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ABSTRACT: Geometrical shape of nanoparticles plays an important role in
cellular internalization. However, the applicability in tumor selective
therapeutics is still scarcely reported. In this article, we designed a tumor
extracellular acidity-responsive chimeric peptide with geometrical shape
switch for enhanced tumor internalization and photodynamic therapy. This
chimeric peptide could self-assemble into spherical nanoparticles at
physiological condition. While at tumor extracellular acidic microenviron-
ment, chimeric peptide underwent detachment of acidity-sensitive 2,3-
dimethylmaleic anhydride groups. The subsequent recovery of ionic
complementarity between chimeric peptides resulted in formation of rod-
like nanoparticles. Both in vitro and in vivo studies demonstrated that this
acidity-triggered geometrical shape switch endowed chimeric peptide with
accelerated internalization in tumor cells, prolonged accumulation in tumor
tissue, enhanced photodynamic therapy, and minimal side effects. Our results suggested that fusing tumor
microenvironment with geometrical shape switch should be a promising strategy for targeted drug delivery.
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Nanoparticles have garnered considerable attention in
transporting drugs to tumor tissue with controlled
drug release and improved bioactivity.1−4 Despite the

great success of nanoparticles in tumor therapy, these
nanoparticles still face the inherent restriction of poor tumor
target during circulation, which decreases therapeutic efficacy
and results in severe toxic side effects inevitably.5,6 A promising
approach to solve this limitation is to develop tumor
microenvironment responsive nanoparticles.7−11 Generally,
tumor microenvironment can mediate specific breakage of
certain chemical structure. Physicochemical parameters includ-
ing hydrodynamic size, rigidity or, surface chemistry can be
precisely manipulated during this process, leading to actively or
passively target to tumor tissue with improved cellular
internalization.12−15 However, among these physicochemical
parameters, geometrical shape of nanoparticles has not received
enough attention to date, partly because of the ease of making
spherical nanoparticles and the challenge of designing non-
spherical nanoparticles.16−19 Actually, some microorganisms in
nature with nonspherical shape, such as polygonal adenovirus

or rod bacteria, exhibit powerful infection capability to animal
cells.20 Motivated by this phenomenon, some pioneering
studies have systematically evaluated the influence mode of
cellular internalization among nanoparticles with various
shapes.21−23 Zhou et al. demonstrated that rod-like micelles
exhibited accelerated cellular internalization than sphere-shaped
micelles.24 He et al. revealed that appropriate increase of aspect
ratio would facilitate the cellular uptake of mesoporous silica
nanoparticles.25 Herrmann et al. found that rod-like polymeric
particles could be taken up more efficiently than their spherical
counter parts.26 Unfortunately, most of current work focus on
revealing the potential effects of geometrical shape on the rate
of cellular uptake and body distribution. These optimized
nanoparticles with given geometrical shape can exhibit
accelerated cellular internalization in cells, but they always fail

Received: January 11, 2017
Accepted: March 15, 2017
Published: March 15, 2017

A
rtic

le
www.acsnano.org

© 2017 American Chemical Society 3178 DOI: 10.1021/acsnano.7b00216
ACS Nano 2017, 11, 3178−3188

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.7b00216
http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.7b00216&iName=master.img-000.jpg&w=168&h=133


to discern tumor cells from the healthy ones efficiently. It can
be imagined that if tumor microenvironment can trigger certain
geometrical shape switch of nanoparticles, a promising tumor-
targeted drug delivery system fusing tumor responsiveness into
accelerated cellular internalization could be expected.
Aiming at this goal, in this work, we reported a chimeric

peptide with tumor extracellular acidity-responsive sphere-to-
rod shape switch for enhanced cellular internalization and
photodynamic therapy (PDT) in tumor. Herein, tumor
extracellular acidity was chosen as a broad-spectrum stimulus.
Different from some enzymes or receptors that only overex-
pressed in certain tumors, almost all types of tumors exhibit
mild acidity due to the high rate of glycolysis and subsequent
production of lactic acid by tumor cells.27−29 The chimeric
peptide was fabricated using (i) an alkylated photosensitizer
protoporphyrin IX (PpIX) for PDT, (ii) dimethylmaleic
anhydride (DMA) modified (Ala-Glu-Ala-Glu-Ala-Lys-Ala-
Lys)2 (AEAEAKAKAEAEAKAK) peptide sequence for self-
assembly. The obtained peptide was designated as PEAK-DMA.
It was known that AEAEAKAKAEAEAKAK peptide sequence
has two surfaces in neutral solution, i.e., the polar surface owns
alternatively charged ionic side chains (Glu and Lys) and the
nonpolar surface owns alanines (Ala). The ionic complemen-
tarity, together with hydrogen bonding, hydrophobicity, and
van der Waals interactions, could drive the self-assembly of
PpIX-Ahx-AEAEAKAKAEAEAKAK (denoted as PEAK).30,31

As shown in Figure 1, PEAK-DMA could self-assemble into
spherical nanoparticles during blood circulation due to the
introduction of acidity liable DMA groups, which prevented
electrostatic interaction between PEAK.32,33 Once arriving at

tumor region, tumor extracellular acidity initiated detachment
of DMA groups. Recovered ionic complementarity mediated
the formation of short rod-like nanoparticles. This sphere-to-
rod switch improved the internalization of chimeric peptide in
tumor, achieving enhanced PDT efficacy and negligible side
effects both in vitro and in vivo.

RESULTS AND DISCUSSION
Synthesis and Characterization of PEAK-DMA. Chi-

meric peptide PEAK was prepared through standard Fmoc
solid phase peptide synthesis (SPPS) method. And electrospray
ionization mass spectrometry (ESI-MS) confirmed the validity
of PEAK (Figure S1). Multicharged peaks at 591.12 ([M
+4Na]4+) and 758.44 ([M+3H]3+) were observed. Meanwhile,
high-performance liquid chromatography (HPLC) spectrum
indicated that the purity of PEAK was above 90% (Figure S2).
Subsequently, PEAK was stirred with DMA at an alkaline
environment to obtain PEAK-DMA. The sharp Soret band
around 400 nm of PEAK-DMA in UV−vis spectrum indicated
the decreased π−π stacking among PpIX molecules (Figure
2A), when compared with free PpIX with broadened bands at
352 and 450 nm.34,35 Decreased π−π stacking facilitated the
generation efficacy of reactive oxygen species (ROS) in PEAK-
DMA. And 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA) was used to monitor the generation of ROS, since
nonfluorescence DCFH-DA could be rapidly oxidized into
fluorescence dichlorofluorescein (DCF) in the presence of
ROS. As shown in Figure 2B, the increase rate of fluorescence
intensity in PEAK-DMA group was significantly higher than
that in PpIX group with prolonging of irradiation time,
suggesting the improved ROS generation efficacy of PEAK-
DMA.

Mild Acidity-Triggered DMA Detachment and Geo-
metrical Shape Switch of PEAK-DMA. It was recognized
that dimethylmaleic amide could undergo rapid hydrolysis
under mildly acidic environment via intramolecular catalysis
assisted by nearby carboxylic acid group. Therefore, PEAK-
DMA was expected to detach DMA groups and expose primary
amine at mildly acidic environment. Fluorescamine was
employed as a sensor to monitor this process due to the fact
that nonfluorescence fluorescamine would rapidly react with
primary amine and emit green fluorescence. As shown in Figure
2C, fluorescence increment at pH 6.8 was significantly greater
than that at pH 7.4 for PEAK-DMA. Apparently, acidic
environment accelerated hydrolysis of PEAK-DMA, leading to
rapid exposure of primary amine in Lys. For comparison, the
fluorescence spectrum of fluorescamine in acidity-insensitive,
succinic anhydride modified PEAK (designated as PEAK-SA)
was recorded as a negative control. Negligible fluorescence
increment was observed at both pHs of 6.8 and 7.4 when
PEAK-SA was incubated with fluorescamine (Figure 2C).
Unlike the dimethylmaleic amide in PEAK-DMA, the
conformation of succinic amide was flexible in PEAK-SA. The
terminal carboxyl group was not maintained in close proximity
to amide group, so the hydrolysis rate of succinic amide was
much slower than dimethylmaleic amide at acidic environ-
ment,36 leading to dramatically retarded exposure of amino
groups in PEAK-SA.
After amino groups got exposed, the subsequent protonation

of Lys at acidic environment would change the surface
potential. Here, dynamic zeta potentials of PEAK-DMA
nanoparticles at pHs of 6.8 and 7.4 were recorded as a function
of incubation time. It was found that PEAK-DMA was very

Figure 1. Schematic illustration of acidity-triggered geometrical
shape switch and enhanced PDT: (A) mechanism of detachment of
DMA under acidity stimulus; (B) intravenous injection of PEAK-
DMA, EPR effect-mediated tumor accumulation, and tumor
extracellular acidity-triggered sphere-to-rod shape switch; (C)
improved internalization of rod-like nanoparticles in tumor cells
and enhanced PDT efficacy in vivo.
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negatively charged at both pHs of 6.8 and 7.4 at 30 min due to
the existence of abundant carboxylic acid groups in PEAK-
DMA (Figure 3A and B). With prolonging of incubation time,
zeta potential of PEAK-DMA at pH 7.4 changed little (Figure
3B). It only slightly increased from around −38 mV to −30 mV
even at 180 min, suggesting that PEAK-DMA was relatively
stable at pH 7.4. In sharp contrast, the peak of zeta potential at
pH 6.8 moved right and split into two peaks of −20 mV and 0
mV at 50 min (Figure 3A), suggesting the detachment of DMA
groups as well as increase of zeta potential at acidic
environment. When the incubation time at pH 6.8 was further
prolonged, the peak area around 0 mV gradually increased. At
180 min, the peak was close to 0 mV. Obviously, mild acidity-

triggered detachment of DMA groups was time-dependent. As
a control, PEAK-SA exhibited negligible change in zeta
potential at both acidic and neutral environments (Figure
S3). Zeta potentials were very negatively charged all the time
(around −31 mV) due to the stability of succinic amide, when
compared with dimethylmaleic amide.
Having evaluated the acidic responsiveness of PEAK-DMA,

we proceeded to investigate the potential effect of DMA
detachment on secondary structure of chimeric peptide via
circular dichroism (CD) spectrum. As shown in Figure 3C and
D, when PEAK-DMA and PEAK-SA were incubated at pH 7.4
(in PBS buffer), they exhibited strong negative peak at around
197 nm, suggesting that random coil structure existed in their

Figure 2. (A) UV−vis spectrum of PEAK-DMA and PpIX. (B) ROS generation of PEAK-DMA under different light irradiation times. (C)
Detachment of DMA group in PEAK-DMA at pH 6.8 and 7.4. PEAK-SA was used as a control. Fluorescamine was used as the sensor.

Figure 3. Zeta potential changes of PEAK-DMA as a function of time at (A) pH 6.8 and (B) pH 7.4. (C) CD spectrum of PEAK-DMA
incubated at pH 6.8 for 2 and 4 h; (D) CD spectrum of PEAK-SA incubated at pH 6.8 for 2 and 4 h. PEAK-DMA and PEAK-SA incubated at
pH 7.4 were used as controls, respectively. Hydrodynamic size and TEM images of PEAK-DMA at (E1, E2) pH 7.4 and (F1, F2) pH 6.8.
Hydrodynamic size and TEM images of PEAK-SA at (G1, G2) pH 7.4 and (H1, H2) pH 6.8.
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molecular conformation due to strong electrostatic repulsion
among carboxyl groups. Meanwhile, secondary structure of
PEAK-SA did not change at pH 6.8 even for 4 h (Figure 3D).
In contrast, secondary structure of PEAK-DMA dramatically
changed at pH 6.8. The peak at 197 nm shifted to 202 nm
while a new peak at around 222 nm appeared (Figure 3C),
indicating the emergence of α-helix and β-strand conformations
due to the detachment of DMA groups. This results were
consistent with previous report.37 The transition of secondary
structure of PEAK-DMA at acidic environment would change
the self-assemble behavior. To confirm it, dynamic light
scattering (DLS) analysis of PEAK-DMA at pHs of 6.8 and
7.4 was conducted. As shown in Figure 3E1, only one peak
around 535.7 nm was observed at pH 7.4, suggesting the
formation of uniform assembly. However, two peaks (around
520.8 and 43.7 nm) were found at pH 6.8 (Figure 3F1),
indicating that nonspherical assembly might generate at acidic
environment. Meanwhile, DLS results revealed that PEAK-
DMA at pH 6.8 was stable in the presence of serum proteins,
especially when the incubation time was prolonged from 3 to 6
h (Figure S4). For comparison, hydrodynamic size of PEAK-SA
did not change when pH decreased from 7.4 to 6.8 (Figure 3G1
and H1).
In order to get insight of the self-assembly behavior,

transmission electron microscope (TEM) image was further
conducted. As expected, substantially geometrical shape
discrepancy of PEAK-DMA was observed. Well-dispersed and
uniform spherical nanoparticles formed at pH 7.4 (Figure 3E2).
And when PEAK-DMA was incubated at pH 6.8 for just 1.5 h, a
great of rod nanoparticles had appeared (Figure S5A), which
suggested the rapid shape switch of PEAK-DMA at pH 6.8.
When PEAK-DMA was incubated at pH 6.8 for 3 h, it
completely assembled into short rod-like nanoparticles (Figure
3F2), whose aspect ratio was mainly below 7 (Figure S5B and

C). On the contrary, PEAK-SA always exhibited spherical
nanoparticles regardless of pH decrease (Figure 3G2 and H2).
Obviously, the results of TEM were consistent with that of
DLS.38 This sphere-to-rod geometrical shape switch of PEAK-
DMA was due to the following facts: modification of DMA
groups strongly shielded the positive charge amines in Lys
residues and ionic complementarity between Lys and Glu in
PEAK. In other words, electrostatic repulsion dominated the
self-assemble behavior of PEAK-DMA. So amphiphilic random
coil PEAK-DMA with typical core−shell structure could form
spherical nanoparticles. However, at mildly acidic environment,
DMA groups were detached. Positively charged Lys and
negatively charged Glu were distributed alternatively. As a
result, the electrostatic interaction was recovered and hydro-
phobic interaction among Ala residues was enhanced, which led
to the formation of α-helix and β-strand conformations and
drove the formation of short rod-like assembly.
Furthermore, the critical association number (CAC) of

PPEAK-DMA at pHs of 6.8 and 7.4 was determined via
fluorescence technique using pyrene as a hydrophobic probe. It
was found that CAC for the spheres (pH 7.4) and the rods (pH
6.8) were 11.4 and 7.5 mg/L, respectively (Figure S6A and B).
These small CAC values indicated the potential application of
PEAK-DMA in a diluted medium, such as body fluids. It was
also noted that CAC value at pH 6.8 was smaller than that at
pH 7.4, suggesting that the recovered electrostatic interaction
could drive the formation of assembly at lower concentration.
The morphology of PEAK-DMA at pHs of 6.8 and 7.4 with a
low concentration (12 mg/L) was also observed. Spherical
nanoparticles were still observed at pH 7.4 (Figure S6C) and
rod nanoparticles were found at pH 6.8 (Figure S6D),
suggesting that decreasing the concentration of PEAK-DMA
would not affect the self-assembly dramatically.

Figure 4. CLSM images of the cellular internalization in HeLa cells of PEAK-SA at (A1, A2) pH 6.8 and (B1, B2) pH 7.4; PEAK-DMA at (C1,
C2) pH 6.8 and (D1, D2) pH 7.4. A2-D2: merged field. The scale bar was 20 μm. (E) Flow cytometry analysis and the corresponding MFI
value of the cellular internalization of PEAK-SA and PEAK-DMA. Blue line: blank control; yellow line: PEAK-SA at pH 6.8; purple line:
PEAK-SA at pH 7.4; black line: PEAK-DMA at pH 7.4; red line: PEAK-DMA at pH 6.8. (F) In vitro cytotoxicity of HeLa cells of PEAK-DMA
and PEAK-SA at different pHs against HeLa cells with 50 s irradiation. *p < 0.05 was determined via a Student’s t test, when the toxicity of
PEAK-DMA at pH 6.8 was compared with that at pH 7.4.
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Tumor Extracellular Acidity-Triggered Enhanced
Cellular Internalization of PEAK-DMA. In light of the fact
that different from normal tissue whose pH was 7.3−7.4, tumor
tissue was mildly acidic (pH 6.3−6.9).39 Meanwhile, geo-
metrical shape would affect the cellular internalization of
nanoparticles. Therefore, PEAK-DMA was expected to show a
relative selectivity between tumor cells and normal cells.
Cellular internalization behavior of PEAK-DMA was observed
via confocal laser scanning microscopy (CLSM) and PEAK-SA
was used as a control. Human cervical carcinoma (HeLa) cells
were incubated with samples at pHs of 6.8 and 7.4 to simulate
tumor acidic extracellular environment and neutral physio-
logical environment (normal tissue), respectively. For PEAK-
SA, a not obvious difference in red fluorescence was observed at
pHs of 6.8 (Figure 4A1) and 7.4 (Figure 4B1), and the red
fluorescence was weak due to the electrostatic repulsion
between PEAK-SA and negatively charged cell membranes at
these pHs. In contrast, for PEAK-DMA, remarkably stronger
intensity and larger area of red fluorescence was observed at pH
6.8 (Figure 4C1), when compared with that at pH 7.4 (Figure
4D1). Considering that the fluorescence at pH 6.8 was slightly
lower than that at pH 7.4 for PEAK-DMA according to
fluorescence spectrum (Figure S7), these results indicated the
improved cellular internalization of PEAK-DMA at pH 6.8.
Amplified images of merged field were also performed in Figure
S8. Meanwhile, internalization of PEAK-DMA was time-
dependent (Figure S9). Clearly, this sphere-to-rod shape switch
accelerated cellular internalization and endowed PEAK-DMA
with tumor selectivity. It was known that different from
spherical nanoparticles that theoretically had just one contact
point with cell membranes, rod-like nanoparticles have
multivalent interaction with cell membranes.24 Meanwhile,
the hydrophobic blocks that could interact with cell membrane
in rod-like particles were less shielded than that in spherical
particles.26 As a result, it exhibited stronger adhesion and more
contact sites with cell membranes, achieving enhanced cellular
internalization.40 This shape-dependent difference in cellular
internalization was consistent with previous reports.24−26,41−43

The quantitative results of flow cytometry further confirmed
this conclusion (Figure 4E). The mean fluorescence intensity

(MFI) value of PEAK-DMA at pH 6.8 was 1.36-fold to that at
pH 7.4, while MFI value of PEAK-SA at pH 6.8 was very close
to that at pH 7.4. Meanwhile, MFI value of PEAK-DMA at pH
7.4 was higher than that of PEAK-SA at pH 6.8 or 7.4, since
DMA groups in PEAK-DMA would be gradually liberated at
pH 7.4, which would lead to geometrical shape switch to some
extent inevitably.
Note that zeta potential of PEAK-DMA increased to some

extent when pH decreased, it might potentially influence
internalization process of nanoparticles. To confirm that shape
switch but not increased zeta potential determined tumor
accelerated internalization, DMA modified PpIX-Ahx-(Gly-Glu-
Gly-Glu-Gly-Lys-Gly-Lys)2 (denoted as PEGK-DMA) was
employed as a negative control. ESI-MS of PEGK was
performed in Figure S10A. PEGK-DMA also exhibited mildly
acidic responsive increment of zeta potential due to the
existence of DMA groups (Figure S10B). However, TEM
images revealed that acidic environment would not trigger the
sphere-to-rod shape switch (Figure S10C and D). Since Ala
residues were replaced with Gly residues, β-sheet structure of
chimeric peptide would be destroyed and the hydrophobic
interaction among Ala residues also disappeared, which
disfavored the formation of rod-like self-assembly.31 Sub-
sequently, PEGK-DMA was incubated with HeLa cells at pHs
of 6.8 and 7.4, respectively. Negligible difference was found in
cellular internalization between pH 6.8 and 7.4 (Figure S10E).
And both the red signals at pHs of 6.8 and 7.4 were weak.
Quantitative results in flow cytometry further confirmed it
(Figure S10F). Apparently, although tumor acidic environment
could increase zeta potential of PEGK-DMA to some extent,
when compared with physiological environment, it would not
improve the cellular internalization observably. It was probably
due to the formation of zwitterionic-like compound of both
PEAK-DMA and PEGK-DMA under acidic environment,
which would not significantly accelerate cellular uptake, when
compared with negatively charged biosubstances.44,45

Furthermore, tumor selective internalization of PEAK-DMA
was verified by cell viability. Samples were incubated with HeLa
cells for 4 h at pH 6.8 or 7.4 and the medium was replaced.
Subsequently, cells received 50 s light irradiation. Cells viability

Figure 5. Cell apoptotic analysis via Annexin V-FITC/PI assay: (A) blank control; (B) PEAK-SA at pH 7.4; (C) PEAK-SA at pH 6.8; (D)
PEAK-DMA at pH 7.4; (E) PEAK-DMA at pH 6.8.
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was determined via MTT assay. As shown in Figure 4F, PEAK-
SA exhibited similar cytotoxicity at both pHs of 6.8 and 7.4.
And cytotoxicity of PEAK-DMA at pH 6.8 was significantly
higher than that at pH 7.4 due to the geometrical shape switch-
mediated enhanced cellular uptake as proved above. Besides,
PEAK-DMA performed higher cytotoxicity than PEAK-SA at
same condition, since PEAK-DMA performed elevated cellular
internalization, when compared with PEAK-SA. All these
results were consistent with that of quantitatively cellular
internalization. Note that the cytotoxicity difference between
pH 6.8 and 7.4 became greater when the concentration of
PEAK-DMA increased. This was probably due to the fact that
PEAK-DMA with higher concentration would prefer to
reassemble. More spherical nanoparticles would switch to rod
shape when the concentration of PEAK-DMA was higher. As a
result, more rod nanoparticles at pH 6.8 could be internalized
by cells, when compared with spherical nanoparticles at pH
7.4.46,47

Subsequently, Annexin V-FITC/propodium iodide (PI)
assay was conducted. As shown in Figure 5, PEAK-DMA
could initiate certain cell apoptosis during PDT. More
important, the cell death proportion mediated by PEAK-
DMA at pH 6.8 during PDT was higher than that at pH 7.4.
For comparison, negligible difference was observed for PEAK-
SA in inducing cell death between pH 6.8 and 7.4. These results
of cell apoptosis were consistent with that of CLSM and
cytotoxicity, which further confirmed the tumor selective
internalization of PEAK-DMA.
Tumor Targeted Imaging and Pharmacokinetics in

Vivo. To demonstrate the feasibility of PEAK-DMA for tumor
targeting in vivo, the biodistribution imaging in vivo at different
time points was recorded. H22 tumor-bearing nude mouse was
chosen as the animal model. PEAK-SA was used as a control.
As shown in Figure 6A, both PEAK-DMA and PEAK-SA could

accumulate quickly in tumor tissue at the 2 h due to enhanced
permeability and retention (EPR) effect. With prolonging of
incubation time, fluorescence in PEAK-SA group rapidly
decreased especially at the 8 h. This was attributed to the
metabolism in vivo. In sharp contrast, the fluorescence in
PEAK-DMA group decreased slowly. Obvious fluorescence was
observed at the 8 h. The quantitatively relative MFI value of
PpIX in tumor region further confirmed it (Figure 6B). The
relative MFI values of PEAK-DMA and PEAK-SA in tumor
region decreased to 59% and 41% at the 8 h, respectively.
Clearly, sphere-to-rod shape switch enhanced internalization of
chimeric peptide in tumor cells, which avoided metabolic
clearance and prolonged the retention in tumor. In addition,
the rod shape of PEAK-DMA at pH 6.8 in the presence of 1%
serum was confirmed via TEM (Figure S11A), while the
spherical shape of PEAK-DMA in neutral blood was exhibited
in Figure S12. Herein, 10% serum was not used since the high
concentration of serum would lead to formation of thick layer
under vacuum state (Figure S11B), which significantly affected
the morphology observation.
It was documented that longer blood circulation of

nanoparticles in blood-stream could provide a greater
opportunity to accumulate in tumor tissues through EPR
effect. To verify that the prolonged retention in tumor region of
PEAK-DMA relied on tumor-triggered sphere-to-rod shape
switch, but not the discrepancy in blood circulation time,
pharmacokinetic study of PEAK-DMA and PEAK-SA was
performed.48,49 As shown in Figure 6C, both PEAK-DMA and
PEAK-SA exhibited a relative long circulation time. Meanwhile,
the concentration of PEAK-DMA at 3 h post in vivo injection
was remarkably higher than the CAC value (7.5 mg/L) of rod
at acidic environment, which ensured the geometric shape
switch of PEAK-DMA in tumor. This long circulation time was
attributed to the negatively or neutrally charged surface of

Figure 6. (A) In vivo fluorescence images of H22 tumor-bearing mice at preset time after intravenous injection. Note that PEAK-DMA in deep
organs, such as liver and spleen, were not detected due to the limited penetration depth of visible light. (B) Relative MFI value of PpIX in
tumor region and the average fluorescence signal at the 2 h was set as 100%. (C) Pharmacokinetics of PEAK-DMA and PEAK-SA (PpIX: 3
mg/kg body weight) after intravenous injection. Three mice were used for each group. (D) Relative MFI values (relative to kidney) of
fluorescence signals of tumor and normal organs.

ACS Nano Article

DOI: 10.1021/acsnano.7b00216
ACS Nano 2017, 11, 3178−3188

3183

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00216/suppl_file/nn7b00216_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00216/suppl_file/nn7b00216_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00216/suppl_file/nn7b00216_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b00216
http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.7b00216&iName=master.img-006.jpg&w=299&h=240


nanoparticles, which could resist protein adsorption in blood
and retard metabolic clearance. In particular, similar pharma-
cokinetic behaviors were observed in PEAK-DMA and PEAK-
SA groups, which substantially demonstrated that more efficient
retention of PEAK-DMA in tumor was due to the geometric
shape switch-mediated enhanced cellular internalization.
Subsequently, relative MFI of various organs and tumor

tissue at the 24 h was calculated. Kidney was chosen as an
internal reference. Figure 6D revealed that the relative MFI
value in tumor of PEAK-DMA was significantly higher than that
of PEAK-SA, which was agreement with the result of tumor
imaging in vivo. Encouragingly, the accumulation of PEAK-
DMA in tumor was slightly higher than that in primary
metabolic organ liver, suggesting the well tumor target efficacy
of PEAK-DMA in vivo. The enhanced accumulation of PEAK-
DMA in tumor was also confirmed via CLSM of tumor tissue.
As shown in Figure S13, the red signal of PEAK-DMA group in
tumor was stronger than that of PEAK-SA group.
In Vivo Antitumor Study. To confirm that enhanced

tumor accumulation of PEAK-DMA can elevate PDT efficacy in
vivo, H22 tumor-bearing mice were intravenously injected with
various samples. As shown in Figure 7A, PBS and PEAK-DMA
without light irradiation could not inhibit tumor growth. PpIX
(intraperitoneal injection) and PEAK-SA with light irradiation
could retard tumor growth to some extent, and PEAK-DMA
with light irradiation exhibited most significant inhibition.
Meanwhile, a modest change of body weight in PEAK-DMA
group indicated that PAPP-DMA had negligible systemic
toxicity during PDT (Figure 7B). When the treatment finished,

tumor tissues were collected and weighed, representative tumor
tissues were imaged (Figure 7C). As expected, significant
difference was observed between PEAK-DMA and other groups
in tumor image and weight, whose trend was similar to that of
average tumor volume. Apparently, PEAK-DMA could realize
enhanced PDT efficacy in vivo due to tumor acidity-triggered
sphere-to-rod shape switch, accelerated cellular internalization,
and prolonged tumor retention as proved above.
Furthermore, hematoxylin and eosin (H&E) staining was

conducted to evaluate therapeutic efficacy. As shown in Figure
7D, tumor cells in both PBS group and PEAK-DMA group
without light irradiation were dense. On the contrary, tumor
cells in PEAK-DMA group with light irradiation presented
greatest nuclei absence, suggesting that most tumor cells were
dead in PEAK-DMA group during PDT.50 In order to get
direct insight of the potential therapeutic mechanism, terminal-
deoxynucleoitidyl transferase mediated nick end labeling
(TUNEL) assay was evaluated. As shown in Figure 7E, the
green/blue fluorescence spot ratio observably increased in
tumor tissue in the following order: PBS < PEAK-DMA
without light irradiation < PpIX with light irradiation < PEAK-
SA with light irradiation < PEAK-DMA with light irradiation.
Quantitatively statistical result was also performed in Figure 7F.
Obviously, PEAK-DMA exhibited most efficient PDT in vivo.
Then PDT initiated cell apoptosis, resulting in the ablation of
tumor.51

Systemic Toxicity Evaluation in Vivo. In order to assess
the potential systemic toxicity of PEAK-DMA under light
irradiation, blood routine analysis was performed to assess the

Figure 7. In vivo antitumor efficacy and every group had four mice: (A) average tumor volume and (B) body weight with different treatments
(PpIX: 4 mg/kg body weight). (C) Average tumor weight after 10 days treatment. Insert was the representative tumor image of various
groups. (D) Histological observation of tumor tissues via H&E staining. (E) Detection of PDT-induced apoptosis in tumor tissues with
TUNEL staining assay. Blue signal: cell nucleus; green signal: apoptotic cells. The scale bar was 50 μm. (F) Quantitatively statistical result of
cell apoptosis under various treatments. “L” represented light irradiation. Injection of free PpIX in DMSO employed intraperitoneal injection
but not i.v. injection, since i.v. injection of free PpIX would lead to the death of mice due to blockages.
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potential liver and kidneys damage (Figure 8). Negligible
difference was found among various groups in the expression
level of liver function markers in terms of glutamic pyruvate
transaminase (GPT, Figure 8A), aspartate aminotransferase
(AST, Figure 8B), albumin/globulin ratio (A/G, Figure 8C),
total serum protein (TP, Figure 8D), kidney function markers
in terms of blood urea nitrogen (BUN, Figure 8E), and uricacid
(UA, Figure 8F). These indexes were consistence with previous
reports,13,52 suggesting that no liver and kidney dysfunction was
induced by PEAK-DMA during PDT, even PEAK-DMA
appeared in liver or kidney inevitably during circulation. This
negligible side effect was attributed to the fact that PEAK-DMA
could efficiently accumulate in tumor region, and ROS had a
very limited action distance and short half-life period, which
efficiently restricted phototoxicity in tumor region. In addition,
physiological morphology of various organs was observed via
H&E staining to visually evaluate the side effects. Figure 8G
showed that the physiological morphologies of spleen, lung,
heart, liver, and kidneys of various groups were normal, no
pathological changes were observed. Taken together, PEAK-
DMA with tumor acidity-triggered geometrical shape switch
achieved enhanced PDT and minimal side effects in vivo.

CONCLUSIONS

In summary, we designed an amphiphilic chimeric peptide,
PEAK-DMA, to realize mild acidity-triggered geometrical shape
switch and enhanced tumor internalization. PEAK-DMA could
self-assemble into spherical nanoparticles with well EPR effect.
Once arriving at tumor region during circulation, PEAK-DMA
underwent acidity-responsive detachment of DMA groups and
geometrical shape switch. The resulting rod-like nanoparticles
in tumor microenvironment promoted cellular internalization
of chimeric peptide, which further prolonged the retention time
in tumor and enhanced PDT efficacy with negligible side
effects. This drug delivery system demonstrated here with
tumor microenvironment responsive shape switch should show
great potential in targeted tumor therapy.

MATERIALS AND METHODS
Materials. 2-Chlorotrityl chloride resin, N-fluorenyl-9-methoxycar-

bonyl (Fmoc)-protected L-amino acids, diisopropylethylamine
(DiEA), o-benzotriazole-N,N,N′,N′-tetramethyluroniumhexafluoro-
phosphate (HBTU) and piperidine were purchased from GL Biochem
Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s medium
(DMEM), trypsin, fetal bovine serum (FBS), MTT, penicillin-
streptomycin were purchased from GIBCO Invitrogen Corp.

Figure 8. Blood routine analysis of various groups (three mice per group) after 10 days treatment: (A) GPT; (B) AST; (C) A/G; (D) TP; (E)
BUN; and (F) UA. PpIX via intraperitoneal injection was used as a control. (G) Systemic toxicity evaluation via H&E staining of heart, liver,
spleen, lung, and kidneys with different samples. “L” represented light irradiation. The scale bar was 100 μm.
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Triisopropylsilane (TIS) and trifluoroacetic acid (TFA) were obtained
from Shanghai Reagent Chemical Co. (China). Fluorescamine,
succinic anhydride, Fmoc-Ahx-COOH, and DMA were provided by
Sigma-Aldrich (USA). All other reagents were used without further
purification.
Synthesis of PEAK. PEAK or PEGK was manually prepared via a

SPPS method on 2-chlorotrityl chloride resin. HBTU/DiEA was used
to catalyze the reaction. 20% piperidine/DMF (v/v) was used to
remove Fmoc group. Product was cleaved from the resin by adding the
mixture of TFA, TIS, and H2O in the volume ratio of 95:2.5:2.5 for 1.5
h. Then chimeric peptide was precipitated in cold anhydrous diethyl
ether. The crude product was separated from the solvent by
centrifugation, followed by drying under vacuum overnight. Chimeric
peptide was dissolved in distilled water for freeze-drying. Chimeric
peptide was purified via HPLC with a C18 column by a gradient
elution with the mobile phase of A: 0.1% TFA in 100% acetonitrile and
B: 0.1% TFA in 100% water. The gradient was: 0−0.01 min 17% A
and 83% B; 0.01−20 min 67% A and 33% B; 25−25.01 min 100%
mobile phase A. The molecular weight was tested by ESI-MS.
Synthesis of PEAK-DMA. PEAK (10 mg) and 3.5 equiv (to amino

group) of DMA (7.8 mg) were dissolved in DI water. NaOH (0.2
mol/L) was added dropwise to keep pH around 10. After 24 h
reaction in dark, the solution was subjected to dialysis (MWCO 500
Da) against water at pH 10 for 6 h. Water was replaced every 1.5 h.
Then PEAK-DMA was obtained via freeze-drying. As controls, PEGK-
DMA, and PEAK-SA were obtained via the similar method.53

Characterization of PAPP-DMA. UV−vis spectrum of PEAK-
DMA (30 mg/L) was determined at pH 10 (in NaOH solution).54

Morphology of PEAK-DMA nanoparticles (105 mg/L) at pHs of 6.8
and 7.4 was observed by TEM (JEM-2100 microscope). The
hydrodynamic size and zeta potential of PEAK-DMA were measured
by Nano-ZS ZEN3600 (Malvern Instruments) at 25 °C in PBS buffer.
PEAK-SA and PEGK-DMA were used as controls.
Degradation of DMA in PEAK-DMA. Degradation of DMA was

measured by the fluorescamine method. Briefly, PEAK-DMA (50 mg/
L) was incubated at pH 6.8 or 7.4 with specified times of 0, 10, 30, 60,
and 120 min. Then all samples were mixed with fluorescamine solution
(2 mg/mL in DMF, 2 mL) for 10 min at room temperature.
Afterward, fluorescence intensity at preset time (Ft) was determined
by fluorospectrophotometer (excitation wavelength (Ex): 365 nm,
emission wavelength (Em): 475 nm). Fluorescence intensity of PBS
was set as Fb. Fluorescence intensity of sample at 0 min was set as F0.
The degradation of DMA was calculated as following: (Ft − Fb)/(F0 −
Fb) × 100%.
ROS Detection. The generation of ROS was measured via

fluorescence spectrum using DCFH-DA as the sensor. PEAK-DMA
(50 μL, 1 mg/mL) was mixed with 30 μL DCFH-DA (1 mg/mL) and
920 μL water. The fluorescence intensity were recorded (Ex: 485 nm)
at preset times with 630 nm light irradiation. PpIX in 0.05% DMSO
was used as a negative control. The ROS generation ability was
calculated as Ft/F0. The initial fluorescence of NaOH pretreated
DCFH-DA alone was defined as F0.
CD Spectrum. PEAK-DMA or PEAK-SA was incubated at pH 6.8

for 2 and 4 h and then the secondary structure was recorded on a J-
1500 spectropolarimeter (Jasco, Japan). Quartz cell was used
throughout. The spectra were scanned from 240 to 190 nm for
three times. PEAK-DMA and PEAK-SA at pH 7.4 were used as
controls.
CAC Determination. The CAC values of PEAK-DMA at pHs of

6.8 and 7.4 were determined via fluorescence spectroscopy. Pyrene was
used as the hydrophobic fluorescent probe. Various concentrations of
PEAK-DMA solutions (0−0.1 mg/mL, pHs of 6.8 and 7.4) with 6 ×
10−7 M pyrene were prepared, respectively. Emission wavelength was
chosen at 390 nm while excitation spectra ranging from 300 to 360 nm
were recorded. Excitation and emission bandwidths were 10 nm.
Fluorescence spectra were recorded and the change of the intensity
ratio of the third and first vibronic bands (I3/I1) was plotted against
the logarithm of peptide concentrations. CAC was determined based
on the crossover point at low concentration on this plot.

Cellular Uptake Evaluation in Vitro. Cellular uptake was
investigated via both CLSM and flow cytometry. For CLSM
observation, HeLa cells were seeded in 6-well plates and incubated
in DMEM supplemented with 10% FBS for 24 h. Thereafter, the
medium was removed and PEAK-DMA (105 mg/L) in fresh medium
(pH 6.8 or 7.4) were added. The culture medium was removed,
followed by repeated wash with PBS at 4 h post incubation.
Subsequently, samples were imaged via CLSM. For flow cytometry
analysis, cells were treated in a similar way. After internalization for 4
h, cells were treated with trypsin and then collected. Cells were washed
and resuspended in PBS. Samples were detected via a FACS Calibur
flow cytometer (BD Biosciences, USA). The results were analyzed
with Flow-jo software.

Cytotoxicity Assay in Vitro. The in vitro cytotoxicity of PEAK-
DMA against HeLa cells were determined by MTT assay. Briefly,
HeLa cell were seeded on 96-well plates at a density of 6000 cells/well
and incubated for 24 h. Then medium was replaced with various
concentrations of PEAK-DMA at pH 6.8 or 7.4, respectively. The
culture medium was replaced with 200 μL of fresh medium (pH 7.4)
at 4 h post incubation. Then cells received 50 s light irradiation (630
nm, 10 mW/cm2) and then further incubated for 48 h. Afterward,
MTT (5 mg/mL, 20 μL per well) was added. Four hours later, the
supernatant was replaced with 150 μL of DMSO to dissolve the
formazane. The optical density (OD) at 490 nm was determined via a
microplate reader (Bio-Rad, Model 550, USA). The relative cell
viability was calculated based on the formula: cell viability (%) =
OD(sample) /OD(control) × 100%. OD(sample) was the OD value in the
presence of sample and OD(control) was the optical density in the
absence of sample.

Annexin V-FITC/PI Assay in Vitro. HeLa cells were seeded in 6-
well plates and incubated in DMEM supplemented with 10% FBS for
24 h. Then the medium was removed and samples (105 mg/L) in
fresh medium (pH 6.8 or 7.4) were added. The culture medium was
removed, followed by repeated wash with PBS at 4 h post incubation.
Subsequently, cells received 50 s light irradiation (630 nm, 10 mW/
cm2) and then further incubated for 12 h. Cells were collected and
washed with PBS. Finally, cells were stained with Annexin V-FITC and
propodium iodide (PI) for 10 min before detected via flow cytometry.

Optical Imaging, Tissue Distributions, and Pharmacoki-
netics in Vivo. Animal experiments were conducted in compliance
with the criteria of The National Regulation of China. For optical
imaging investigation, PEAK-DMA and PEAK-SA were intravenously
injected into H22 tumor-bearing nude mice through tail vein. The
equivalent PpIX dosages of each formulation were 3 mg/kg. Mice were
anesthetized at the preset times and imaged directly via small animal
imaging system in Institute of Virology (Wuhan, Chinese Academy of
Sciences). For tissue distributions study, mice were sacrificed at 24 h
post injection. The heart, liver, spleen, lung, kidney, and tumor were
exfoliated and imaged. Furthermore, the tumor tissue was frozen
section, and the fluorescence in tumor tissue was observed via CLSM.
For pharmacokinetics study, blood samples of mice were obtained
after intravenous injection for preset times. The blood samples were
diluted with appropriate volume of PBS, followed by repeatedly
freeze−thawed. Subsequently, cells were under ultrasound for 5 min,
the fluorescence intensity of PpIX (Ex: 409 nm; Em: 630 nm) was
recorded by fluorospectrophotometer.

Antitumor Effect in Vivo. 107 of H22 tumor cells were
subcutaneous injected into the back of mice. When the volume of
H22 tumor xenograft reached around 100 mm3, mice were randomly
divided into 5 groups. Mice were intravenously injected with PBS
buffer, PEAK-DMA, and PEAK-SA (PpIX concentration: 4 mg/kg)
every day, respectively. For PpIX group, PpIX in DMSO was
intraperitoneally injected and the volume of DMSO was 50 μL. Six
hours later, the two groups of PEAK-DMA received 0 min or 10 min
light irradiation (638 nm) at a power density of 0.2 W/cm2,
respectively. As a control, PEAK-SA group and PpIX group also
received 10 min light irradiation. The tumor volume and weight were
measured every day before injection. The tumor volume was calculated
as following: a × b2/2, a and b referred to the length and width of
tumor, respectively.

ACS Nano Article

DOI: 10.1021/acsnano.7b00216
ACS Nano 2017, 11, 3178−3188

3186

http://dx.doi.org/10.1021/acsnano.7b00216


Systemic Toxicity in Vivo. For histological observation, mice were
sacrificed at the 10th day. The organs and tumor were collected and
fixed by 4% formalin, embedded in paraffin for H&E staining and
TUNEL assay. For serum analysis, the mice blood was extracted from
different mice groups at the 10th day. The blood samples were
solidified and centrifuged at 3000 rpm for 5 min to obtain serum.
Serum samples were detected at Union Hospital (Wuhan, China) and
data were mean of three replicates.
Statistical Analysis. The statistical analysis was conducted by

Student’s t test. The differences were considered to be statistically
significant for p value < 0.05.
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