different molar ratios
of DOX: PTX were prepared. As shown in Figure 4A and B,
when the molar ratio of DOX and PTX was 1:5 or 1:10, DOX
+PTX mixture and NPs showed no inhibition effect toward
BT549 cells compared to pure DOX and PTX, which indicated
that high concentrations of PTX cannot induce cell apoptosis
compared with low concentrations.47,49,50 This may because
PTX activates the extracellular signal-regulated kinase,51

leading to cell proliferation and inducing the drug resistance.52

Therefore, it was important to control the PTX loading ratio to
DOX in MSN in order to obtain optimal synergistic effect.
Figure 4C demonstrates that both PTX-DOX mixture and
drug loaded NPs induced significant cell viability on BT549
cells at a DOX to PTX molar ratio 1:0.588 in a synergistic
manner. This novel nanoparticle that can precisely control the
delivery ratio of DOX and PTX is highly demanded for PTX/
DOX delivery. In terms of healthy cells, both pure MSN and
the drug loaded NPs do not alter the cell viability (Figure 4D),
which proves that the novel drug loaded NPs are highly
selective for inhibiting the cancer cells.

3.5. Cellular Uptake. To verify the DOX uptake in cancer
cell and in healthy cell, free DOX, PTX, PTX+DOX, and drug
loaded NPs were incubated with BT549 and MCF-10A cells
for 1 or 8 h. DAPI was used for nuclear staining, and the DOX

Figure 5. Confocal microscopy images of DOX, PTX, DOX + PTX and drug loaded NPs ́ uptake in BT549 cells. The scale bars denote 20 μm.

Figure 6. Confocal microscopy images of cellular uptake of DOX, PTX, DOX + PTX, and NPs of MCF-10A. Scale bars denote 20 μm.
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fluorescence was monitored in cells by CLSM. The NPs with
DOX/PTX loading ratio of 1:0.588 was selected for this
experiment.
As shown in Figure 5, a sporadic red fluorescence signal was

observed in the free DOX and PTX+DOX group because pure
DOX can also be internalized into the cell. In contrast, nearly 4
times the fluorescence intensity was observed inside the nuclei
for the NPs ́ group as indicated in the flow cytometry results
(Figure 7A,C). These results strongly confirm that NPs with
optimum DOX/PTX ratio were apparently ingested by cancer
cell BT-549. Since NPs encounter the acidic and redox
microenvironment in tumor cells, the PSS layer became porous
and the double-sulfur linker broke, thus prompting the rapid
release of PTX and DOX. The DOX colocalization at the
nucleus can prove that the drug is released from the NPs
(Figure 5). More importantly, PSS is an ionic polyelectrolyte
polymer, when the NPs ́ neutral zeta-potential is disrupted and
became positive, PSS can be altered to an uptake enhancing
factor, which not only increases lipophilicity but also facilitates
the entry of NPs into cancer cells via caveolae-mediated
endocytosis.53,54 Therefore, these results strongly confirmed
that the NPs ́ uptake was improved in cancer cells.55,56

Meanwhile, Figure 6 shows that in the NPs group, the DOX
fluorescence intensity is only half or one-third of the
fluorescence intensity comparing with the free DOX and
PTX+DOX group from healthy cells MCF-10A (Figure 7B,C),
indicating that fewer NPs have been uptaken by MCF-10A
after incubating for 8 h. Since there’s no acidic or redox
environment in the healthy MCF-10A cells, the PSS layer and
disulfide bond are stable, and the neutral zeta potential in NPs
can prevent them from uptaking into MCF-10A cells. These
results indicate the NPs did not degrade under a healthy cell
environment, and the DOX cannot be released from the NPs
into the healthy cells and nuclear.
Overall, the NPs have the specific DOX releasing ability

which can reduce the damage to the healthy cells. Therefore, it
is a promising system for eliminating possible side effects
compared with pure drugs.

4. CONCLUSION

In this work, we have prepared an MSN-based pH and redox
dual responsive drug delivery system for DOX and PTX
codelivery with precise control of the drug ratio. DOX was
directly loaded in the pores of MSN, whereas PTX was
conjugated to MSN through three steps of chemical reactions,
via a linker with a disulfide bond, thus could control the DOX
and PTX release by redox responsive. This rational design not
only can increase the stability, dispersibility, and loading
degree of the hydrophobic drug PTX, but it also enables the
flexible adjustment of drug loading ratio to DOX, which is
important for generating the best synergistical effect. In
addition, the surface-coated PSS provided the system with
acidic responsive, and more importantly, adjust the surface
charge to be approximately neutral, which is beneficial to
reduce nonspecific endocytosis by healthy cells. We found that
the two indispensable release conditions of acidity and
reduction must be met simultaneously, then the drug can be
rapidly and sufficiently released from the NPs, which can
greatly increase the tumor specificity of the drug. Moreover,
the cell experiments showed that NPs could effectively and
selectively kill cancer cells BT549 but had no inhibition effect
on healthy cells MCF-10A. Confocal and flow cytometry
results also confirmed that NPs could be endocytosed by
BT549 and release the DOX, which accumulated into the
nucleus within 1h. Nevertheless, for healthy cells, after 8 h of
culturing, endocytosis of NPs was neglectable, and very limited
DOX was released from the MSN and accumulated in the
nucleus. Overall, the nanoplatform has significantly specialized
on cancer cells to reduce the adverse drug effect and can
precisely load DOX and PTX at optimum ratio to generate the
best synergistical effect, thus it is a promising nanoplatform for
future clinical delivery of DOX/PTX combination.
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Foundation (decision no. 28001830K1). Prof. F. Yang
acknowledges grants from the Technological Project of
Guangzhou technology bureau (Grant number :
20170402199).

■ REFERENCES
(1) Li, N.; Sun, Q.; Yu, Z.; Gao, X.; Pan, W.; Wan, X.; Tang, B.
Nuclear-Targeted Photothermal Therapy Prevents Cancer Recurrence

with Near-Infrared Triggered Copper Sulfide Nanoparticles. ACS
Nano 2018, 12, 5197−5206.
(2) Zhang, H.; Liu, D.; Wang, L.; Liu, Z.; Wu, R.; Janoniene, A.; Ma,
M.; Pan, G.; Baranauskiene, L.; Zhang, L.; Cui, W.; Petrikaite, V.;
Matulis, D.; Zhao, H.; Pan, J.; Santos, H. A. Microfluidic
Encapsulation of Prickly Zinc-Doped Copper Oxide Nanoparticles
with VD1142 Modified Spermine Acetalated Dextran for Efficient
Cancer Therapy. Adv. Healthcare Mater. 2017, 6 (11), 1601406.
(3) Zhang, Q.; Gong, Y.; Guo, X. J.; Zhang, P.; Ding, C. F.
Multifunctional Gold Nanoparticle-Based Fluorescence Resonance
Energy-Transfer Probe for Target Drug Delivery and Cell
Fluorescence Imaging. ACS Appl. Mater. Interfaces 2018, 10,
34840−34848.
(4) Hu, D.; Chen, L.; Qu, Y.; Peng, J.; Chu, B.; Shi, K.; Hao, Y.;
Zhong, L.; Wang, M.; Qian, Z. Oxygen-generating Hybrid Polymeric
Nanoparticles with Encapsulated Doxorubicin and Chlorin e6 for
Trimodal Imaging-Guided Combined Chemo-Photodynamic Ther-
apy. Theranostics 2018, 8 (6), 1558−1574.
(5) Zhao, D.; Zhang, H.; Yang, S.; He, W.; Luan, Y. Redox-sensitive
mPEG-SS-PTX/TPGS mixed micelles: An efficient drug delivery
system for overcoming multidrug resistance. Int. J. Pharm. 2016, 515
(1−2), 281−292.
(6) Wu, J.; Tang, C.; Yin, C. Co-delivery of doxorubicin and
interleukin-2 via chitosan based nanoparticles for enhanced antitumor
efficacy. Acta Biomater. 2017, 47, 81−90.
(7) Sun, D.; Ding, J.; Xiao, C.; Chen, J.; Zhuang, X.; Chen, X.
Preclinical evaluation of antitumor activity of acid-sensitive PEGylated
doxorubicin. ACS Appl. Mater. Interfaces 2014, 6 (23), 21202−14.
(8) Ma, Y.; Fan, X.; Li, L. pH-sensitive polymeric micelles formed by
doxorubicin conjugated prodrugs for co-delivery of doxorubicin and
paclitaxel. Carbohydr. Polym. 2016, 137, 19−29.
(9) Liang, Z.; Yang, Z.; Yuan, H.; Wang, C.; Qi, J.; Liu, K.; Cao, R.;
Zheng, H. A protein@metal-organic framework nanocomposite for
pH-triggered anticancer drug delivery. Dalton Trans 2018, 47 (30),
10223−10228.
(10) Das, M.; Jain, R.; Agrawal, A. K.; Thanki, K.; Jain, S.
Macromolecular bipill of gemcitabine and methotrexate facilitates
tumor-specific dual drug therapy with higher benefit-to-risk ratio.
Bioconjugate Chem. 2014, 25 (3), 501−9.
(11) Caron, J.; Maksimenko, A.; Mougin, J.; Couvreur, P.; Desmael̈e,
D. Combined antitumoral therapy with nanoassemblies of bolaform
polyisoprenoyl paclitaxel/gemcitabine prodrugs. Polym. Chem. 2014, 5
(5), 1662−1673.
(12) Arroyo-Crespo, J. J.; Deladriere, C.; Nebot, V. J.; Charbonnier,
D.; Masia,́ E.; Paul, A.; James, C.; Armiñań, A.; Vicent, M. J.
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