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A B S T R A C T

To achieve redox-controlled and tumor active targeting synergistic self-delivery of camptothecin and gemcita-
bine, redox-sensitive rod-shaped nano-micelles are fabricated through co-assembling between camptothecin-
disulfide bond-PEG2000-4-carboxyphenylboronic acid and camptothecin-disulfide bond-gemcitabine conjugate.
Most of all, for multidrug resistant cancer cell line MCF-7/ADR which is more resistant against CPT, increasing
content of CPT in the formulation is favorable for synergistic effect of CPT and GEM drug combination.
Benefiting from simple co-assembling strategy, it is easy and convenient to adjust drug ratio of CPT/GEM to
optimize the synergism of drug combination. In addition, nano-micelles fabricated from co-assembling are en-
dowed with both high absolute drug concentration and enhanced colloidal stability, which is helpful to in vivo
studies. Transmission electron microscopy observation confirmed the rod-shaped morphology, which is bene-
ficial to cellular internalization, of co-assembled nano-micelles resulting from π-π stacking interactions of CPT
moieties and appropriate hydrophilic and hydrophobic interactions during co-assembling. Taking advantages of
the specific interactions between 4-carboxyphenylboronic acid and sialic acid, co-assembled nano-micelles ex-
erted enhanced cellular internalization. Noteworthy, compared with cocktail mixture of free CPT and GEM,
nano-micelles greatly alleviated drug reflux against MCF-7/ADR and 4T1 cells. The nano-micelles realized
redox-controlled ratio-metric and synchronous delivery of CPT and GEM, thereby pronounced in vitro synergistic
antiproliferative effect against MCF-7/ADR and 4T1cells. Furthermore, in vivo bio-distribution analysis indicated
the preferential accumulation of nano-micelles at tumor site, which could increase therapeutic efficacy and
decrease side effects of non-selective anticancer drugs. Taken together, the redox-sensitive CPBA decorated co-
assembled nano-micelles provided a promising strategy for tumor active targeting and redox-controlled in-
tracellular synergistic combinational delivery of chemotherapeutics.

1. Introduction

As one of mainstays for cancer treatments, combination che-
motherapy has been adopted as standard to fight against variety of

cancer types for a long time [1]. Benefiting from simultaneously mod-
ulating different signaling pathways, one of the prime advantages of
combination chemotherapy is potential for providing synergism to
maximize therapeutic effect thereby overcome dose-limiting toxicity
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and deter development of drug resistance associated with cancer
treatments [2]. Nevertheless, triumph of current combination che-
motherapy is greatly hampered by administration of cocktail mixture of
free drugs [3]. Upon systemic administration, drugs undergo distinctive
physiological fates, non-uniform distribution and non-synchronous ac-
cess to tumor tissues, which separates in vitro success from impressive
clinical outcomes of cocktail combination therapy [4]. Taken together,
it is imperative to develop drug delivery systems to mitigate the diffi-
culties associated with conventional cocktail combination che-
motherapy. Different from traditional cocktail administration, combi-
national therapies based on nano-drug delivery systems hold intriguing
advantages, including uniform and concurrent delivery of drug com-
binations, maintaining the synergistic drug ratios, and controlling drug
exposure sequences [5], therefore it is considered as an alternative
approach for treatment of cancer in near future.

Moreover, as an inspiring strategy, drug self-delivery systems,
consisted of active drugs or prodrugs, exhibit not only nanoscale
characteristics but also controlled drug delivery by themselves without
additional assistances. The prosperity of drug self-delivery systems
could address the troublesome issues of traditional nano-carriers ap-
plied for combinational drug delivery, taking the metabolites of mate-
rials and the rather low drug loading capacity (typically lower than

10%) for instance [6].The frontier researches of drug self-delivery
systems have gained increasing attention in recent years [7–10].

Inspired by pioneer’s work, a carrier-free and redox-sensitive Janus
nano-prodrug with pretty high drug loading capacity, camptothecin-
disulfide bond-gemcitabine conjugate (CPT-SS-GEM), is fabricated and
evaluated in our group [11]. Consisting of active drugs with different
mechanisms of action, CPT-SS-GEM exhibits prominent synergistic an-
tiproliferative efficacy in multiple cancer cell lines. Unfortunately, as
drug concentration increasing, CPT-SS-GEM tended to self-assemble
into nanofibers as exhibited in Fig S1A. Moreover, the formulation
precipitate easily (Fig.S1B) due to the strong π-π stacking interactions
among the camptothecin (CPT) moieties. As a result, the poor colloidal
stability, aggregation formation and low absolute drug concentration
come as major problems for its applications. Additionally, lack of spe-
cific active tumor targeting is another critical challenge for the CPT-SS-
GEM self-assembled nano-prodrug.

Recently, it has been reported that alterations in sialylation regulate
development and progression of cancers, including invasiveness and
metastasis [12]. As a distinctive feature associated with malignant
properties, abnormal sialylation in cancer cells serves as an important
biomarker and provides a specific target for therapeutic intervention
[13,14]. The alterations in sialylation is involved in several types of

Fig.1. Graphic illustration of active targeting and redox-controlled synergistic co-delivery of camptothecin and gemcitabine achieved by CPBA decorated rod-shaped
nano-micelles fabricated through simple co-assembling between CPT-SS-GEM and CPT-SS-PEG2000-CPBA.
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cancers, like pancreas [15], stomach [16], colorectum [17], breast
[18], bladder [19] and ovary [20]. It has been reported that phe-
nylboronic acid (PBA) and its derivatives could selectively recognize
the sialic acid on membranes of cancer cells [21]. In this context,
functionalization of nano-drug delivery systems with PBA and its de-
rivatives could be taken as a potential strategy for tumor-targeted de-
livery of genes and drugs [22,23].

Encouragingly, in recent years, numbers of studies have demon-
strated that rod-shaped nanoparticles exerted enhanced cellular uptake
and thereby improved drug delivery efficiency [24–27]. It is con-
ceptually acknowledged that nanodrugs with elongated shape could
provide more interactions between the multivalent targeting ligands
and multivalent receptors on cell surface than those with spherical
shape [28,29].

Moreover, nanodrugs with surface PEGylation could be conferred
with long-circulating ability and well dispersity and stability in phy-
siological environment.

Motivated by the crucial role of shape design in the process of drug
delivery, here, we report the 4-carboxyphenylboronic acid (CPBA) de-
corated rod-shaped nano-micelles for active targeting and synergistic
combinational self-delivery of CPT and GEM. To fabricate the co-as-
sembled nano-micelles, camptothecin-disulfide bond-PEG2000-4-car-
boxyphenylboronic acid (CPT-SS-PEG2000-CPBA), an active targeting
and redox-sensitive PEGylation prodrug of CPT, is applied to co-as-
semble with CPT-SS-GEM. CPBA, which can specifically recognize sialic
acid is attached to PEG chain as an active targeting ligand as illustrated
in Fig. 1.

An ideal drug delivery system for cancer treatment could realize
trigger-responsive drug release, especially those cancer specific triggers
[30]. Different triggers, such as pH, elevated temperature, redox, en-
zyme, external stimuli and combination of multiple triggers, have been
applied to develop trigger-responsive drug delivery systems to max-
imize treatment efficacy. Among the various triggers, tumor in-
tracellular high redox microenvironment is considered as an ideal
trigger condition for pro-drug design. It is widely reported that, glu-
tathione (GSH), a thiol-containing tripeptide capable of reducing dis-
ulfide bonds, is abundant in the cytoplasm of the cell (2–10mM) [31],
whereas it is rarely present in blood plasma (~20 μM) [32]. Moreover,
the GSH concentration in some cancers is found to be about seven times
higher than that in normal cells [33,34], which contributes to the high
redox tumor microenvironment contrast to normal tissues and blood
plasma. The higher concentrations of GSH in tumor cells can trigger
release of drugs at the target site. The prodrug compounds containing
simple disulfide bond or thioester can be efficiently cleaved by in-
tracellular thiols [35,36] or reductase [37] while they are inert to many
other chemical functional groups as well as reactions, making it easy for
the synthesis and chemical modification of disulfide containing pro-
drugs. It is worth mentioning that both CPT-SS-PEG2000-CPBA and CPT-
SS-GEM are redox-sensitive prodrugs could be degraded in high redox
tumor microenvironment. Under this condition, the co-assembled nano-
micelles could realize self-delivery of two drugs with different me-
chanisms without the help of other excipients. Another merit of the
simple co-assembling strategy is that it is convenient to increase the
content of CPT in the formulation through adjusting ratio of the two
redox-sensitive prodrug components. This property is beneficial for
optimizing the synergism of nano-micelles against MCF-7/ADR cells
which is more resistant against CPT. In addition, as expected, by using
CPT-SS-PEG2000-CPBA in the co-assemble process, not only the absolute
drug concentration could be remarkably increased but also the colloidal
stability could be greatly enhanced for the constructed co-assembled
nano-micelles. Co-assembled nano-micelles remained uniform without
cluster and bulk aggregates formation. Interestingly, the co-assembled
nano-micelles showed rod-shaped morphology due to the balance of
multiple interactions, including π-π stacking interactions of CPT moi-
eties, hydrophilic and hydrophobic interactions. In vitro drug release
studies verified the redox-triggered ratio-metric and synchronous rapid

release of CPT and GEM from co-assembled nano-micelles. Moreover,
the CPBA decorated co-assembled nano-micelles exerted obviously en-
hanced cellular internalization while cellular uptake against cells pre-
treated by free CPBA remarkably decreased. The aforementioned results
demonstrated the sialic acid-mediated active targeting capacity of co-
assembled nano-micelles. Noteworthy, compared with cocktail mixture
of CPT and GEM, co-assembled nano-micelles not only greatly reduced
drug reflux but also exhibited profound synergistic antiproliferative
effect against MCF-7/ADR and 4T1 cells. Especially for MCF-7/ADR
cells, co-assembled nano-micelles showed much lower IC50 value than
other formulations. Additionally, in vivo bio-distribution analysis de-
monstrated that co-assembled nano-micelles preferentially accumu-
lated at tumor site, which could decrease side effects and increase
therapeutic efficacy of drugs.

2. Experimental section

2.1. Materials, cell culture and animals

Camptothecin, 4-carboxyphenylboronic acid, pinacol, N-
Hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N’-ethylcar-
bodiimide hydrochloride (EDCI), and 1,1′-carbonyldiimidazle (CDI) are
purchased from J&K Chemical Ltd. (Shanghai, China). Poly (ethylene
glycol)2000 (PEG2000), 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenylte-
trazolium bromide (MTT) are purchased from Sigma-Aldrich (Shanghai,
China). NH2-PEG2000-NH2 is kind gift from associated professor Yu Luo
at East China Normal University. Culture medium RPMI 1640 is ob-
tained from Gibco BRL. (Paris, France). Fetal bovine serum (FBS) and
penicillin-streptomycin are obtained from HyClone (Logan, Utah, USA).
Other chemicals are obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Huangpu, Shanghai, China). Dichloromethane (DCM) is dried by
refluxing over fresh CaH2, and subsequent distilled before use.
Tetrahydrofuran (THF) is dried by refluxing against fresh sodium, and
subsequent distilled prior to use.

Marine breast cancer cell line 4T1 and multidrug resistant (MDR)
human breast cancer cell subline MCF-7/ADR are obtained from cell
bank of Chinese Academy of Sciences (Shanghai, China), and cultured
in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin
and streptomycin under a humidified atmosphere containing 5% CO2.

Female BABL/c nude mice (4–6weeks old) are supplied by Shanghai
Laboratory Animal Center, Chinese Academy of Sciences. Animals are
maintained at animal care facility with free access to standard food and
water under specific pathogen-free condition with temperature of 20-
24 °C, relative humidity of 40-70%, and 12/12 h light-dark cycle in the
Animal Laboratory Center of East China Normal University. Prior to the
experiments, the animals are acclimatized for at least 7 days. All of
animal experiments are carried out in accordance with guidelines of the
Animal Ethics Committee of East China Normal University.

2.2. Instruments and measurements

1H NMR were recorded on a Bruker Avarice TM 400 NMR spectro-
meter. A Malvern Zetasizer apparatus equipped with a 4.0 mW He-Ne
laser (Malvern Instruments, UK) was applied to perform dynamic light
scattering (DLS) measurements. All samples were analyzed at a scat-
tering angle of 90° and λ=633 nm. The observation of morphology
was performed by transmission electron microscopy (TEM) with JEOL
2100 instrument at 120 kV. An Agilent 1200 (Agilent Technologies
INc., Shanghai Branch) with a Zorbax Eclipse XDB-C18 column (5 μm,
4.6 mm×250mm) at 30 °C was applied to conduct Reversed Phase
High Performance Liquid Chromatography (RP-HPLC) analysis. The
UV–vis spectra measurements were performed by UV-1800 UV spec-
trophotometer (Shimadzu Corp., Japan).
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2.3. Synthesis

CPT-SS-OH and CPT-SS-GEM were synthesized as described in our
previous published literature [11]. CPT-SS-PEG2000-CPBA was synthe-
sized in process described in Electronic Supplementary Information.
The synthesis route is presented in Scheme 1.

2.4. Determination of critical aggregation concentration (CAC)

DLS was applied to evaluate CAC of CPT-SS-PEG2000-CPBA ac-
cording to the method previously reported [38]. Solutions of CPT-SS-
PEG2000-CPBA with different concentrations (1× 10−5 to 0.7 mg/mL)

were prepared and analyzed. Based on intensity of scattering light
versus log concentration curve, CAC was determined as the intersection
point through extrapolating intensity of scattering light at low and high
concentration ranges. The measurements were performed in triplicate.

2.5. Fabrication and characterization of the co-assembled nano-formulation

Solvent evaporation method was applied to fabricate co-assembled
nano-formulation. Briefly, CPT-SS-GEM (8mg) and CPT-SS-PEG2000-
CPBA (80mg) are dissolved in THF (1mL) through sonication. The
resulting solution was kept stirring for 30min at room temperature.
Subsequently, under continuous vigorous stirring, the THF solution was

Scheme 1. Synthesis route of CPT-SS-PEG2000-CPBA.
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added dropwise into ultrapure water (9 mL) prepared from a Milli-Q
system (Merck Millipore, Tokyo, Japan). In order to evaporate organic
solvent, the mixture was stirred for another 24 h at room temperature.
The co-assembled nano-formulation was obtained after complete eva-
poration of THF.

The physicochemical properties of co-assembled nano-formulation
were characterized, including size, zeta potential, morphology and
colloidal stability. Particle size was statistically analysis through TEM
images, and zeta potential was determined in triplicate by DLS.
Specimens for TEM observation were prepared by carefully depositing a
drop of co-assembled nano-formulation onto a carbon film coated
copper grid (300 mesh). After dried at room temperature, the grids
were observed by TEM to capture morphology of co-assembled nano-
formulation.

In order to evaluate the time-dependent stability of co-assembled
nano-formulation against phosphate buffered solution (PBS) under
storage condition, the freshly prepared co-assembled nano-formulation
was dispersed in 10mM pH 7.4 PBS with concentration of 1mg/mL and
maintained at 4 °C. The size and size distribution of the dispersion were
periodically measured by DLS. The measurements were performed for
three times and data were expressed as mean ± SD.

Meanwhile, in drug delivery, it is an important issue for nano-drugs
to maintain their stability after intravenous injection. The protein ad-
sorption in plasma may result in aggregation, precipitation or dis-
assembly of nano-drugs, which could decrease the therapeutic efficacy.
To gain further insights into protein adsorption and the stability, the
CPBA decorated co-assembled nano-micelles were incubated with bo-
vine serum albumin (BSA, 500 μM) for different times (12, 24, 48 and
72 h). Then, the change of particle size at different times of incubation
with BSA was assessed using fluorescence correlation spectroscopy
(FCS), as FCS is a very sensitive method to determine the drug-protein
interaction. The principle of FCS is based on the measurement of the
change in characteristic diffusion time (τD) of FITC labeled CPBA de-
corated co-assembled nano-micelles as the characteristic diffusion time
is related to the size of the nano-micelles. The preparation of FITC la-
beled CPBA decorated co-assembled nano-micelles and the FCS setup
were described in Electronic Supplementary Information.

2.6. In vitro reduction-triggered drug release

Reduction-triggered drug-release profile of co-assembled nano-for-
mulation was performed by dialysis method. Quantitatively analysis of
drug release was conducted by RP-HPLC.

In detail, 2 mL suspension of co-assembled nano-micelles (50 μM
equivalent to CPT) in 10mM PBS with different pH values (pH 5.0, 6.5,
7.4) and presence of 2mM or 20 μM dithiothreitol (DTT) was enclosed
in a dialysis bag (MWCO: 1000 Da). The dialysis bag of specific con-
dition was immersed in the relevant dispersion medium. Then, all of
dialysis bags were maintained at 37 °C and 100 rpm in a THZ-C iso-
thermal shaker. At designated time points, 200 μL of dispersion was
withdrawn and replaced with equal volume of fresh release medium.
Then, phosphoric acid (85%, 30 μL) was added to terminate drug re-
lease process. Subsequently, all of the samples were diluted with me-
thanol (chromatographically pure, 170 μL) prior to RP-HPLC measure-
ment. For RP-HPLC analysis, components of solvent system and
gradient were set as stated following: solvent A (acetonitrile, ACN),
solvent B (water, containing 0.1% trifluoroacetic acid, TFA), 95–5%
solvent A in 0–9min (liner), 5% solvent A in 9–14min (isocratic), 5%
solvent A in 14–14.5min (isocratic), 5–95% solvent A in14.5–20min
(liner), 1 mL/min. To simultaneous analysis of CPT and GEM, the
Agilent 1200 UV/vis detector was set at 254 nm. The amount of re-
leased CPT and GEM was calculated by calibration curve of native CPT
and GEM. Analysis was performed in triplicates, and data were ex-
pressed as mean ± SD.

2.7. In vitro cellular internalization

The MCF-7/ADR and 4T1 cells, 2.0× 105 cells per well, were
seeded in 6-well plates and incubated for 24 h. Thereafter, culture
media were replaced with 2mL of fresh media containing CPT (50 μM),
GEM (12.5 μM), cocktail mixture of CPT and GEM (molar ratio of CPT
to GEM: 4/1) and co-assembled nano-micelles (50 μM equivalent to
CPT), and cells were cultured for another 4 h or 24 h, respectively.
Subsequently, cells were washed with cold PBS for three times after
removal of culture medium. Then, cells were fixed with 4% paraf-
ormaldehyde for 0.5 h at 25 °C. Then, cells were washed with PBS for
three times and DiI with working concentration of 10 μM was added to
stain cells for 15min at 37 °C Finally, cells were washed with PBS for
three times and fluorescence images were captured by an inverted
fluorescence microscope (Olympus, TH4-200 with Olympus UHGLGPS).

Additionally, for competitive assay, cells were incubated with free
CPBA (5mM) for 30min before treatment with CPT, GEM, cocktail
mixture of CPT and GEM and co-assembled nano-micelles. Moreover, in
order to verify cellular internalization of co-assembled nano-micelles is
energy-dependent, cells were kept at 4 °C for 4 h in fridge for low
temperature treatment.

Before the competitive assay of in vitro cellular internalization,
control cytotoxicity studies of both 5mM CPBA pretreatment+CPT
and 5mM CPBA were carried out. In detail, for 5mM CPBA
pretreatment+CPT, 1×104 cells in 200 μL culture medium were
seeded in 96-well plates. After incubated for 24 h, culture media were
replaced with the 200 μL culture medium containing 5mM CPBA and
the cells were incubated for 30min. Subsequently, each well was wa-
shed by 200 μL PBS for three times. The 200 μL culture medium con-
taining CPT of different concentrations was added and the cells were
cultured for another 72 h. Then, 20 μL MTT stock solution (5mg/mL)
was added. Subsequently, culture medium was removed carefully after
incubation for additional 4 h. Then, the obtained blue formazan was
dissolved by DMSO (100 μL), and plates were measured at 550 nm with
an automatic BIO-TEK microplate reader (Powerwave XS, USA). After
subtraction optical density (OD) of blank control, the measured OD
values were applied to calculate cell viability expressed as percentage of
negative control. The experiment was conducted in triplicate and data
were expressed as mean ± SD.

For cytotoxicity of CPBA, 5× 104 cells in 200 μL culture medium
were seeded in 96-well plates. After incubated for 24 h, culture media
were replaced with the 200 μL culture medium containing different
concentration of CPBA and the cells were incubated for 30min.
Subsequently, 20 μL MTT stock solution (5mg/mL) was added. Then,
culture medium was removed carefully after incubation for additional
4 h. The obtained blue formazan was dissolved by 100 μL DMSO and the
plates were measured at 550 nm with an automatic BIO-TEK microplate
reader (Powerwave XS, USA). After subtraction optical density (OD) of
the blank control, the measured OD values were applied to calculate
cell viability expressed as percentage of negative control. The experi-
ment was conducted for three times and data were expressed as
mean ± SD.

For quantitative determination of cellular internalization, after the
last washing of cells with cold PBS, cells were trypsined and collected
from the wells, and transferred into a polypropylene centrifuge tube
(15mL). Subsequently, cell suspension was sonicated, 10 s intervals
followed by 20 s pulses for 10min at 0 °C (ultrasonicator probe, Vibra
cell 750). Subsequently, after centrifugation of cell suspension
(1500 rpm) for 10min at 4 °C, supernatant was collected and lyophi-
lized. After the prepared samples dissolved in acetonitrile and cen-
trifuged at 5000 rpm for 5min, supernatant of the obtained sample was
analyzed by RP-HPLC.

2.8. Drug accumulation and reflux

For investigation of drug accumulation and reflux, 1.0× 105 cells
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per well of two cell lines, MCF-7/ADR and 4T1, were seeded into 12-
well plates. After incubation for 24 h, CPT, GEM, cocktail mixture of
CPT and GEM, co-assembled nano-micelles (100 μM equivalent to CPT)
were added to the wells and incubated with cells for 4 h at 37 °C. For
blank control, cells were treated with culture medium without drugs.
Drugs retained in culture medium were quantified through fluorescence
intensity of CPT with excitation at 360 nm and emission at 450 nm with
an automatic BIO-TEK microplate reader (Powerwave XS, USA).

Subsequently, culture media were removed and cells were carefully
washed with PBS for three times. Then, fresh culture medium was
added into each well, and cells were incubated for another 1 h or 4 h. At
desired time point, culture medium from each well were collected for
fluorescence measurement (excitation at 360 nm and emission at
450 nm) with an automatic BIO-TEK microplate reader (Powerwave XS,
USA). The amount of drug accumulation or reflux was calculated
through standard curve of CPT. The experiment was carried out in
triplicate and data were expressed as mean ± SD.

2.9. In vitro cytotoxicity

The cytotoxicity against MCF-7/ADR and 4T1cells were evaluated
by standard MTT assay. In detail, 5× 103 cells in 200 μL culture
medium were seeded in 96-well plates. After incubated for 24 h, culture
media were replaced with serial dilutions of co-assembled nano-mi-
celles, cocktail mixture of CPT and GEM, free CPT and free GEM in
200 μL fresh culture medium. The drug concentration was equivalent to
molarity of free CPT. As negative control, cells were treated with cul-
ture medium without drugs. After another desired period of incubation,
20 μL MTT stock solution (5mg/mL) was added. Subsequently, culture
medium was removed carefully after incubation for additional 4 h.
Then, the obtained blue formazan was dissolved by DMSO (100 μL),
then plates were measured at 550 nm with an automatic BIO-TEK mi-
croplate reader (Powerwave XS, USA). After subtraction optical density
(OD) of blank control, the measured OD values were applied to calcu-
late cell viability expressed as percentage of negative control. The ex-
periment was conducted in triplicate and data were expressed as
mean ± SD.

2.10. Determination of synergistic effect

Combination Index (CI) calculated by Chou-Talalay method [39,40]
was applied to quantify the nature and extent of drug interactions.
Combination index is defined as:

= +Combination Index (CI) D
D

D
D

1

x1

2

x2 (1)

Dx1 and Dx2 respectively represents dose for drug 1 and drug 2 used
alone to achieve particular drug effect level (e.g., 50% inhibition of cell
viability). D1 and D2 represent dose of drug 1 and drug 2 in drug
combinations to achieve the same drug effect level. CI value, plotted
against drug effect level, lower than 1, equal to 1, or higher than 1
represents synergism, additivity and antagonism, respectively.

Moreover, Dose Reduction Index (DRI) values were also calculated.
As another important parameter of drug combination, DRI values
quantify the reduced folds of each drug dose in synergistic combination
comparing with dose of each drug used alone at a given drug effect
level. It is widely acknowledged that dose reduction of drug combina-
tions leads to retained therapeutic efficacy while reduced toxicity to-
ward the host.

2.11. In vivo biodistribution

For biodistribution analysis, tumor model was established by sub-
cutaneously injection of about 1.0×106 4T1 cells into right upper
armpit of female BABL/c nude mice (4–6weeks old, weighting ap-
proximately 20 g). When tumor volumes reached about 400–500mm3,

the tumor-bearing mice were randomly divided into four groups
(n= 3) and intravenously administrated with co-assemble nano-mi-
celles, cocktail mixture of CPT and GEM, free CPT and free GEM at a
dose of 5mg CPT/kg body weight per mouse. The mice were executed
post administration for 24 h. Tumors and main organs, including heart,
liver, spleen, lung and kidney were excised carefully and washed with
saline, weighed after drying, and homogenized in 1mL mixture of
water and DMSO (V/V: 1/1). The mixture was vortexed for 5min and
centrifuged at 10,000g for 15min. Then, the supernatant fractions were
collected, and content of CPT in each sample was analyzed based on
fluorescence emission intensity of CPT at 450 nm and excitation at
360 nm with fluorescent automatic BIO-TEK microplate reader
(Powerwave XS, USA). The results were normalized with organ or
tumor weights in the corresponding samples.

2.12. Statistical analysis

Unless otherwise mentioned, data were presented as means ± SD.
For two groups, data were analyzed by two-tailed Student’s t-tests. For
multiple groups, data were analyzed by One-way ANOVA followed by
Turkey post-tests. Bonferroni’s multiple comparison post-tests were
applied to determine significance between specific groups. Possibilities
less than 0.05 was considered significant and significant levels were
expressed as *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion

3.1. Synthesis and characterization of CPT-SS-PEG2000-CPBA

Scheme 1 depicted schematic illustration of synthesis procedure of
CPT-SS-PEG2000-CPBA. Firstly, the hydroxyl group of CPT-SS-OH was
modified with CDI coupling agent for conjugation with primary amino
group of NH2-PEG2000-NH2 to obtain CPT-SS-PEG2000-NH2. Secondly,
carboxyl group of pinacol protected 4-caroxyphenylboronic acid was
activated with NHS/EDCI for subsequent conjugation with CPT-SS-
PEG2000-NH2. Treated by precipitation, dialysis and lyophilization,
CPT-SS-PEG2000-CPBA was obtained as pale yellow solid. The build-in
disulfide bond endowed CPT-SS-PEG2000-CPBA with redox-sensitivity.
The obtained product was characterized by 1H NMR.

Figs. S2–S7 respectively represents 1H NMR of CPBA, pinacol-CPBA,
pinacol-CPBA-NHS, CPT-SS-OH, CPT-SS-PEG2000-NH2 and CPT-SS-
PEG2000-CPBA. As shown in 1H NMR of CPT-SS-OH and CPT-SS-
PEG2000-NH2, the disappearance of proton signal at 4.81–4.84 ppm as-
cribed to hydroxyl group of CPT-SS-OH and the existence of char-
acteristic protons signals of PEG chain at 3.50–3.56 ppm in Fig. S6
verify the successful synthesis of CPT-SS-PEG2000-NH2. In addition, in-
tegration ratio at 0.91–0.94 ppm (10, methyl protons of CPT moiety)
and 3.50–3.56 ppm (protons of PEG chain) confirmed the 1:1 con-
jugation of CPT-SS-OH and NH2-PEG2000-NH2. Furthermore, as pre-
sented in Fig. S7, characteristic proton signal of CPBA at 7.71–7.90 ppm
proves the decoration of CPBA on PEG chain. In a word, the afore-
mentioned results demonstrate the successful synthesis of CPT-SS-
PEG2000-CPBA.

3.2. Fabrication and characterization of the co-assembled nano-formulation

3.2.1. Critical aggregation concentration (CAC) value of CPT-SS-PEG2000-
CPBA

CAC value of CPT-SS-PEG2000-CPBA was determined by DLS
through the abrupt change of scattering light intensity due to nano-
particles formation. As shown in Fig. S8, intensities of scattering light of
CPT-SS-PEG2000-CPBA at concentrations lower than CAC are approxi-
mately constant and similar as that of deionized water. As the con-
centration of CPT-SS-PEG2000-CPBA increasing, scattering light in-
tensity displayed linear increment due to formation of nanoparticles.
The CAC is ca 0.02mg/mL determined as the intersection point through
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extrapolating the scattering light intensity versus log concentration
curve at low and high concentration ranges. It is supposed that the
proper CAC of CPT-SS-PEG2000-CPBA could contribute to retain high
colloidal stability of co-assembled nano-formulation.

3.2.2. Size, zeta potential and morphology
Benefiting from amphipathy of both CPT-SS-GEM and CPT-SS-

PEG2000-CPBA as well as the same CPT moiety of the two molecules, the
co-assembling strategy was conducted successfully. In order to obtain
co-assembled formulation with both good colloidal stability and in-
creased absolute drug concentration as well as better synergism of CPT
and GEM drug combination against MCF-7/ADR cells, the co-assemble
was carried out at 4/1M ratio of CPT/GEM (molar ratio of CPT-SS-
PEG2000-CPBA/CPT-SS-GEM is 3/1) based on the exploration of co-as-
semble at different molar ratios of CPT-SS-PEG2000-CPBA/CPT-SS-GEM
and cytotoxicity of cocktail mixture of CPT and GEM at different CPT/
GEM molar ratios. Aqueous co-assembled nano-formulation was ob-
tained as pale-yellow suspension (Fig. S9).

For the rod-shaped nanoparticles, which are different from the ra-
ther perfect spherical particles, the size measurements by DLS are not
very meaningful, here the particle size was obtained by statistical
analysis of TEM images. As shown in Fig. 2A, TEM observation reveals
that the prepared samples display as rod-shaped nano-micelles with an
average length of ca. 400–500 nm and aspect ratio of 2.23 ± 0.37
(n=524, some TEM images have been presented as supplement in Fig.
S17).

Meanwhile, zeta potential of co-assembled nano-formulation in

ultrapure water was measured by DLS as 4.64 ± 0.59mV presented in
Fig. S10.

Additionally, in order to gain insight into the underlying mechanism
of formation of rod-shaped nano-micelles, interactions between the two
molecules, CPT-SS-PEG2000-CPBA and CPT-SS-GEM, were investigated
through UV–vis absorption spectra. The UV–vis spectra of mixture of
CPT-SS-PEG2000-CPBA (10 μg/mL) and CPT-SS-GEM (1 μg/mL) in THF
and co-assembled nano-micelles in water (10 μg/mL CPT-SS-PEG2000-
CPBA and 1 μg/mL CPT-SS-GEM) were measured with a UV-1800 UV
spectrophotometer. Fig. 2B displayed the UV–vis absorption spectra of
co-assembled nano-micelles suspension in water and the mixture solu-
tion of CPT-SS-PEG2000-CPBA and CPT-SS-GEM in anhydrous THF, re-
spectively.

UV–vis spectrum of the mixture solution in anhydrous THF where
molecules are considered to exist in free molecules without aggregated
state (Fig. 2B), displayed two conspicuous absorption peaks at 364 nm
and 378 nm. In contrast, for co-assembled nano-micelles dispersed in
water, the inferior absorption intensity and remarkable blue shift of the
two main peaks at 351 nm and 362 nm indicate formation of J-ag-
gregated π-π stacking of CPT chromophores in rod-shaped co-as-
sembled nano- micelles [41,42]. It is supposed that the inferior ab-
sorption intensity and remarkable blue shift are related to the following
two reasons. One is that the formation of π-π stacking always promote
the interactions between the π-bonding orbital and the π* anti-bonding
orbital, which further reduce the energy of π-orbital and increase the
energy of π* orbital as well as weaken the conjugation effect. Then the
absorption peaks shift to a shorter wavelength and the peak intensity

Fig. 2. Characterization of co-assembled nano-formulation. (A) The rod-shaped morphology of co-assembled nano-formulation confirmed by TEM (B) UV–vis ab-
sorption spectrum of co-assembled nano-micelles in water and mixture of CPT-SS-PEG2000-CPBA and CPT-SS-GEM in THF (C) Size variation of co-assembled nano-
formulation in 10mM pH 7.4 PBS at 4 °C for 10 days determined by DLS (D) Size variation of co-assembled nano-formulation incubated with 500 μM BSA for different
times at 37 °C determined by FCS.
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decreased. The other reason is the formation of nano-micelles which
makes the structure denser and the CPT moieties encapsulated in the
hydrophobic core, resulting in a decrease in peak intensity.

3.2.3. Time-dependent stability of co-assembled nano-micelles in PBS
The time-dependent stability of co-assembled nano-micelles in PBS

was determined by DLS based on measurement of sizes variation. As
presented in Fig. 2C, hydrodynamic sizes of co-assembled nano-micelles
did not change significantly within a period of 10 days, suggesting the
good stability of the co-assembled nano-micelles under physiological
pH of 7.4 at storage condition.

3.2.4. Protein adsorption of co-assembled nano-micelles
The stability of nano-drugs after intravenous injection is an im-

portant issue for effective drug delivery. Because the protein adsorption
of nano-drugs might result in the agglomeration of the nano-drugs,
which in turn hamper the drug delivery and therapeutic efficacy. In this
context, the FITC-labeled CPBA decorated co-assembled nano-micelles
were incubated 500 μM BSA for different times and the change of
particle size was assessed using FCS. Fig. 2D showed the normalized
autocorrelation curves. As presented, compared with that of the control
(without BSA), during the first 12 h of incubation with BSA, particle
size of the co-assembled nano-micelles showed minimal change
(slightly increased). However, the correlation curves shifted to the right
as the incubation period increased to 24, 48 and 72 h, suggesting the
particle size of the co-assembled nano-micelle increased, which might
be due to protein adsorption after a long time of incubation. Though
particle size of the co-assembled nano-micelles slightly increased, there
were no aggregation or precipitation observed in the test duration,
which implied the co-assemble nano-micelles may be suited for in-
travenous administration and targeted drug delivery.

3.3. In vitro drug release

It is anticipated that co-assembled nano-micelles could disassemble
and realize controlled tumor intracellular drug delivery under high
redox condition (2–10mM GSH) of intra tumor cells. Treatment the
prodrug molecules with DTT induces cleavage of the built-in disulfide
bridge and two subsequent intramolecular cyclization reactions, one to
cleave the urethane linkage to release the native GEM and the other to
cleave the carbonate linkage to release the native CPT with 1,3-ox-
athiolan-2-one as the same byproduct [43] as depicted Scheme 2. In
order to verify this potency, DTT-triggered in vitro drug release was
evaluated. The drug release profile as a function of time is illustrated in
Fig. 3. As depicted, in the period of 10 h, drug release of native CPT and
GEM from co-assembled nano-micelles is lower than 20% at pH 7.4
with 20 μM DTT, the pH and reduction condition corresponding to the
circumstances of blood circulation and extracellular matrices. In con-
trary, co-assembled nano-micelles exhibit significant rapid drug release
at pH 6.5 with 2mM DTT, the pH and reduction condition corre-
sponding to that of tumor intracellular fluids. Under this condition,
100% of native CPT and GEM released within a period of 10 h. Mean-
while, in the same period of 10 h, cumulative release of CPT and GEM
reach up to higher than 90% at pH 5.0 with 2mM DTT, the pH and
reduction condition corresponding to that of tumor intracellular endo/
lysosome. Additionally, we also conducted the drug release at pH 5.0
and 6.5 with 20 μM DTT, the pH corresponding to that of tumor in-
tracellular fluids or endo/lysosome, respectively and the reduction
condition of blood circulation and extracellular matrices. As exhibited
in Fig. S18, compared with higher DTT concentration (2mM) corre-
sponding to that of intra cellular compartments, the drug release was
greatly decelerated with lower DTT concentration (20 μM, corre-
sponding to that of extracellular fluids or blood plasma). In summary, in
high redox environment, both pH 6.5 and pH 5.0 with 2mM DTT, co-
assembled nano-micelles show rapid drug release, which is supposed to
realize prominent antiproliferative efficacy. Taken the results together,

it implies that co-assembled nano-micelles, as expected, could minimize
premature drug release in blood circulation while response to high
redox condition of tumor cells to achieve redox-controlled rapid intra-
tumor cells drug release.

3.4. In vitro cellular internalization

Previous studies have reported that PBA derivatives could facilitate
tumor-targeting drug delivery through specific interaction with sialic
acid epitopes overexpressed on tumor cells at physiological pH [21]. In
order to verify the sialic acid-mediated specific endocytosis of the CPBA
decorated co-assembled nano-micelles, in vitro cellular internalization
was evaluated by fluorescence microscopy and RP-HPLC against MCF-
7/ADR and 4T1 cells with SA overexpressed on cell surface [44,45].

As displayed in Fig. 4, after incubation for 24 h at 37 °C, the weak
fluorescence of CPT demonstrated the low cellular internalization of
free CPT and cocktail mixture of CPT and GEM against MCF-7/ADR
cells. The observations may be resulted from the overexpression of re-
flux transporters in MCF-7/ADR cells. Overexpressed drug reflux
transporters hamper the diffusion of free drugs into cells. In sharp
contrast, bright blue fluorescence is visible for cells treated with CPBA
decorated co-assembled nano-micelles. For further verify the role of
CPBA-sialic acid interaction in cellular internalization, cells were pre-
treated with 5mM CPBA for 30min to block SA residues on cell surface.
Before the competitive assay of in vitro cellular internalization, control
cytotoxicity studies of both 5mM CPBA pretreatment+CPT and 5mM
CPBA were carried out. As presented in Fig. S20, pretreatment with
5mM CPBA for 30min did not show significant cytotoxicity against
MCF-7/ADR cells, the cell viability exceeded 90%. As exhibited in
Fig. 4, pretreatment of cells with CPBA significantly diminish cellular
internalization of the CPBA decorated co-assembled nano-micelles in
MCF-7/ADR cells. However, the cellular uptake amount of CPBA pre-
treated group was lower than that of group treated by free CPT. It was
thought that the decreased uptake was attributed to the slightly in-
creased cytotoxicity and cell death induced by CPBA pretreat-
ment+ free CPT compared with free CPT alone as shown in Fig. S19
and Fig. 8. The dead cells were easily removed by washing with PBS
resulted from the loss of adherence ability to the surface of culture
plate, thereby resulted in the decreased cellular uptake. Overall, these
results imply that the CPBA decorated co-assembled nano-micelles
could remarkably facilitate cellular internalization through specific
interaction with SA on surface of cancer cells.

In addition, RP-HPLC analysis was conducted for further quantita-
tive evaluation of cellular internalization. As presented in Fig. 5, the
results are in consistence with fluorescence microscopy observations.

Meanwhile, cellular internalization was evaluated against 4T1 cells.
As presented in Fig. S11, the results are similar as that against MCF-7/
ADR cells. Compared with free CPT and cocktail mixture of CPT and
GEM, the CPBA decorated co-assembled nano-micelles show much
higher cellular internalization. At the same time, cellular internaliza-
tion greatly decreased against cells pretreated with free CPBA.

In order to elucidate whether cellular internalization of co-as-
sembled nano-micelles is energy-dependent or not, cellular inter-
nalization was conducted under at 4 °C or 37 °C. As presented in Fig. 6A
and Fig. 6B, in 4 h incubation period at 4 °C, cellular internalization of
co-assembled nano-micelles is greatly impaired whereas cellular uptake
proceeded successfully at 37 °C. In summary, the results demonstrate
that cellular internalization of co-assembled nano-micelles is energy-
dependent.

3.5. Drug accumulation and reflux

It has been widely reported in previous studies that nano-micelles
could elude drug reflux and facilitate drug accumulation in multidrug
resistant cell lines [46,47]. In order to verify the CPBA decorated co-
assembled nano-micelles hold this merit, drug accumulation and reflux
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investigation was performed against MCF-7/ADR and 4T1 cells. As
exhibited in Fig. 7A, for MCF-7/ADR cells, the CPBA decorated co-as-
sembled nano-micelles show ca. 1.5-fold higher drug accumulation
than that of free CPT or cocktail mixture of CPT and GEM. Additionally,
as displayed in Fig. 7C, it is noticeable that free CPT and cocktail
mixture of CPT and GEM are largely pumped out from MCF-7/ADR cells
in a time-dependent manner. Different from free CPT and cocktail
mixture of CPT and GEM, the CPBA decorated co-assembled nano-mi-
celles show minor drug efflux, which is about 1

15
of free CPT and 1

10
of

cocktail mixture of CPT and GEM. It is speculated that these results may
be mainly related to two reasons. On one hand, the CPBA decorated co-
assembled nano-micelles could be internalized through endocytosis
mediated by the specific interactions of CPBA and sialic acid thereby

bypass drug efflux pumps. On the other hand, cleavage of disulfide
bond of prodrugs involved in co-assembled nano-micelles is time- and
reduction-dependent, which retard drug release and efflux. Further-
more, it demonstrates that cocktail mixture of CPT and GEM displays
lower drug efflux than that of free CPT, which is consistent with the
previous literature that multiple treatments could be reliable to over-
come drug resistance [1]. It is worthy mentioned that for 4T1 cell line,
the CPBA decorated co-assembled nano-micelles display much higher
drug accumulation, nearly 2.2-fold of that against MCF-7/ADR cells.
This result may be related to the higher overexpression of sialic acid on
4T1 cells than that on MCF-7/ADR cells. It is reported high sialic acid
expression on cancer cell membrane is usual associated with tumor
metastasis and 4T1 is a cancer cell line with high metastatic property

Scheme 2. Mechanism of reduction-triggered drug release.

Fig. 3. Drug release profile of CPT and GEM from co-assembled nano-micelles in PBS at pH 7.4 with 20 μM DTT, pH at 6.5 or 5.0 with 2mM DTT.
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[48]. At the same time, compared with MCF-7/ADR cells, 4T1 cells
exhibit not only higher drug accumulation but also lower drug efflux of
free CPT, cocktail mixture of CPT and GEM and co-assembled nano-
micelles, which probably due to the multidrug resistance of MCF-7/

ADR.

3.6. In vitro cytotoxicity and multidrug resistance

It is widely acknowledged that overcoming multidrug resistance
(MDR) is one of the virtues of drug combinations [5]. However, due to
high expression of drug efflux pumps, such as p-glycoprotein (p-gp),
various small molecular anticancer drugs could be pumped out from
multidrug resistant cancer cells, which leads to decrement of in-
tracellular drug accumulation far lower than the effective concentration
[49]. Currently, due to the unique advantages, such as circumvent p-gp
efflux pumps, enhancement of drug accumulation in tumor cells or at
tumor site, stimuli-responsive controlled intracellular drug release, si-
multaneous targeting delivery of different drugs [3], nanotechnology-
based combinational drug delivery has emerged as a promising strategy
to overcome MDR.

Being consisted of two chemotherapeutic drugs with different action
mechanisms, the co-assembled nano-micelles are considered potential
to retrograde MDR of tumor cells. To this end, in vitro cytotoxicity of
free CPT, GEM, cocktail mixture of CPT and GEM and the co-assembled
nano-micelles were evaluated against MCF-7/ADR cells by standard
MTT assay. Drug concentration of all treatments is equal to molarity of
free CPT.

Obviously, as demonstrated in Fig. 8, the results validate the as-
cendant anticancer efficacy of co-assembled nano-micelles against
MCF-7/ADR. All the different formulations display rather low con-
centration-dependent antiproliferative effect (inhibition rate < 35%)
at drug concentration lower than 50 μM due to the strong drug

Fig. 4. Cellular internalization of CPT, GEM, cocktail mixture of CPT and GEM (molar ratio of CPT to GEM: 4/1) and co-assembled nano-micelles against MCF-7/ADR
cells evaluated by fluorescence microscopy, scale bar: 100 μm.

Fig. 5. Quantitative analysis of cellular internalization of CPT, GEM, cocktail
mixture of CPT and GEM (molar ratio of CPT to GEM: 4/1) and co-assembled
nano-micelles against MCF-7/ADR cells by RP-HPLC.
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resistance of MCF-7/ADR cells. However, it’s worth noting that at drug
concentration of 50 μM, compared with other formulations, the cell
viability treated by co-assembled nano-micelles remarkably decrease. It
is speculated these results could be ascribed to the following reasons.
Firstly, the co-assembled nano-micelles decorated with CPBA could

bypass drug efflux pumps through endocytosis mediated by the specific
interactions between CPBA and sialic acid as the results exhibited in
Fig. 5, thereby greatly increase intracellular drug concentration. Sec-
ondly, it has previously reported that induction of multidrug resistance
is associated with increased GSH level in tumor cells and GSH depletion

Fig. 6. (A) Cellular internalization of CPT, GEM, cocktail mixture of CPT and GEM (molar ratio of CPT to GEM: 4/1) and co-assembled nano-micelles at 37 °C for 4 h
observed by fluorescence microscopy (B) Cellular internalization of CPT, GEM, cocktail mixture of CPT and GEM (molar ratio of CPT to GEM: 4/1) and co-assembled
nano-micelles at 4 °C for 4 h observed by fluorescence microscopy.

Fig. 7. Drug accumulation and reflux quantified by fluorescence spectrophotometer. (A), (B) Drug accumulation and (C), (D) drug efflux against MCF-7/ADR and 4T1
cells, respectively.
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could sensitize tumor cells to therapy [50]. It is supposed that the
cleavage of disulfide-bond in co-assembled nano-micelles consume in-
tracellular GSH, which could contribute to inhibition of cancer cell
proliferation. Furthermore, different from cocktail mixture of CPT and
GEM, the redox-triggered disassembly and drug release of co-assembled
nano-micelles facilitated ratio-metric synchronous intracellular de-
livery of CPT and GEM, which is benefit for antiproliferative efficacy.
Collectively, the above-mentioned advantages of co-assembled nano-
micelles greatly increase antiproliferative efficacy against MCF-7/ADR
cells.

The IC50 values of all formulations were calculated and presented in
Table S1. As presented, IC50 of co-assembled nano-micelles is much
lower (30.59 ± 1.02 μM CPT and 7.65 ± 0.26 μM GEM) than that of
free CPT (1047.13 ± 33.12 μM), free GEM (292.42 ± 6.69 μM) and
cocktail mixture of CPT and GEM (249.46 ± 9.45 μM CPT and
62.37 ± 2.36 μM GEM). The IC50 of cocktail mixture of CPT and GEM
is 4.20 fold lower than that of free CPT and 4.68 times lower than that
of free GEM, which once again proves the synergism (CI for 50% in-
hibition rate is 0.562 ± 0.028) anticancer effect of the drug combi-
nation. Moreover, the IC50 of co-assembled nano-micelles is 8.15 times
lower than that of cocktail mixture of CPT and GEM. In summary, these
results demonstrate that the CPBA decorated co-assembled nano-mi-
celles are potential in retarding drug resistance of MCF-7/ADR tumor
cells.

In addition, cytotoxicity against 4T1 cell line was evaluated under
different incubation period from 48 h to 96 h. As displayed in Fig. S12,
it demonstrated that cell viability decreased with longer treatment
period, especially for co-assembled nano-micelles. This result may be
ascribed to drug release intra 4T1 cells is time- and redox- dependent.
As presented, cocktail mixture and co-assembled nano-micelles exert
superior antiproliferative efficacy compared with free CPT or free GEM
at drug concentrations lower than 50 μM. The aforementioned results
imply that drug combination is benefit for decrement of drug doses in
cancer treatment due to synergism. What’s more, all formulations ex-
hibit superior antiproliferative efficacy against 4T1 cells compared with
that of MCF-7/ADR cells. The IC50 of all treatments under different
period were summarized in Tables S2–S4. IC50 value of free CPT and
GEM show negligible time-dependent decrement, while that of cocktail
mixture and co-assembled nano-micelles decrease greatly as increment

of incubation period. In treatment period from 48 to 96 h, the IC50 value
of co-assembled nano-micelles is higher than that of cocktail mixture,
which may be related to the abovementioned time- and reduction-de-
pendent intracellular drug release.

3.7. Determination of synergistic effect

Synergism is considered as the most important merit of drug com-
binations. In order to quantitatively evaluate the drug interaction
nature and verify the synergism of cocktail mixture and co-assembled
nano-micelles, combination index (CI) values were calculated by the
Chou-Talalay equation using Calcusyn software. The nature of drug
interactions are defined as antagonism with CI > 1.3, moderate an-
tagonism with 1.1 < CI < 1.3, additivity with 0.9 < CI < 1.1, slight
synergism with 0.8 < CI < 0.9, moderate synergism with
0.6 < CI < 0.8, synergism with 0.4 < CI < 0.6, and strong syner-
gism with CI < 0.4 [39]. It is widely acknowledged that the plot of CI
value against drug effect level (Fa, e.g. inhibition rate of 50%) clearly
show quantitative information about the nature and extent of drug in-
teractions. In this research, the CI values of cocktail mixture and co-
assembled nano-micelles against MCF-7/ADR and 4T1 cell lines are
calculated based on Eq. (1). Strikingly, as presented in Fig. 9, during
72 h incubation against MCF-7/ADR, all CI values at each corre-
sponding Fa values of co-assembled nano-micelles are lower than
CI= 0.5, while CI values of cocktail mixture increase sharply and ex-
ceeds CI= 1. These results denote the synergistic effect of co-assembled
nano-micelles is much more prominent than cocktail mixture against
MCF-7/ADR cells. In addition, CI values against 4T1 cells with different
incubation period are shown in Fig. S13. As presented, CI values of
cocktail mixture and co-assembled nano-micelles decrease as increment
of incubation period from 48 h to 96 h. As shown in Fig. S13 and Fig.
S14, at 48 h, CI values of cocktail mixture exceed CI= 1 at Fa higher
than 0.7 while those at each corresponding Fa at 72 and 96 h are below
CI= 1, and CI values are much lower at 96 h. The results demonstrate
that prolongation of treatment period against 4T1 cells is benefit for
exertion of synergism of the drug combination. Noteworthy, though
decrease as increment of treatment period, CI values of co-assembled
nano-micelles are still higher than that of cocktail mixture. This may be
related to the time- and redox-dependent drug release profile of co-
assembled nano-micelles while cocktail mixture is easier to directly
exert anticancer efficacy. The difference of CI values of co-assembled
nano-micelles against MCF-7/ADR and 4T1 cell lines may be ascribed to
the heterogeneity of different cancer cell lines.

Additionally, reducing dosage of single drug used alone while

Fig. 8. In vitro cytotoxicity of different formulations against MCF-7/ADR cells
for 72 h incubation determined by standard MTT assay. Data are expressed as
mean ± SD (n= 3).

Fig. 9. Combination index of cocktail mixture of CPT and GEM, and co-as-
sembled nano-micelles against MCF-7/ADR cells for 72 h incubation.
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retaining its antiproliferative efficacy is another primary objective of
synergistic drug combination. The DRI value, put forward by Chou JH
and Chou TC [39], give quantitative information of dose-reduction in a
synergistic combination at a given Fa value compared with single drug
used alone. As displayed in Fig. S15, co-assembled nano-micelles show
higher DRI values than that of cocktail mixture with 72 h treatment,
especially at Fa higher than 0.2. At inhibition rate of 50%, DRI values of
CPT and GEM in co-assembled nano-micelles are 7.05 ± 0.83 and
20.00 ± 1.28, respectively, which are almost 2.93 times of those in
cocktail mixture, 2.41 ± 0.10 and 6.83 ± 0.59, respectively. Fur-
thermore, as shown in Fig. S16, different from that against MCF-7/ADR
cells, co-assembled nano-micelles display time-dependent increased but
lower DRI values than that of cocktail mixture against 4T1 cells. For
96 h incubation, at inhibition rate of 50%, DRI values of CPT and GEM
in co-assembled nano-micelles are calculated as 3.11 ± 0.22 and
9.07 ± 0.54, respectively whereas those in cocktail mixture are
7.57 ± 0.61 and 22.07 ± 1.41, respectively. In a word, co-assembled
nano-micelles could greatly reduce drug dosage while retaining effec-
tive anticancer efficacy of free drugs used alone.

3.8. In vivo biodistribution

In vivo biodistribution of different formulations were evaluated
against female BABL/c-nu mice bearing 4T1 tumors. After intravenous
injection of free CPT, free GEM, cocktail mixture of CPT and GEM, and
co-assembled nano-micelles for 24 h, the tumor-burden mice were eu-
thanized. Then the main organs (heart, liver, spleen, lung and kidney)
and tumor were collected for quantitative determination of drug dis-
tribution by fluorescence measurements. As presented in Fig. 10, after
administration for 24 h, free CPT shows rather low accumulation at
tumor site, which is similar as that of the cocktail mixture. It demon-
strates that free CPT mainly accumulates in lung and liver. In contrast,
the CPBA decorated co-assembled nano-micelles enhance drug accu-
mulation at tumor site, which is about 2.5 folds of free CPT and cocktail
mixture. Meanwhile, compared with free CPT or cocktail mixture, co-
assembled nano-micelles decrease drug accumulation in normal tissues.
Collectively, all the results demonstrate that the CPBA decorated co-
assembled nano-micelles could reinforce the selective accumulation of
drugs at tumor site.

4. Conclusions

In summary, the redox-sensitive CPBA-decorated rod-shaped nano-

micelles with enhanced colloidal stability and increased absolute drug
concentration are fabricated through a simple co-assembling strategy.
Unlike cocktail mixture of free drugs, the nano-micelles could enable
synchronous and ratio-metric delivery of CPT and GEM. Furthermore,
the nano-micelles not only remarkably enhance cellular internalization
via the CPBA-sialic acid interaction but also greatly decrease drug reflux
by cancer cells. The cytotoxicity evaluation and quantitative calculation
of CI and DRI values verify the prominent synergistic anticancer effect
of the nano-micelles, which is potential for increment of treatment ef-
ficacy and decrement of dose-limiting toxicity. More important, the
nano-micelles could both reinforce drug accumulation at tumor site and
decrease that in normal tissues in vivo. Additionally, in vivo antitumor
efficacy will be further evaluated through adjusting drug ratio to
achieve optimal synergistic effect against different tumor models.
Overall, the simple co-assembling tactic achieves the active targeting
synergistic combinational delivery of CPT and GEM, and it may provide
a potential platform for highly efficient combinational delivery of
chemotherapeutics to exert profound therapeutic effect.
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