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ABSTRACT: All drugs for cancer therapy face several
transportation barriers on their tortuous journey to the action
sites. To overcome these barriers, an effective drug delivery
system for cancer therapy is imperative. Here, we develop a
drug self-delivery system for cancer therapy, in which anticancer
drugs can be delivered by themselves without any carriers. To
demonstrate this unique approach, an amphiphilic drug−drug
conjugate (ADDC) has been synthesized from the hydrophilic
anticancer drug irinotecan (Ir) and the hydrophobic anticancer
drug chlorambucil (Cb) via a hydrolyzable ester linkage. The
amphiphilic Ir−Cb conjugate self-assembles into nanoparticles
in water and exhibits longer blood retention half-life compared
with the free drugs, which facilitates the accumulation of drugs
in tumor tissues and promotes their cellular uptake. A benefit of the nanoscale characteristics of the Ir−Cb ADDC nanoparticles
is that the multidrug resistance (MDR) of tumor cells can be overcome efficiently. After cellular internalization, the ester bond
between hydrophilic and hydrophobic drugs undergoes hydrolysis to release free Ir and Cb, resulting in an excellent anticancer
activity in vitro and in vivo.

■ INTRODUCTION

Cancer is the leading disease of mortality in many countries of
the world.1 Therefore, how to fight against cancer is a great
challenge for modern science and technology. Among various
cancer treatments, chemotherapy is an indispensable choice for
most cancer cases because of its high efficiency. Unfortunately,
because of the small molecular size of free anticancer drugs,
conventional chemotherapy suffers from several limitations
including poor bioavailability, rapid blood/renal clearance,
nonspecific selectivity, low accumulation in tumors, severe
multidrug resistence (MDR), and adverse side effects for
healthy tissues. To address these limitations, some nano-
vehicles2−5 including water-soluble polymers,6−11 lipo-
somes,12−14 vesicles,15,16 polymeric nanoparticles,17−19 and
inorganic materials20,21 have been used as drug carriers. With
the help of these nanovehicles, drugs can be delivered to the
action sites of a body via physical entrapment or chemical
conjugation,22−24 demonstrating better therapeutic efficacy
against tumors and fewer side effects over free drugs.25−27

However, almost all carriers have no therapeutic efficacy by
themselves. Even worse, a lot of carriers with low drug loading
capacity28,29 may cause side-effects to kidneys and other organs
in the course of degradation, metabolism, and excretion, such as
high toxicity and serious inflammation.

Recently, scientists reported a new concept of directly
conjugating hydrophobic drugs with small organic molecules to
form nanodrug delivery systems. For example, Cui and co-
workers constructed self-assembling drug amphiphiles by
conjugating hydrophobic anticancer drugs to a short peptide
segment.30,31 This system could control both the self-assembled
nanostructures and the drug loading content effectively. Shen
and co-workers reported direct conjugation of a hydrophobic
anticancer drug to a short oligomer ethylene glycol.32 The
resulting prodrug could self-assemble into a nanocapsule with
high drug loading. Importantly, these small molecule prodrug-
based delivery systems could remarkably enhance the drug
loading capacity and improve cancer therapeutic efficacy.
However, carriers are still indispensable in these small molecule
prodrug delivery systems. It can be imagined that if the
anticancer drugs could exhibit nanoscale characteristics by
themselves without the help of nanovehicles, a promising drug
self-delivery system integrating both the advantages of free
drugs and nanocarriers could be expected. Aiming at this goal,
we put forward a new ADDC concept and developed a novel
self-delivery system of anticancer drugs in this work.
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As a proof-of-concept, we describe here the novel ADDC
strategy in Figure 1. The conjugate consists of a water-soluble

anticancer drug Ir and a water-insoluble anticancer drug Cb
(Figure 1a). Ir is a water-soluble derivative of camptothecin and
a potent DNA topoisomerase I inhibitor in cancer cells,33 which
induces the death of tumor cells through DNA damage and
transcription inhibition;34 while Cb is one of water-insoluble
DNA-alkylating anticancer drugs. Both Ir and Cb have been
approved by the Food and Drug Administration (FDA).
Ascribing to its amphiphilic structure, the Ir−Cb ADDC can
self-assemble into nanoparticles in water to deliver themselves
into tumor tissues possibly by passive accumulation via
enhanced permeability and retention (EPR) effect35,36 (Figure
1b,c). After the cellular internalization of Ir−Cb ADDC
nanoparticles, both free Ir and Cb can be released to kill the
cancer cells owing to the hydrolysis of the ester bond in the
tumor cells (Figure 1d,e).

■ RESULTS AND DISCUSSION
Synthesis and Self-Assembly of Ir−Cb ADDC. The

amphiphilic Ir−Cb conjugate was synthesized by esterification
using DCC/DMAP (DCC, dicyclohexylcarbodiimide; DMAP,
4-dimethylamino-pyridine) as shown in Figure 1a, and the
details are described in the Supporting Information. The
chemical structure of Ir−Cb ADDC was confirmed by 1H and
13C nuclear magnetic resonance spectroscopy (1H NMR, 13C
NMR) as shown in Figure 2a,b. Compared with the 1H NMR
spectrum of Ir in Figure 2a, the peak at 4.16 ppm (1) related to

the hydroxyl proton disappears completely, and the two proton
signals at 7.64 ppm (2) belonging to the pyridone ring and 1.87
ppm (3) attributed to the methylene (CH3CH2−, lactonic ring)
of Ir shift to 7.17 ppm (2′) and 2.15 ppm (3′) in the 1H NMR
spectrum of the Ir−Cb conjugate. The proton shift of the
pyridone moiety can be ascribed to strong π−π stacking after
esterification. The proton signal at 2.13 ppm (4) corresponding
to the methylene (−CH2COOH) of Cb shifts to 2.28 ppm (4′)
in the 1H NMR spectrum of the Ir−Cb conjugate. In addition,
as compared with the 13C NMR spectrum of Cb in Figure 2b,
the carbon signal at 180.37 ppm corresponding to the terminal
COOH (1) of Cb disappears, and a new peak appears at 172.73
ppm (1′) corresponding to the −COO− group in the 13C
NMR spectrum of the Ir−Cb conjugate. Moreover, the carbon
signal at 174.06 ppm (2) corresponding to −OCO− (lactonic
ring) and 73.06 ppm (3) corresponding to HO−CCO−
(lactonic ring) of Ir shift to 167.79 ppm (2′) and 75.96 ppm
(3′) in the 13C NMR spectrum of the Ir−Cb conjugate. The
purity and molecular weight of Ir−Cb ADDC were further
characterized by using liquid chromatography (LC) and mass
spectrometry (MS) techniques (Supporting Information Figure
S1). The Ir−Cb ADDC was also characterized by Fourier
transform infrared spectroscopy (FTIR), ultraviolet−visible
spectrophotometer (UV−vis), and fluorescence spectroscopy
(Supporting Information Figures S2−S4). All experimental
results demonstrate that Ir−Cb ADDC was synthesized
successfully.
The inherent amphiphilicity of the Ir−Cb ADDC provides

an opportunity for itself to self-assemble into nanoparticles in
water. To determine the size and morphology of the self-
assembled nanoparticles, a dimethyl sulfoxide (DMSO)
solution of the Ir−Cb ADDC was added dropwise into water,
followed by dialysis against water to remove DMSO. A stable
and bluish solution with the final Ir−Cb conjugate concen-
tration of 0.5 mg mL−1 was obtained. Figure 2c gives the
dynamic light scattering (DLS) curve of Ir−Cb ADDC aqueous
solution with a concentration of 0.5 mg mL−1, indicating the
formation of aggregates with a narrow unimodal distribution
and an average hydrodynamic diameter of approximate 88.3
nm. The surface charge of the Ir−Cb ADDC solution was also
investigated by DLS. The result shows that the value of zeta-
potential is positive (+3.4) in phosphate buffer solution (PBS)
(pH 7.4). The morphology of the aggregates was observed by
transmission electron microscopy (TEM). The TEM image in
Figure 2d shows the spherical nanoparticles with an average
size of approximate 75.7 nm. This size is slightly smaller than
that measured by DLS due to the shrinkage of nanoparticles in
a drying state during TEM sample preparation. The inset of
Figure 2d presents a typical enlarged TEM image of one
nanoparticle, which clearly indicates that the nanoparticle
consists of a lot of small spherical domains. These small
domains are around 3.4 nm according to the statistical analysis
of 50 samples, which supports that the small domains are
conventional micelles self-assembled from Ir−Cb ADDCs since
each ADDC is around 2 nm in size through simulations. Thus,
the as-prepared nanoparticles are formed through the
secondary aggregation of small micelles from ADDCs, which
is similar to the small micelle aggregate (SMA) mechanism37,38

or multicompartment micelle mechanism.39 The detailed self-
assembly mechanism is given in Supporting Information Figure
S5. The DLS measurements at different time intervals
demonstrated that the stability of Ir−Cb ADDC nanoparticles

Figure 1. Schematic diagram of amphiphilic drug−drug conjugate
(ADDC) from fabrication, self-assembly to self-delivery. (a) Synthesis
of Ir−Cb ADDC through esterification in DCC/DMAP-catalyzed
system. (b) The Ir−Cb ADDC self-assembles into nanoparticles in
water. (c) Passive tumor targeting is achieved by the advantage of the
EPR effect, which facilitates the Ir−Cb ADDC nanoparticles to access
tumors by way of their leaky vasculature. (d) The Ir−Cb ADDC
nanoparticles enter tumor cells by endocytosis. (e) Ir and Cb are
released by the cleavage of the ester bond in tumor cells and then
diffuse into nucleus.
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was high enough for long storage (Supporting Information
Figure S6).
To investigate the self-assembly behavior of Ir−Cb ADDC in

water, the critical aggregation concentration (CAC) was
measured by using pyrene as a fluorescent probe. I1 and I3
are the emission intensities of the first and third bands in the
fluorescence spectrum of pyrene respectively, which are labeled
as 1 and 3. The emission intensity ratio of I3/I1 is very sensitive
to the polarity of the medium surrounding pyrene molecules.40

The higher is polarity of the medium, the lower is the intensity
ratio. The relationship of the I3/I1 ratio with the Ir−Cb ADDC
concentration is present in Supporting Information Figure S7.
At low Ir−Cb ADDC concentration, the I3/I1 value remains
nearly unchanged, indicating the characteristics of pyrene in the
water environment. With increasing Ir−Cb ADDC concen-
tration, the ratio of I3/I1 starts to increase dramatically and
reaches the characteristic level of pyrene in a hydrophobic
environment at a certain Ir−Cb ADDC concentration.
According to the inflection of the curve, the CAC value of
the Ir−Cb ADDC is about 7 μg mL−1.
The in vitro release behavior of Ir−Cb ADDC nanoparticles

was evaluated by dialysis in PBS (pH 7.4) containing (or not)
10% FBS and PBS (pH 5.0) at 37 °C. The cumulative release
curves in Supporting Information Figure S8 show that the
concentration of released Ir is low in PBS (pH 7.4) containing
10% FBS (or not), suggesting the good stability of Ir−Cb
ADDC nanoparticles under physiological conditions and in the
presence of serum. Meanwhile, the time-dependent changes in

hydrodynamic diameter of Ir−Cb ADDC nanoparticles were
measured by DLS, which further confirms the high stability of
Ir−Cb ADDC nanoparticles in serum (Supporting Information
Figure S9). However, at a weakly acidic environment (pH 5.0),
the hydrolysis of Ir−Cb ADDC is accelerated and more free Ir
and Cb drugs are released. The hydrodynamic diameter of Ir−
Cb ADDC nanoparticles significantly changes with increasing
time at pH 5.0, which may result from the degradation of the
ester bond (Supporting Information Figure S10).
To further confirm whether the Ir−Cb ADDC was converted

into free Ir and Cb through ester degradation in cells, we
carried out the study of intracellular degradation. After the
MCF-7 cancer cells (a human breast adenocarcinoma cell line)
were incubated with Ir−Cb ADDC nanoparticles for 6 h, the
cellular extracts were measured by a liquid chromatography−
mass spectroscopy (LC−MS) technique. The mixed standard
with Cb, Ir, and Ir−Cb was used as a control. The LC−MS data
of cellular extracts (Supporting Information Figure S12) verify
the existence of free Cb and Ir together with Ir−Cb after
incubation with Ir−Cb ADDC nanoparticles by comparing
those of the mixed standards (Supporting Information Figure
S11). The intracellular degradation studies demonstrate that
the ester bond between hydrophilic and hydrophobic drugs is
hydrolyzed to release both free Ir and Cb within cancer cells.

In Vitro Studies of Ir−Cb ADDC Nanoparticles. Ir emits
blue fluorescence under UV-lamp irradiation. The fluorescence
spectra of Ir and Ir−Cb ADDC in acetonitrile are shown in the
Supporting Information Figure S4a. The fluorescence spectros-

Figure 2. Chemical characterization of Ir−Cb ADDC and its self-assembled nanoparticles. (a) 1H NMR and (b) 13C NMR spectra of Cb, Ir, and Ir−
Cb ADDC in CDCl3. (c) DLS curve of Ir−Cb ADDC nanoparticles shows the diameter distribution of the nanoparticles, the polydispersity index
(PDI = 0.160), and the average size (Dh = 88.3 nm). Inset: a digital photograph of Ir−Cb ADDC nanoparticle solution, exhibiting a stable,
transparent bluish solution. (d) TEM image of Ir−Cb ADDC nanoparticles. Inset: the amplified image of a nanoparticle. Scale bars: 200 nm (d), 50
nm (inset).
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copy studies (Supporting Information Figure S4b) show that
the self-assembled Ir−Cb ADDC nanoparticles in water also
emit strong blue fluorescence, suggesting that they can be used
as probes for cell imaging. The cellular uptake of Ir−Cb ADDC
nanoparticles was studied by confocal laser scanning micros-
copy (CLSM). MCF-7 cells were cultured with Ir−Cb ADDC
nanoparticles for 4 h before observation. The nuclei were
stained for 15 min with propidium iodide (PI), and the
prepared cells were observed using a LEICA TCS SP8. As
shown in Figure 3a, the blue fluorescence of Ir−Cb ADDC
nanoparticles is in both cytoplasm and nuclei according to the
merged image. The results demonstrate that Ir−Cb ADDC
nanoparticles could be internalized by the cells. The cellular
uptake of Ir−Cb ADDC nanoparticles was further confirmed by
flow cytometric analysis. Figure 3b shows that the fluorescence
intensity of cells increases with the incubation time, which can
be attributed to the cellular uptake of more and more Ir−Cb
ADDC nanoparticles by MCF-7 cells.
The proliferation inhibition of Ir−Cb ADDC nanoparticles

was evaluated against MCF-7 and HeLa (a human cervical
carcinoma cell line) cancer cells, comparing with free Cb, Ir,
and Ir/Cb mixture. The cells without any treatment were used
as the control. As displayed in Figure 4a, the cytotoxicity to
MCF-7 cancer cells of free Ir and Ir/Cb mixture is nearly the
same but much higher than that of free Cb, probably due to the
difficult uptake of hydrophobic Cb by tumor cells. The
therapeutic efficacy of Ir−Cb ADDC is strongly dependent
on drug concentration. If the drug concentration is lower than
the CAC value, the antitumor activity of Ir−Cb ADDC is worse
than that of free Ir and Ir/Cb mixture. When the concentration
of Ir−Cb ADDC is higher than the CAC value, it shows much
better anticancer efficiency than free Ir and Ir/Cb mixture. The
higher anticancer efficacy suggests that the self-assembled Ir−
Cb ADDC nanoparticles enter into tumor cells, and the
released free Ir and Cb might play a synergistic action. The
similar phenomenon is also found in other cancer cell lines such
as HeLa cells (Figure 4b).
MDR is one major cause of clinical treatment failure for

cancer therapy, especially for small-molecule anticancer drugs.
One of the main mechanisms of MDR is drug efflux mediated
by transporters such as P-glycoprotein (P-gp), which belongs to
the ATP-binding cassette (ABC) family of membrane trans-
porters. P-gp can use the energy from ATP-hydrolysis to pump
free small-molecule anticancer drugs out of tumor cells,
resulting in a reduction of the drug accumulation in tumor
cells.41,42 Fortunately, the nanoparticles can bypass the P-gp
efflux pump, accumulate themselves in cells, and deliver drugs
into cytoplasm efficiently.43,44 Hence, the Ir−Cb ADDC

nanoparticles are expected to overcome the MDR of tumor
cells. We studied the accumulation assay of free Ir and Ir−Cb
ADDC nanoparticles using drug-sensitive MCF-7 cells and
drug-resistant MCF-7/ADR cells. Owing to the low expression
of P-gp, the accumulation of free Ir in MCF-7 cells is rather
high and increases with incubation time. Contrarily, the
accumulation of free Ir in MCF-7/ADR cells is extremely low
due to MDR, which decreases to 1/50−1/60 compared with
that in MCF-7 cells (Figure 4d). Interestingly, remarkable
accumulation is observed in both MCF-7 cells and MCF-7/
ADR cells when incubation with Ir−Cb ADDC nanoparticles
for the same period. The amount of Ir−Cb conjugate in MCF-
7/ADR cells is about 1/2 to that in MCF-7 cells (Figure 4e),
which may be attributed to the high cellular internalization of
Ir−Cb ADDC nanoparticles and efficient resistance to P-gp
mediated drug efflux. If the cells were first treated with free Ir
and Ir−Cb ADDC nanoparticles for 4 h and then incubated
with fresh medium for various times, similar results were
obtained, as shown in Supporting Information Figure S13.
To further confirm the anticancer efficiency of Ir−Cb ADDC

nanoparticles on MDR tumor cells, we investigated the
cytotoxicity of various drug formulations by methyl tetrazolium
(MTT) assay (Figure 4c). In MCF-7/ADR cells, the half-
maximal inhibitory concentration (IC50) values of free Ir and
Ir/Cb mixture (Figure 4c) are as high as 100 μM as the result
of high overexpression of P-gp, which has ∼20-fold resistance
to Ir and Ir/Cb mixture by comparison to the MCF-7 (IC50: 5
μM, Figure 4a, Table S1 in the Supporting Information).
However, the IC50 (15 μM) of Ir−Cb ADDC nanoparticles in
MCF-7/ADR cells is not significantly different from that (13
μM) in MCF-7 cells (Figure 4a,c). These observations
demonstrate that the Ir−Cb ADDC nanoparticles can over-
come the MDR of tumor cells.
It is well-known that most small-molecule anticancer drugs

generally kill tumor cells by activating apoptosis. Here, the
FITC-Annexin V/propidium iodide (PI) method was used to
determine whether the death of cancer cells incubating with Ir−
Cb ADDC nanoparticles was induced by apoptosis. MCF-7
cells were first incubated with Cb, Ir, Ir/Cb mixture, and Ir−Cb
ADDC nanoparticles at the same concentration (30 μM) for 24
h and then subjected to FITC-Annexin V/PI staining. The
untreated cells were used as control. The flow cytometry
analysis shows that the ratio of apoptosis cells is 18.02%,
25.10%, or 26.03% induced by Cb, Ir, or Ir/Cb mixture, and
increases to 76.87% if incubation with Ir−Cb ADDC
nanoparticles (Figure 4f). In comparison with other for-
mulations, the Ir−Cb ADDC nanoparticles promote a much
higher apoptotic rate of MCF-7 cells with the same dose.

Figure 3. Cellular uptake of Ir−Cb ADDC nanoparticles by MCF-7 cells. (a) CLSM photos of MCF-7 cells incubated with Ir−Cb ADDC
nanoparticles for 4 h. Cell nuclei are stained with PI. (b) Time-dependent profiles of ADDC nanoparticles fluorescence intensity in the MCF-7 cells
by flow cytometry analysis. Insert: representative flow cytometry histogram profiles of MCF-7 cells cultured with Ir−Cb nanoparticles for 4 h, the
untreated cells are used as a control.
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Caspases, as a family of intracellular cysteine-aspartyl
proteases, play an essential role in apoptosis. Among them,
caspase-3 has been considered as a key effector of cell apoptosis
and identified as being activated in response to cytotoxic
drugs.45−47 To verify whether the caspase-3 was activated by
Ir−Cb ADDC nanoparticles, the Western blot analysis was
used to examine the expression of caspase-3 protein. First,
MCF-7 cells were incubated with Cb, Ir, Ir/Cb mixture, and
Ir−Cb ADDC nanoparticles at the same concentration for 24 h.
The untreated MCF-7 cells were used as a negative control.

The Western blot data reveal that caspase-3 protein expression
is up-regulated slightly by Cb, Ir, and Ir/Cb mixture in
comparison with untreated control, whereas the expression of
caspase-3 protein is markedly enhanced by Ir−Cb ADDC
nanoparticles (Figure 4g). These results clearly indicate that
although caspase-3 can be activated by various formulations, the
Ir−Cb ADDC nanoparticles are the most effective one to
promote the activation of caspase-3.
We also assessed the effect of Ir−Cb ADDC nanoparticles on

cell cycle by measuring DNA content with the help of flow

Figure 4. Effect of Ir−Cb ADDC nanoparticles on cancer cell growth, cell cycle, and cell apoptosis-related protein expression in vitro. (a,b,c) In vitro
cytotoxicity of Cb, Ir, Ir/Cb mixture, and Ir−Cb ADDC nanoparticles to MCF-7 cells (a), HeLa cells (b), and MCF-7/ADR cells (c) determined by
MTT assay. The data are presented as average ± standard error (n = 6). (d) The accumulation of free Ir in MCF-7 cells and MCF-7/ADR cells after
incubation with Ir for different time. (e) The accumulation of Ir−Cb ADDC in MCF-7 cells and MCF-7/ADR cells after incubation with Ir−Cb
ADDC nanoparticles for different time. (f) Flow cytometry analysis for apoptosis of MCF-7 cells induced by Cb, Ir, Ir/Cb mixture, and Ir−Cb
ADDC nanoparticles at the same concentration of 30 μM for 24 h. Lower left, living cells; lower right, early apoptotic cells; upper right, late
apoptotic cells; upper left, necrotic cells. Inserted numbers in the profiles indicate the percentage of the cells present in this area. (g) The expression
levels of caspase-3 in MCF-7 cells induced by Cb, Ir, Ir/Cb mixture, and Ir−Cb ADDC nanoparticles at the same concentration (30 μM) for 24 h,
determined by Western blot analysis. Cells untreated are used as a control, and β-actin is the loading control. Data represent three individual
experiments. Each experiment group is repeated three times. (h) The cell cycle distribution histograms of MCF-7 cells treated with Cb, Ir, Ir/Cb
mixture, and Ir−Cb ADDC nanoparticles at the same concentration of 30 μM for 24 h.
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cytometry. First, cells were treated with Cb, Ir, Ir/Cb mixture,
and Ir−Cb ADDC nanoparticles for 24 h and then stained with
PI. The results in Figure 4h show that cells treated with Cb
exhibit a similar cell cycle to that of the control cells. However,
the cell cycle is significantly changed after incubation with Ir
and Ir/Cb mixture: the percentage of G0/G1 phase decreases to
34.25% and 33.58%, the percentage of G2/M increases to
27.81% and 30.23%, while the percentage of S increases to
37.93% and 36.19%, respectively. When the cells are incubated
with Ir−Cb ADDC nanoparticles, the cell cycle changes and
shows an obvious sub-G0/G1 apoptotic phase. These results are
consistent with apoptosis analysis.
Blood Retention Time and Biodistribution Studies. As

compared to free small-molecule drugs, nanoparticles with a
suitable size (<200 nm) usually show a longer retention time in
the bloodstream.48 To confirm this hypothesis, the pharmaco-
kinetic study was undertaken by i.v. injection of the free Cb, Ir,
and Ir−Cb ADDC nanoparticles to Sprague−Dawley (SD) rats
(∼200 g). Figure 5a gives the time profiles of the free Cb, Ir,
and Ir−Cb ADDC nanoparticles in plasma. It can be seen that
the Ir−Cb ADDC nanoparticles are retained at a higher
concentration in the bloodstream up to 12 h, whereas the
concentration of free Cb and Ir is only 1/20 of the Ir−Cb
ADDC after 12 h in the bloodstream. As compared to that of
free Cb and Ir, the longer blood retention time of Ir−Cb
ADDC nanoparticles provides the possibility of enhanced drug
accumulation in the tumor tissues.
To further evaluate the blood retention time of Ir−Cb

ADDC nanoparticles, Cy5.5, a near-infrared fluorescence
(NIRF) dye, was loaded in Ir−Cb ADDC nanoparticles to

form Cy5.5-loaded Ir−Cb ADDC nanoparticles. The prepara-
tion method is described in the Supporting Information. Both
DLS and TEM observations (Supporting Information Figures
S14−S15) show that the size of Ir−Cb ADDC nanoparticles is
almost unchanged after encapsulation with Cy5.5. Free Cy5.5
and Cy5.5-loaded Ir−Cb ADDC nanoparticles were intra-
venously injected via tail vein into MCF-7 tumor-bearing nude
mice. Subsequently, the real-time imaging of Ir−Cb ADDC
nanoparticles in the tumor-bearing mice was monitored over
the course of 24 h (Figure 5b). Upon i.v. injection, the NIRF
signals of free Cy5.5 in the whole body significantly increase to
the strongest after 1 h, and then subsequently decrease from 1
to 6 h. After 24 h, the signals in the whole body are extremely
weak, indicating that free Cy5.5 has been quickly cleared from
the bloodstream. On the other hand, the NIRF signals of
Cy5.5-loaded Ir−Cb ADDC nanoparticles in the whole body
gradually increase up to 3 h. As compared to free Cy5.5, the
Cy5.5-loaded Ir−Cb ADDC nanoparticles maintain higher
NIRF intensity up to 24 h. The longer retention promotes the
tumor accumulation of the nanoparticles.
Furthermore, to examine the amount of Ir−Cb ADDC in the

tumors and other organs, the MCF-7 tumor-bearing mice were
sacrificed after intravenous injection with different time
intervals. The tumor-bearing mice treated with free Cb and Ir
were used as controls. The biodistribution profiles show that a
large amount of Ir−Cb ADDC accumulate in liver, spleen,
kidney, lung, and tumor in the first 2 h. After 6 h postinjection,
the content of Ir−Cb ADDC obviously decreases in kidney,
spleen, and lung, whereas the downward trend in tumor and
liver is slower (Figure 5c). The large accumulation of Ir−Cb

Figure 5. In vivo pharmacokinetics and biodistribution of Ir−Cb ADDC nanoparticles. (a) Representative plasma concentration−time profiles of
free Cb, Ir, and Ir−Cb ADDC after i.v. injection into rats (a dose of 8 mg kg−1). The data are presented as the average ± standard error (n = 4). (b)
In vivo noninvasive NIRF images of time-dependent whole body imaging of MCF-7 tumor-bearing nude mice after intravenous injection of free
Cy5.5 and Cy5.5-loaded Ir−Cb ADDC nanoparticles. (c) Tissue distribution of Cb, Ir, and Ir−Cb ADDC after intravenous injection of free Cb (3.5
mg kg−1), Ir (6.7 mg kg−1), and Ir−Cb ADDC nanoparticles (10 mg kg−1) in nude mice. Data are presented as average ± standard error (n = 4), and
the statistical significance level is ***P < 0.001.
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ADDC nanoparticles in other organs can be due to the
nanoscale characteristic of nanoparticles, which may result in a
long-term toxicity. Compared to that of the Ir−Cb ADDC, the
concentration of free Cb and Ir is remarkably lower in the
tumor and other organs. Ir mainly accumulates in the liver,
followed by spleen, lung, kidney, and heart up to 2 h. After 6 h,
the Ir concentration in the spleen and lung decreases quickly. In
contrast, Cb largely accumulates in the liver, followed by spleen,
lung, heart, and kidney. These data indicate that Ir−Cb ADDC
nanoparticles can be accumulated in tumors probably by
passive targeting through the EPR effect.
In Vivo Antitumor Activity Studies of Ir−Cb ADDC

Nanoparticles. To evaluate whether efficient accumulation
and improved biodistribution results in the enhancement of
therapeutic efficacy, MCF-7 tumor-bearing mice were intra-
venously injected with Cb, Ir, Ir/Cb mixture, Ir−Cb ADDC

nanoparticles, and phosphate buffer solution (PBS) as control
via the tail vein. Tumor volume and body weight of tumor-
bearing mice were monitored every 3 days for 24 days. At the
end of the experiments, the tumor volumes (Figure 6a) in mice
treated with Ir−Cb ADDC nanoparticles were much smaller
than the tumor volumes in mice treated with PBS, Cb, Ir and
Ir/Cb mixture. Compared with that of the PBS group, the
tumor volume after 24 days treatment is 91.60 ± 2.09% for Cb,
62.65 ± 5.26% for Ir, 58.31 ± 7.34% for Ir/Cb mixture, or
32.11 ± 3.07% for Ir−Cb ADDC nanoparticles, which shows
that Ir−Cb ADDC nanoparticles procure predominant tumor
growth inhibitory efficacy than Cb, Ir and Ir/Cb mixture. This
therapeutic efficacy in our work is in line with the previous
reports in camptothecin nanodrugs.49,50 Meanwhile, no obvious
change in efficacy is observed between Ir and Ir/Cb mixture
groups. For the Cb formulation, no significantly therapeutic

Figure 6. In vivo anticancer activity. (a) Changes of tumor volume after intravenous injection of PBS, Cb, Ir, Ir/Cb mixture, and Ir−Cb ADDC
nanoparticles in MCF-7 tumor-bearing nude mice. (b) Body weight changes of MCF-7 tumor-bearing mice after treatment with PBS, Cb, Ir, Ir/Cb
mixture, and Ir−Cb ADDC nanoparticles. (c) Mean weight of tumors separated from mice after different treatments. (d) The tumor inhibitory rate
(TIR) after treatment with Cb, Ir, Ir/Cb mixture, and Ir−Cb ADDC nanoparticles in MCF-7 tumor-bearing nude mice. The TIR is calculated using
the following equation: TIR(%) = 100 × (mean tumor weight of control group − mean tumor weight of experimental group)/mean tumor weight of
control group. Data are represented as average ± standard error (n = 6). Statistical significance: **P < 0.005; ***P < 0.001. (e) The mice are treated
with different formulations and the tumor size is real-time monitored during the 24-day evaluation period. (f) Representative tumors separated from
animals after intravenous injection of PBS, Cb, Ir, Ir/Cb mixture, and Ir−Cb ADDC nanoparticles.

Figure 7. Immunohistochemical analysis of tumor tissues treated with various treatments. (a) Tumors are sectioned and stained with H&E. (b)
Tumor sections are evaluated for PCNA expression using an antimouse PCNA antibody (magnification ×400).
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efficacy is found. These observations are in accordance with the
results of in vitro evaluations. In addition, the tumor volume of
mice treated with Ir−Cb ADDC nanoparticles is much smaller
than the tumor volume of mice treated with Cb, Ir, and Ir/Cb
mixture, while there is about 15% loss of body weight for
tumor-bearing mice treated with various formulations, illustrat-
ing a few side effects of Ir−Cb ADDC nanoparticles for tumor
therapy (Figure 6b). After 24 days treatment, mice were
sacrificed and tumors were dissected and photographed (Figure
6f). The tumor inhibitory rate (TIR) was calculated from
tumor weight (Figure 6c). Compared with that of the PBS
group, the TIR of Ir−Cb ADDC nanoparticles is 71.40 ±
7.75%, which is significantly higher than that of Cb (9.3 ±
2.10%), Ir (42.3 ± 6.63%), and Ir/Cb mixture (44.8 ± 6.31%)
(Figure 6d). Interestingly, the tumor necrosis occurs after
treatment with Ir−Cb ADDC nanoparticles (Figure 6e,f, red
arrow). These results further demonstrate that the therapeutic
efficacy of Ir−Cb ADDC nanoparticles is the highest in all of
the therapeutic groups.
The immunohistochemical analysis was adopted to assess the

different antitumor efficacy after treatment with various
formulations. Histological examination of hematoxylin and
eosin (H&E) stained tissue sections indicates obvious differ-
ences in tissue morphology between PBS and treated groups
(Figure 7a). The tumor cells treated with PBS group are
observed with large nucleus and spindle shape in the tumor
tissues, determining a rapid tumor growth. A similar result is
achieved from treatment of Cb. By contrast, the tumor
cellularity,51 as evaluated by average tumor cell numbers of
each microscopic field, decreases significantly, and nuclear
shrinkage and fragmentation are observed in the Ir, Ir/Cb, and
Ir−Cb ADDC treated groups, especially for the Ir−Cb ADDC
treated tumors. Meanwhile, a large necrotic area is observed in
the Ir−Cb ADDC group. The proliferating cell nuclear antigen
(PCNA) was used to analyze cell proliferation in the tumor
tissues after treatment of various formulations. The results
clearly indicate that the percentage of PCNA-positive (brown)
tumor cells gradually decreases in the mice treated with various
drug formulations compared with those of the PBS group
(Figure 7b). However, the percentage of PCNA-positive tumor
cells treated with Ir−Cb ADDC nanoparticles is the lowest one
among the therapeutic groups, resulting from the tumor cell
proliferation inhibition in MCF-7 tumor-bearing mice. Hence,
both H&E and PCNA staining results confirm the superior in
vivo antitumor efficacy of Ir−Cb ADDC nanoparticles.

■ CONCLUSIONS
Chemotherapy remains one of the major strategies for cancer
treatment. Despite small-molecule chemotherapeutic drugs
being extensively applied in clinic, they still face several
formidable problems. First, most of the chemotherapeutic drugs
such as Cb are hydrophobic, resulting in low solubility. Second,
the retention time of small-molecule anticancer drugs in the
bloodstream is short because of the elimination from the
reticuloendothelial system (ERS), even for hydrophilic
anticancer drugs including Ir, which leads to poor bioavailability
of drugs. In the present work, our observation confirms that the
drug concentration in the bloodstream is extremely low shortly
after injection of free Ir and Cb. Third, the enrichment of drugs
in the tumor site is difficult as a result of nontargeted
chemotherapeutic drugs. Fourth, the MDR reduces the drug
accumulation in tumor cells greatly and renders therapeutic
failure. Owing to the existence of these insurmountable

transportation barriers, neither hydrophilic chemotherapeutic
drugs such as Ir nor hydrophobic ones such as Cb show
satisfactory anticancer activity. By mixing hydrophilic Ir and
hydrophobic Cb together, little improvement has been
observed. Astonishingly, we find here that all of these annoying
problems might be resolved by simple conjugation of a
hydrophilic anticancer drug with a hydrophobic one through a
biodegradable bond. Our experimental results have demon-
strated that compared to FDA-approved free Ir, Cb, or Ir/Cb
mixture, the Ir−Cb conjugate consisting of hydrophilic Ir and
hydrophobic Cb through a hydrolyzable ester linkage exhibits a
much better therapeutic effect.
The excellent therapeutic effect of the Ir−Cb conjugate can

be attributed to molecular self-assembly. Benefiting from its
amphiphilicity, the Ir−Cb conjugate self-assembles into ADDC
nanoparticles with an average hydrodynamic diameter of 88.3
nm in water. Generally speaking, the nanoscale characteristics
of particles are beneficial for escaping from the RES
elimination. Our experimental data clarify that the Ir−Cb
ADDC nanoparticles have much longer blood retention time
than free Ir and Cb, which results in higher tumor accumulation
of drugs. After the cellular internalization of Ir−Cb ADDC
nanoparticles, the P-gp mediated drug efflux is efficiently
avoided. All of these results show that the drugs can be self-
delivered by themselves effectively without the help of any
carriers. As we know, to achieve the nanoscale characteristics of
drug delivery systems, various nanocarriers have been designed
and prepared. However, the introduction of drug carriers causes
several problems, such as low drug loading and poor quality
control. Moreover, the degradation, metabolism, and excretion
of these carriers may cause some side-effects to tissues and
organs. Hence, FDA approval is difficult for most of the
carriers, which limits their application in clinic. Different from
these carrier-based drug delivery systems, the carrier-free Ir−Cb
ADDC nanoparticles are composed of two anticancer drugs, in
which most problems from carriers no longer exist. In the
meantime, the Ir−Cb ADDC nanoparticles exhibit nanoscale
advantages, increasing the accumulation of Ir−Cb conjugate in
the tumor tissue. However, Ir−Cb ADDC nanoparticles still
accumulate in other organs similar to conventional nano-
particles, which may cause a long-term toxicity. The problem
can be derived from nanoparticles themselves, which is a
universal phenomenon for nanomedicine. Our results demon-
strate that the ester bond between hydrophilic Ir and
hydrophobic Cb can be hydrolyzed to release the free Ir and
Cb after cells being cultured with Ir−Cb ADDC nanoparticles.
The released Ir and Cb kill cancer cells efficiently, leading to an
excellent anticancer activity in vitro and in vivo.
In summary, we put forward a new concept, ADDC, and

develop a novel self-delivery system of antitumor drugs for
cancer therapy. The data in this study clearly show that the Ir−
Cb ADDC can self-assemble into nanoparticles in an aqueous
solution, leading to longer retention time than the correspond-
ing free drugs in the bloodstream. The longer retention time
facilitates the accumulation of anticancer drugs in tumor tissues
and the subsequent cellular internalization. The nanoscale
characteristics of Ir−Cb ADDC nanoparticles can circumvent
the MDR of the tumor cells in chemotherapy, resulting in high
intracellular drug concentration. After hydrolysis of the ADDC,
the two released free anticancer drugs exert synergetic
cytotoxicity to the tumor cells, exhibiting higher apoptotic
rate and anticancer activity than the individual free drugs. These
advantages of Ir−Cb ADDC nanoparticles result in a superior
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anticancer efficacy in vivo. Overall, we believe that this drug
self-delivery strategy based on self-assembly of amphiphilic
drug−drug conjugate in the present study may open a new way
for chemotherapy in cancer therapy and would eventually be
applied in clinic for the treatment of varieties of tumors.
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