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ABSTRACT: In this paper, an activable cell-penetrating
peptide (CR8G3PK6, ACPP) with a shielding group of 2,3-
dimethylmaleic anhydride (DMA) was conjugated with
antitumor drug doxorubicin (DOX) to construct a novel
prodrug (DOX-ACPP-DMA) for tumor targeted drug
delivery. The shielding group of DMA linked to the primary
amines of K6 through the amide bond was used to block the
cell-penetrating function of the polycationic CPP (R8) through
intramolecular electrostatic attraction at physiological pH 7.4.
At tumor extracellular pH 6.8, the hydrolysis of DMA led to
charge reversal, activating the pristine function of CPP for
improved cellular uptake by tumor cells. Confocal laser
scanning microscopy (CLSM) and flow cytometry studies revealed that the cellular uptake of DOX-ACPP-DMA was
significantly enhanced after acid-triggered activation in both HeLa and COS7 cells. After cell internalization, the overexpressed
intracellular proteases would further trigger drug release in cells. Both in vitro and in vivo investigations showed that the peptidic
prodrug exhibited significant tumor growth inhibition and demonstrated great potential for tumor therapy.
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1. INTRODUCTION

As an effective strategy for clinical tumor treatment, chemo-
therapy plays an important role in tumor suppressor and
elimination.1 However, most chemotherapy agents in the clinic
have the deficiencies of high cytotoxicity, poor water-solubility,
and nonselectivity, which seriously affects their curative effects.2

Furthermore, although various amphiphilic block copolymers
have widely been used for drug delivery, a number of issues,
such as the premature drug leakage,3 poor drug loading, and
entrapment efficiency4 have yet to be resolved. To solve these
problems, over the past decade, researchers have proposed the
concept of a prodrug, which has shown great potential in tumor
treatment.5,6 It should be noted that labile linkage was also
introduced to prodrugs for stimuli-triggered drug release.
However, it was found that the labile linkage was unable to
maintain stability during circulation in vivo. As a result, the drug
would be released to some extent before arriving in tumor
tissues.7−9

In addition, cell-penetrating peptides (CPPs) were reported
to have the ability to translocate antitumor drug into cells, and
CPP-conjugated drugs have been used extensively for tumor
therapy.10−13 However, most CPPs are not cell specific, thus
limiting their application in drug delivery. To address this
challenge, researchers proposed an activable cell-penetrating
peptide (ACPP) in which the CPP’s cell-penetrating function is
masked with an anionic peptide by a cleavable linker. Once in

the tumor tissue, proteolysis of the linker would activate the
cell-penetrating function of CPP.14−17 However, it was also
found that this type of ACPP is tumor-independent and most
likely activated in the vasculature, which would influence its
therapeutic effects.18 It is known that the tumor microenviron-
ment is weakly acidic (pH 5.7−7.0) compared to normal
physiology (pH 7.4); thus, acid-sensitive shielding could be
used to block the CPP’s function. It was reported that amides
with β-carboxylic acid groups are acid-sensitive.19−23 For
instance, 2,3-dimethylmaleic anhydride (DMA) could be
attached to a primary amide stably under physiological
conditions, whereas in a tumor acidic environment, the acid-
labile amides would be hydrolyzed quickly.24−27 Obviously,
DMA could be used to construct acid-sensitive polyanionic
inhibitory domains.
In this paper, an original ACPP (CR8G3PK6) with a shielding

group of DMA was conjugated with doxorubicin (DOX)
through an amide bond to construct a novel prodrug DOX-
ACPP-DMA for tumor targeted drug delivery. The ACPP
consisted of a polycationic CPP, a tetrapeptide linker, and
polylysines, which would become acid-sensitive polyanionic
inhibitory domains after amidization by DMA. As shown in
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Scheme 1. (A) Synthesis of Activable Cell-Penetrating Peptide Conjugated Prodrug (DOX-ACPP-DMA); (B) Structure
Transformation of ACPP through Amidization of ACPP’s Lysine Residues with DMA and its Acid-Triggered Hydrolysis; and
(C) Schematic illustration of DOX-ACPP-DMAa

aAmidization of lysines’ primary amines would inhibit the cell penetrating function of CPP (R8), whereas acid-triggered hydrolysis would activate the
primordial functioning CPP for fast cellular uptake by cells. Afterwards, the intracellular protease triggered the rapid release of DOX and
demonstrated an efficient antitumor treatment in vivo. The red bullets represented DOX.
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Scheme 1, at physiological pH 7.4, DMA linked to the primary
amines of K6 could block the cell-penetrating function of the
polycationic CPP (R8) by intramolecular electrostatic attrac-
tion. Nevertheless, at tumor extracellular pH 6.8, the fast
hydrolysis of DMA leads to charge reversal, activating the
pristine function of CPP for fast cellular uptake by tumor cells.
And after cell internalization, conjugated DOX release would be
triggered effectively by the intracellular protease for tumor
treatment.28−31 The antitumor effect of DOX-ACPP-DMA
both in vitro and in vivo is investigated in detail.

2. EXPERIMENTAL SECTION
2.1. Materials. 2-Chlorotrityl chloride resin (100−200 mesh;

loading: 1.4 mmol/g), N-fluorenyl-9-methoxycarbonyl (Fmoc)-
protected L-amino acids (Fmoc-Gly-OH, Fmoc-Pro-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Arg(Pdf)-OH, and Fmoc-Cys(Trt)-OH), o-
benzotriazole-N,N,N′,N′-tetramethyluroniumhexafluorophosphate
(HBTU), and peperidine were purchased from GL Biochem Ltd.
(Shanghai, China) and used as received. Trifluoroacetic acid (TFA),
triethylamine (TEA), diisopropylethylamine (DiEA), and N,N′-
dimethylformamide (DMF) were obtained from Shanghai Reagent
Chemical Co. (China) and distilled prior to use. Phenol,
triisopropylsilane (TIS), 1,2-ethanedithiol (EDT), dichloromethane
(DCM), methyl alcohol, and diethyl ether were provided by Shanghai
Reagent Chemical Co. (China) and used directly. Doxorubicin
hydrochloride (DOX·HCl) was purchased from Zhejiang Hisun
Pharmaceutical Co. (China). Succinic anhydride (SA), N-succinimidyl
3-maleimidopropionate (SMP; >98%) was purchased from Zhejiang
Jiaxing Biomatrix Co. Ltd. (China). 2,3-Dimethylmaleic anhydride
(DMA) and fluorescamine were provided by Sigma-Aldrich (USA).
Dulbecco’s modified Eagle’s medium (DMEM), 3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), Hoechst 33342,
fetal bovine serum (FBS), penicillin-streptomycin, trypsin, and
Dulbecco’s phosphate buffered saline (PBS) were obtained from
GIBCO Invitrogen Corp. Cathepsin B (bovine spleen) was purchased
from BiologyInstitute, Guangxi Academy of Sciences (China). All
other reagents and solvents were of analytical grade and used without
further purification.
2.2. Synthesis of ACPP. The peptide of ACPP (CR8G3PK6) was

synthesized manually on 2-chlorotrityl chloride resin via a standard
Fmoc solid phase peptide synthesis (SPPS) method.32 First, the resin
was immersed in DMF and left standing to full swelling for 0.5 h.
Then, the first amino acid coupling reaction was accomplished by
adding a DMF-mixed solution of Fmoc-Lys (Boc)-OH (3 equiv,
relative to resin loading) and DIEA (6 equiv) for 2 h at room
temperature. However, all other coupling reactions were completed
with Fmoc-protecting amino acid (4 equiv), HBTU (4 equiv), and
DIEA (6 equiv) for 3 h at room temperature. In the progress of
deprotection, 20% piperidine/DMF (v/v) was used to remove Fmoc-
protected groups twice from the end of the peptide chain. These
processes were repeated until all deprotection and acylation reactions
were finished. Finally, the resin was washed with methyl alcohol and
DCM three times, respectively, and dried under vacuum overnight.
Peptide product was cleaved from the resin by adding the mixture of
TFA, phenol, TIS, H2O, and EDT in the volume ratio of
83:6.3:4.3:4.3:2.1 for 2 h. The resultant filtrate was concentrated by
rotary evaporation and then precipitated in cold anhydrous diethyl
ether. The crude product was separated from the solvent by
centrifugation and dried under vacuum overnight. For the peptide to
be purified further, it was dissolved in distilled water for lyophilization.
2.3. Synthesis of DOX-ACPP-DMA Conjugate. DOX was

conjugated with the peptide by a linker of SMP. The synthesis of
the DOX-SMP conjugate is shown in Scheme 1A. DOX, SMP, and
TEA were dissolved in DMF and stirred for 3 h in the dark with a
molar ratio of 1.1:1:2. The synthetic process was monitored by thin-
layer chromatography (TLC, chloroform/methanol/ammonia =
70:30:3). The reaction solution was concentrated and precipitated in

cold anhydrous diethyl ether. The product was collected by
centrifugation and dried under vacuum for 24 h.

Then, DOX-ACPP was prepared by a Michael addition reaction
between thiol and maleimide. Briefly, DOX-SMP and ACPP were
dissolved in DMF with a molar ratio of 2:1. After stirring for 48 h, the
reaction solution was transferred to a dialysis tube (MWCO 1000 Da)
and then subjected to dialysis against 500 mL of DMF, which was
replaced every 4 h to remove the unreacted DOX-SMP. After 48 h, the
solution in the dialysis tube was concentrated and precipitated, and the
product of DOX-ACPP was obtained using the same method
described above.

Lastly, DOX-ACPP-DMA was prepared as follows: 3 equiv (to
amino group) of DMA was added to the solution of DOX-ACPP, and
the pH value was kept at ∼8.5 by adding 0.2 N NaOH dropwise. After
24 h, the solution was transferred to a dialysis tube (MWCO 1000 Da)
and then subjected to dialysis against water at pH 8.5. The product of
DOX-ACPP-DMA was obtained by freeze-drying. As a control, DOX-
ACPP-SA was synthesized and purified using the same method.

2.4. Characterization of Various Conjugates. The molecular
weight of ACPP, DOX-SMP, and DOX-ACPP was examined by
electrospray ionization-mass spectrometry (ESI-MS) and matrix-
assisted laser desorption ionization orthogonal time-of-flight mass
spectrometry (MALDI-TOF-MS). DOX-ACPP-DMA was examined
by 1HNMR. Their purities were also examined by high-performance
liquid chromatography (HPLC).

The zeta-potential changes of samples (0.25 mg/mL, 10 mM
phosphate buffer solution (PBS)) at pH 6.8 and 7.4 were measured
with a Nano-ZS ZEN3600 (Malvern Instruments). Each sample was
measured at room temperature for 4 h.

Degradation of DMA in DOX-ACPP-DMA was measured by the
fluorescamine method.33,34 DOX-ACPP-DMA was incubated with
PBS at pH 6.8 and 7.4. At specified times of 0, 10, 30, 60, 120, and 240
min, 1 mL of each sample was treated with 0.2 mL of fluorescamine
solution in DMF (2 mg/mL) for 10 min at room temperature.
Subsequently, the fluorescence intensity (Fs) was examined at an
excitation wavelength of 365 nm and an emission wavelength of 475
nm by a fluorospectrophotometer. The fluorescence of blank PBS was
considered to be Fc, and the fluorescence of the sample after the
incubation in 0.1 M HCl for 24 h was defined as F0 (100% of exposed
amine). The hydrolysis effect of DMA was evaluated by the amount of
exposed amine calculated by (Fs − Fc)/(F0 − Fc)×100%.

2.5. In Vitro Enzymatic Release of DOX. DOX in vitro release
was performed by dialysis against PBS. The mixture of DOX-ACPP-
DMA (3 mg) and 20 U cathepsin B was dispersed in 3 mL of 10 mM
PBS buffer (pH 7.4) at 37 °C for 20 min. Afterwards, the solution was
transferred to a dialysis tube (MWCO 1000 Da) and then subjected to
dialysis against 10 mL of PBS (10 mM, pH 7.4) at 37 °C with constant
shaking (200 rpm).35 After hydrolysis by cathepsin B, the released
DOX diffused outside the dialysis tube. During the progress, the whole
medium was withdrawn for fluorescent measurements and replaced
with 10 mL of fresh PBS at predetermined time intervals. The amount
of DOX released was evaluated based on the fluorescence spectros-
copy at an emission wavelength of 560 nm and an excitation
wavelength of 470 nm. The release studies were carried out in
triplicate, and the results shown are the averaged data.

2.6. Cell Culture. Human cervical carcinoma (HeLa) and
transformed African green monkey SV40-transformed kidney fibro-
blast (COS7) cells were cultured in complete DMEM medium
supplemented with 10% FBS and 1% antibiotic (penicillin-
streptomycin, 10000 U/mL) at 37 °C in a humidified atmosphere
containing 5% CO2. All experiments were performed on cells in the
logarithmic growth phase.

2.7. Cellular Uptake Evaluation by Confocal Laser Scanning
Microscopy (CLSM). HeLa cells were seeded in 6-well plates and
incubated in 1 mL of DMEM containing 10% FBS for 24 h at 37 °C.
For cellular uptake observations, DOX-ACPP-DMA and DOX-ACPP-
SA were added at an equivalent DOX concentration of 10 μg/mL, and
the cells were incubated in fresh medium at pH 7.4 or 6.8, respectively,
for another 1 h. Then, the nuclei of cells were counterstained with
Hoechst 33342 for 15 min. The medium was then removed and
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washed six times with PBS, and fresh medium was added. The cellular
uptake was observed under laser-scanning confocal microscopy
(Nikon C1-si TE2000, Japan). As a control, COS7 cells were chosen
to be incubated with DOX-ACPP-DMA by the same method.
To identify whether the DOX can be efficiently released from the

conjugated prodrug, HeLa cells were incubated with DOX-ACPP-
DMA at pH 6.8 for 2, 6, and 24 h, and the cells were then subjected to
CLSM observations.
2.8. Cellular Uptake Quantitative Study by Flow Cytometry.

HeLa cells were seeded onto a 6-well plate at a density of 1 × 105

cells/well in 1 mL of DMEM containing 10% FBS and cultured in a
humidified 5% CO2 atmosphere for 24 h. The original medium was
replaced with DOX-ACPP-DMA and DOX-ACPP-SA containing
DMEM at pH 7.4 and 6.8 with an equivalent DOX concentration of
10 μg/mL, respectively. After incubation for 1 h at 37 °C, HeLa cells
were washed 3 times with PBS every 5 min. Thereafter, cells were
harvested with trypsin, washed twice and resuspended in PBS, and
centrifuged at 1000 rpm for 4 min at 4 °C. The supernatants were
discarded, and the cell pellets were washed with PBS to remove the
background fluorescence in the medium. After two cycles of washing
and centrifugation, cells were resuspended with 200 μL of PBS.
Cellular uptake of DOX conjugates was quantified using a FACS
Calibur flow cytometer (BD Biosciences, USA). A minimum of 10,000
events per sample was analyzed. The fluorescence signal was analyzed
in the PE channel, and the results were analyzed with Flow Jo
software. As a control, COS7 cells were chosen to be incubated with
DOX-ACPP-DMA for flow cytometry by the same method.
2.9. Cytotoxicity Assay. The in vitro cytotoxicities of DOX-

ACPP-DMA against HeLa and COS7 cells were performed by MTT
assay at pH 7.4 and 6.8, respectively. Briefly, HeLa or COS7 cells were
seeded onto 96-well plates at a density of 6000 cells/well and
incubated in 100 μL of DMEM containing 10% FBS for 24 h. Then,
the original medium was replaced with DOX-ACPP-DMA containing
DMEM at pH 7.4 and 6.8, respectively. After incubation for 4 h at 37
°C, the medium was replaced with 200 μL of fresh medium for
another 44 h. Afterwards, MTT (5 mg/mL, 20 μL per well) was
added, and the cells were incubated for another 4 h. Subsequently, the
supernatant was removed, and 150 μL of DMSO was added to each
well to dissolve the formazane of MTT. The optical density (OD) of
each well was determined at 570 nm by a microplate reader (Bio-Rad,
Model 550, USA). The relative cell viability was calculated according
to the following equation: cell viability (%) = OD(sample)×100/
OD(control), in which OD(control) was the optical density in the
absence of sample, and OD(sample) was the optical density in the
presence of sample. Each value was averaged from four independent
experiments. As the control, the cytotoxicities of DOX, ACPP, and
DOX-ACPP against HeLa cells were also performed by the same
method.
2.10. In Vivo Antitumor Assay. Female KM mice (∼4−5 weeks

old) were obtained from the Wuhan University Animal Biosafety Level
III Lab. All animal experiments were in accordance with the standard
of the Experimental Animals Management Committee (Hubei
Province, China) and approved by the Animal Research Committee
of Zhongnan Hospital of Wuhan University (China). Hepatic tumor
H22 cells extracted from abdominal dropsy were implanted onto the
backs of the mice. The mice were supplied with sufficient food and
water until the volume of the H22 tumor xenograft reached ∼200
mm3. The mice were then divided randomly into 4 groups with 5 mice
in each group. First, as the negative group, mice were subcutaneously
injected with PBS every day (PBS group). Concurrently, as the
positive group, mice were injected subcutaneously with free DOX
every day at a concentration of 5 mg of DOX per kg of mouse body
weight (DOX group). Moreover, in the other two groups, mice were
treated every day with DOX-ACPP-DMA (DOX-ACPP-DMA group)
and DOX-ACPP-SA (DOX-ACPP-SA group), respectively, at an
equivalent dose of 5 mg of DOX per kg of mouse body weight. During
this process, the tumor volumes and weight of the mice were measured
every day. The tumor volume was calculated as follows: V = W2L/2,
where W is the shortest diameter, and L is the longest diameter. After

14 days of treatment, the mice were sacrificed, and the major organs
and tumors were collected for further analysis.

2.11. Histology Analysis. The major organs and tumors were
fixed by 4% formalin, embedded in paraffin, and then sectioned.
Sections with 7 μm thickness were mounted on glass slides and finally
stained with hematoxylin/eosin and examined by light microscopy.

3. RESULTS AND DISCUSSION

3.1. Design, Synthesis, and Characterization of DOX-
ACPP-DMA Conjugate. The conjugate designed for in vivo
tumor targeted drug delivery should be stable to prolong the
blood half-life and increase accumulation in the tumor site. This
could be achieved by passivation of the conjugate with anionic
groups, which would help reduce the zeta potential and provide
a physical barrier between the blood components and
negatively charged conjugates. After extravasation from the
blood into the tumor site, it is also necessary for the conjugate
to translocate the therapeutic payload across cellular mem-
branes for cellular uptake.
As shown in Scheme 1A, a novel ACPP conjugated prodrug

was designed for targeted drug delivery. First, an original
peptide sequence ACPP (HS-CR8G3PK6-COOH) was synthe-
sized by the standard Fmoc solid phase peptide synthesis
(SPPS) method, and the molecular weight found in the
MALDI-TOF-MS spectrum was 2407 (calcd Mw: 2407)
(Figure S1, Supporting Information (SI)). The purity of
ACPP (91.8%) was examined by HPLC (Figure S2, SI).
Meanwhile, the active ester group of SMP was used to react
with DOX to obtain DOX-SMP. In the reaction, TEA was used
to neutralize the hydrochloride salt and is favorable for DOX-
SMP production. The molecular weight of DOX-SMP found in
the ESI-MS spectrum was 717 [M + Na]+ and 1411 [2M +
Na]+ (calcd Mw: 694) (Figure S3, SI). The purity of DOX-
SMP (97.3%) was examined by HPLC (Figure S4, SI). Then,
DOX-SMP was covalently attached to ACPP by a Michael
addition to prepare the ACPP-conjugated prodrug. Its
molecular weight found in the MALDI-TOF-MS spectrum
was 3101 (calcd Mw: 3101) (Figure S5, SI). The purity of
DOX-ACPP (92.7%) was examined by HPLC (Figure S6, SI).
Subsequently, the primary amines in K6 residues were

amidized to form acid-labile amides and reduce the zeta
potential of ACPP. Before the modification of DMA, it was
found that DOX-ACPP had a high zeta potential of 12.6 mV.
After the modification, the zeta potential of DOX-ACPP-DMA
changed to −21.3 mV, demonstrating the successful develop-
ment of DOX-ACPP-DMA. Furthermore, the coupled DMA in
DOX-ACPP-DMA was also characterized by 1HNMR (Figure
S7, SI). The main characteristic peak signals indicated the
successful coupling of DMA to DOX-ACPP. The purity of
DOX-ACPP-DMA (90.5%) was also examined by HPLC
(Figure S8, SI). For demonstrating that DOX-ACPP-DMA had
the charge conversion property under an acidic environment, as
a control, DOX-ACPP-SA was synthesized by the same method
except using SA instead of DMA, whose zeta potential was
found to be −22.6 mV.
Under physiological conditions, ACPP would be inactive due

to intramolecular electrostatic attraction (Scheme 1B), which
would inhibit CPPs from interacting with cells. However, in the
acidic tumor microenvironment, the fast hydrolysis of DMA led
to charge reversal, activating the pristine function of CPP
through the electrostatic repulsive force for fast cellular uptake
by tumor cells. After cell internalization, the conjugated DOX
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release would be triggered effectively by the intracellular
protease for tumor treatment (Scheme 1C).
3.2. pH-Triggered Hydrolysis and Charge Reversion.

In Figure 1A, at pH 6.8, with the rapid hydrolysis of the amides,
the zeta potential of DOX-ACPP-DMA increased significantly
and became positive in 15 min. After 4 h, it increased to nearly
15 mV. Whereas at pH 7.4, the zeta potential of DOX-ACPP-
DMA was −21.3 mV and subsequently increased slowly to <2
mV, which was consistent with the finding reported in the
literature.23 Given the fact that cell membranes are usually
negatively charged, the conjugate with high zeta potential
would improve its internalization to cells. By contrast, the
conjugate with low zeta potential would inhibit its interaction
with cell membranes. Under an acidic tumor microenviron-
ment, DOX-ACPP-DMA would be activated quickly for fast
cellular uptake by tumor cells. However, at physiological pH
7.4, it remained inactive and exhibited weak interaction with
normal cells.
Furthermore, after the DMA was replaced by SA, DOX-

ACPP-SA continued to have quite a low zeta potential
(approximately −21 mV) at either pH 7.4 or 6.8 after 4 h,
suggesting that DOX-ACPP-DMA had the property of charge
conversion under an acidic environment but not DOX-ACPP-
SA. As a control, zeta potential changes of DOX-ACPP were
also measured at pH 7.4 and 6.8 (Figure S9, SI). As expected, at
either pH 7.4 or 6.8, the zeta potentials of DOX-ACPP were

very stable after 4 h, and the difference at different pH values
was quite modest. The obvious zeta potential difference
between DOX-ACPP and DOX-ACPP-DMA at different pH
also illustrates that DOX-ACPP-DMA truly has the property of
charge conversion under an acidic environment, whereas DOX-
ACPP does not.
For the acid-triggered degradation of DMA in DOX-ACPP-

DMA to be further verified, the hydrolysis of DMA was
monitored by the fluorescamine method (Figure S10, SI). The
hydrolysis of DMA rapidly approached 60% within 30 min at
pH 6.8 and further increased to >90% after 4 h. However, at pH
7.4, the hydrolysis profile increased slowly to reach a plateau of
only 40% DMA release after 4 h. These results were coincident
with the zeta potential changes in Figure 1A, demonstrating a
desirable acid-triggered detachment of DMA as the shielding
group.

3.3. In Vitro Enzymatic Release of DOX. For the
successful released of the conjugated DOX to be confirmed,
cathepsin B, a kind of protease, was used to hydrolyze the
peptide bonds. As demonstrated in Figure 1B, there was a
sudden release in the presence of cathepsin B with ∼70% of
DOX released within 10 h. By contrast, <20% of DOX was
released after 96 h without cathepsin B. Obviously, the
conjugated DOX could be released successfully as the amide
bond was hydrolyzed by cathepsin B, which is present in tumor
cells. Here, it should be noted that a report found no obvious

Figure 1. (A) Zeta potential changes of DOX-ACPP-DMA/SA exposed at pH 7.4 or 6.8 for different time periods. (B) In vitro drug release behavior
of DOX-ACPP-DMA (1 mg/mL in pH 7.4 PBS) with the addition of 20 U cathepsin B at physiological temperature (37 °C).

Figure 2. Cellular uptake study of DOX-ACPP-DMA and DOX-ACPP-SA at pH 6.8 and 7.4 after incubation for 1 h with HeLa cells by CLSM (A)
and flow cytometry (B and C). Blank (blue and red); cellular uptake of DOX-ACPP-SA at pH 7.4 (yellow) and 6.8 (purple); cellular uptake of
DOX-ACPP-DMA at pH 7.4 (green) and 6.8 (black).
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effect difference after coupling a small molecule to DOX,36,37

and the conjugated DOX released from the prodrug would play
a same role in tumor treatment as free DOX.
3.4. Cellular Uptake. Further demonstrating whether

DOX-ACPP-DMA could be efficiently internalized under the
tumor extracellular environment (pHe) required investigating
cellular uptake behaviors at pH 7.4 and 6.8 by CLSM and flow
cytometry. DOX-ACPP-DMA was cultured with HeLa cells for
1 h at 37 °C. As shown in Figure 2A, DOX-ACPP-DMA
showed an obvious internalizing behavior and concentrated
distribution in the cytoplasm at pH 6.8, which was barely
observed in the identical cells at pH 7.4. Furthermore, as the
control, DOX-ACPP-SA was also cultured with HeLa cells by
the same method and almost no fluorescence was found in the
cells at either pH 6.8 or 7.4.
The cellular uptake of DOX-ACPP-DMA and DOX-ACPP-

SA were also measured by flow cytometry (Figure 2B and C),
which showed a similar phenomenon to that in Figure 2A. Cells
could uptake DOX-ACPP-DMA more efficiently at pH 6.8 than
7.4 but could hardly uptake DOX-ACPP-SA at either pH 6.8 or
7.4. These results were coincident with the zeta potential
changes in Figure 1A, implying that the rapid hydrolysis of
DMA led to charge reversal and activated the pristine
functioning CPP for improved cellular uptake by tumor cells.
For the influence of DOX-ACPP-DMA on normal cells to be

understood, DOX-ACPP-DMA was cultured with COS7 cells
for 1 h at 37 °C. Cellular uptake behaviors were investigated at
pH 7.4 and 6.8 by CLSM and flow cytometry. As shown in
Figure 3, there was little difference compared with HeLa cells,
demonstrating that, at pH 7.4, the cell-penetrating function of
R8 was effectively blocked to inhibit DOX-ACPP-DMA’s
internalization by normal cells, which would be useful for the
alleviation of side effects.

For the efficient release of DOX from the conjugated
prodrug to be further proven, HeLa cells were incubated with
DOX-ACPP-DMA at pH 6.8 for different time intervals. As
shown in Figure 4, after incubation for 2 h, DOX-ACPP-DMA

was concentrated in the cytoplasm with rare DOX observed in
the nuclei. However, after incubation from 6 to 24 h, visibly
increased DOX was observed in the cell nuclei, implying the
efficient release of DOX from the conjugated prodrug.

3.5. Cytotoxicity Assay. The in vitro cytotoxicity of DOX-
ACPP-DMA against HeLa and COS7 cells was evaluated using
the MTT assay. As exhibited in Figure 5A, in either HeLa or
COS7 cells, the DOX-ACPP-DMA conjugate displayed lower
cell viability at pH 6.8 than pH 7.4. With increased
concentration of DOX, the cell viability decreased significantly
at pH 6.8. The result was also consistent with the zeta potential
changes and cellular uptake, reflecting the specific response of
DOX-ACPP-DMA to the tumor extracellular environment
(pHe 6.8).
As the controls, ACPP, free DOX, and DOX-ACPP were

incubated with HeLa cells at pH 7.4. As demonstrated in Figure
5B, ACPP had almost no toxicity because of its good cell
compatibility. After being conjugated with DOX, the conjugate
showed a distinct dose-dependent cytotoxicity. The same
results were also found when incubated with HeLa cells at pH
6.8 (Figure S11, SI). DOX reflected a high toxicity at low doses
because it was readily transported into cells by passive diffusion.
At pH 7.4, compared with free DOX and DOX-ACPP, DOX-
ACPP-DMA showed a very low cytotoxicity, which implied that
it would generate negligible damage to normal tissues. On the
contrary, its high cytotoxicity at pH 6.8 also demonstrated that
it was effective for treating tumors. Furthermore, the in vitro
cytotoxicities of ACPP, DOX-ACPP, and free DOX against
COS7 cells were evaluated at pH 7.4 (Figure S12, SI) and are
also highly consistent with their in vitro cell viability assay
results in HeLa cells because of their nonselectivity.

3.6. In Vivo Antitumor Evaluation. The in vivo antitumor
evaluation was demonstrated against hepatic tumor H22 cells in

Figure 3. Cellular uptake study of DOX-ACPP-DMA at pH 6.8 and
7.4 after incubation for 1 h with COS7 cells by CLSM (A) and flow
cytometry (B and C). Blank (red); cellular uptake of DOX-ACPP-
DMA at pH 7.4 (blue) and 6.8 (yellow).

Figure 4. CLSM images of HeLa cells treated with DOX-ACPP-DMA
at pH 6.8 for 2, 6, and 24 h.
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Figure 5. (A) In vitro cell viability assay of DOX-ACPP-DMA in HeLa and COS7 cells at pH 7.4 and 6.8 for 48 h. (B) In vitro cell viability assay of
ACPP, DOX-ACPP, and free DOX in HeLa cells at pH 7.4 for 48 h.

Figure 6. In vivo antitumor effects after different treatments on H22 xenografted mice. (A) Tumor volume changes after treatment with PBS, DOX-
ACPP-SA, DOX-ACPP-DMA, and free DOX, respectively. Weight (B) and photo images (C) of the tumor separated from mice after various
treatments for 14 days. The data are presented as the mean ± SD (n = 5). *P < 0.05 DOX-ACPP-SA vs DOX-ACPP-DMA.

Figure 7. Histological section of the tumor, heart, liver, and spleen tissues of mice after treatment with PBS, DOX-ACPP-SA, DOX-ACPP-DMA,
and free DOX, respectively. Hematoxylin-eosin staining; 200× magnification.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04517
ACS Appl. Mater. Interfaces 2015, 7, 16061−16069

16067

http://dx.doi.org/10.1021/acsami.5b04517


female KM mice. As shown in Figure 6A, without any
treatment, the tumor xenograft volume of the PBS group
quickly increased to nearly 2000 mm3 after 14 days. However,
when treated with DOX-ACPP-DMA, the tumor initially
increased slowly and then decreased sharply. After 14 days,
the tumor xenograft volume decreased to ∼50 mm3, suggesting
that DOX-ACPP-DMA had significantly inhibited tumor
growth. Meanwhile, as a control, the antitumor activity of
DOX-ACPP-SA was evaluated. Within the same time frame, the
tumor xenograft volume increased to ∼1600 mm3. There was a
significant difference between the DOX-ACPP-DMA and
DOX-ACPP-SA groups (statistical P values <0.05). This
finding was also observed in the tumor weights of these three
groups (Figure 6B). After treatment for 14 days, the tumor
weight of the DOX-ACPP-DMA group was only ∼130 mg,
which was significantly lower than those of the PBS (1410 mg)
and DOX-ACPP-SA groups (1267 mg). A similar difference
emerged for the tumor separated from mice after treatment for
14 days (Figure 6C). In addition, although free DOX had the
same antitumor effect (tumor volume of 14 mm3, tumor weight
of 90 mg) as DOX-ACPP-DMA, it also caused serious side
effects that influenced the growth of the mice that were not
found in other groups (data not shown).
3.7. Histological Examination. For the antitumor activity

of DOX-ACPP-DMA to be further analyzed, histological
examination was used to observe the morphology of cells in
major organs and the tumors. As presented in Figure 7, tumors
treated with PBS or DOX-ACPP-SA were mainly filled with
abundant tumor cells without obvious damage. By contrast,
there were a large number of apoptotic or necrosis cells without
nuclei in tumor tissues after treatment with DOX-ACPP-DMA
or free DOX. Clearly, DOX-ACPP-DMA displayed a significant
antitumor effect, and it even had an equivalent effect with free
DOX. Compared with free DOX, DOX-ACPP-DMA was
specific to tumor cells without obvious subacute toxicity to the
heart or liver. As shown in both DOX-ACPP-SA and DOX-
ACPP-DMA groups, the morphologies of the cells in the heart
and liver were analogous to those of the cells in the PBS group,
indicating no apparent toxicity to heart and liver tissues.
Nevertheless, in the group with free DOX, there were obvious
myocardial damage phenomena, such as extensive irregular
arrangement and shrinkage of the cells. Furthermore, severe
damage through apoptosis and nuclear shrinkage was also
observed in liver tissues of the DOX group. Noted here, no
significant toxicity was found in the spleen tissue of either
group. In all, DOX-ACPP-DMA exhibited significant inhibition
of tumor growth in vivo with significantly reduced side effects.

4. CONCLUSIONS
In conclusion, an ACPP-conjugated prodrug, DOX-ACPP-
DMA, with the property of charge conversion, was designed for
tumor targeted drug delivery. Amidization of the ACPP’s lysine
residues could efficiently block its cell penetration function by
intramolecular electrostatic attraction. Once the amidized
ACPP reached the tumor tissue, the amides were quickly
hydrolyzed, activating the pristine functioning CPP for fast
cellular uptake by tumor cells. After the internalization, the
conjugated DOX was released effectively by intracellular
protease (cathepsin B) for tumor treatment. Taking advantage
of the pH sensitivity, CPP mediated membrane penetration and
intracellular protease-induced drug release; the peptidic
prodrug exhibited great superiority in tumor therapy both in
vitro and in vivo with reduced side effects. This ACPP-

conjugated prodrug, activated by the acidic microenvironment
of the tumor, could have great potential for tumor therapy.
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