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ARTICLE INFO ABSTRACT

Tumor targeted drug delivery in vivo remains a significant challenge in tumor therapy. In this article, we fab-
ricated a steric shielding protected/tumor acidity-activated chimeric peptide for tumor targeted photodynamic
therapy. This amphiphilic chimeric peptide could form spherical nanoparticles at neutrally physiological en-
vironment with the shielding of biotin molecule (tumor target ligand). When in tumor acidic microenvironment,
acidity-sensitive dimethylmaleic amide was rapidly hydrolyzed, resulting in subsequent liberation of (Lys)g and
the recovery of intramolecular electrostatic interaction between (Lys)g and (Glu)g. Then (Glu)g folded (Lys)s and
biotin molecule was popped up to the surface of nanoparticles. Both in vitro and in vivo studies indicated that this
steric shielding protected/tumor acidity-activated pop-up strategy demonstrated here could remarkably enhance
tumor specific accumulation/internalization of chimeric peptide, improve photodynamic therapy efficacy and
minimize the side effects. This strategy should not only be used for phototherapy, but also open a window to
endow nanocarriers with effective tumor target ability.
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1. Introduction

Fabrication of novel nanocarriers to enhance therapeutic efficacy of
drugs has attracted considerable attention over the past decades [1-6].
Despite the remarkable progress in nanocarriers, site-specific delivery
of drugs to tumor remains a great challenge [7-12]. The most com-
monly used strategy to realize tumor target is the direct surface mod-
ification of nanocarriers with targeting ligands including monoclonal
antibodies or peptides [13,14]. These ligands can bind receptors on cell
membrane, accelerate nanocarriers across cell barriers and improve
drug accumulation in tumor. However, normal tissues also expressed
certain receptors. Non-specific interaction between ligand modified
nanocarriers and normal tissues decreases the targeted therapeutic ef-
ficacy during in vivo circulation [15]. To overcome this dilemma, the
concept of shielding protected/stimuli-activation strategy has been
proposed recently [16-18]. Generally, targeting moieties are shielded
by photo-responsive cages or long-chain PEG to avoid the contact with
normal tissue. Once arriving at tumor region, shield groups in nano-
carriers can be detached under internal/external stimuli including UV
light or enzymes. Then the exposed targeting moieties mediate ac-
celerated cellular internalization. Unfortunately, detachment of
shielding groups is always severely retarded, partly because of the
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insufficient enzyme concentration or poor penetration depth of UV
light. On the other hand, many enzymes only exist in some specific
tumor types, which restrict the application of nanocarriers. Thus, con-
struction of highly sensitive nanocarriers with broad-spectrum tumor
target is still desirable and highly challenging.

It is known that extracellular pH slightly decreases in almost all
solid tumors [19,20]. Meanwhile, the pH scale is relatively narrow,
which ensures sufficient pH sensitivity. Motivated by these merits, some
pioneering studies have developed intelligent pH responsive nano-
carriers featuring shielding protected/stimuli-activation property
[21-25]. One of the most typical examples is charge-reversal nano-
carriers reported by Wang and co-workers. Negatively charged nano-
carriers are shielded by maleic anhydride derivatives and become po-
sitively charged in tumor acidity, which promotes intracellular uptake
of gene or drugs [26-28]. Note that the enhanced cellular uptake of
most pH responsive nanocarriers is largely based on non-specific elec-
trostatic interaction between acidity-activated cationic moieties and
negatively charged cell membrane. However, the high pH sensitivity is
always accompanied with potential physiological instability of nano-
carriers to some extent. This issue will compromise the target ability
inevitably.

Herein, we designed a steric shielding protected chimeric peptide
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Scheme 1. Schematic illustration of steric shielding and acidity-activated pop-
up of ligand for tumor selective PDT. (A) Chemical structure of PKBE-DMA and
tumor acidity-activated DMA detachment and biotin exposure. (B) PBKE-DMA
self-assembled into spherical nanoparticles and (C) in vivo injected; (D) tumor
specific accumulation of PKBE-DMA in tumor via enhanced penetration and
retention (EPR) effect; (E) tumor acidity-activated DMA detachment and elec-
trostatic interaction mediated biotin exposure; (F) receptor mediated enhanced
cellular uptake and PDT under light irradiation.

for tumor acidity-activated pop-up of targeting ligand for enhanced
photodynamic therapy. This chimeric peptide employed an alkylated
photosensitizer protoporphyrin IX (PpIX) as the hydrophobic core,
while hydrophilic shell was composed of dimethylmaleic anhydride
(DMA) modified (Lys)g and (Glu)g using Gly-Lys(biotin)-Pro-Gly-Gly as
a linker (KgGK(Biotin)PGGEg). The obtained chimeric peptide was de-
signated as PKBE-DMA. As shown in Scheme 1, PKBE-DMA could self-
assemble into spherical nanoparticles and resist protein adsorption at
neutrally physiological condition, while the biotin ligand was shielded
in hydrophilic shell due to the strong electrostatic repulsion among
negatively charged carboxylic groups. Once arriving at mildly acidic
tumor environment, DMA groups were rapidly detached and amine
residuals of Lys were liberated. Because of the existence of proline and
the flexibility of GKPGG linker, a zipper-like fold would form assisted
by the electrostatic attraction between (Lys)g and (Glu)g [29,30]. This
fold could effectively avoid the non-specific interaction between (Lys)s
and cell membrane. Importantly, it exposed the targeting biotin mole-
cule, which further realized selective accumulation/internalization and
photodynamic therapeutic efficacy of chimeric peptide in tumor region.

2. Materials and methods
2.1. Chemicals

N-fluorenyl-9-methoxycarbonyl (Fmoc)-protected L-amino acids,
diisopropylethylamine = (DiEA), piperidine, Rink-NH, resin,
trifluoroacetic acid (TFA), o-benzotriazole-N,N,N’,N’-tetra-
methyluroniumhexafluorophosphate (HBTU) and triisopropylsilane
(TIS) were purchased from GL Biochem Ltd. (China). fluorescamine,
PpIX, succinic anhydride and DMA were obtained from Aladdin
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Reagent Chemical Co. (China). Fetal bovine serum (FBS), Dulbecco's
modified Eagle's medium (DMEM), MTT, trypsin and penicillin-strep-
tomycin were purchased from GIBCO Invitrogen Corp. All other re-
agents were used without further purification.

2.2. Synthesis of PKBE and PKE

Both PKBE and PKE were conjugated on Rink-NH resin via a typical
SPPS method [31,32]. During the synthesis, 20% piperidine/DMF (v/v)
was employed to cleave the protective Fmoc group while HBTU/DiEA
was used to catalyze coupling of amino acids. To introduce biotin
molecule at the side chain of chimeric peptide, Fmoc-Lys(Mtt)-COOH
peptide was used and Mtt group was removed by 1% TFA/DCM for
45min (10 X 5min). Chimeric peptide was cleaved from Rink-NH,
resin in the presence of TFA, H,O and TIS (volume ratio: 95:2.5:2.5) for
1.5h. Then peptide was precipitated in diethyl ether and collected by
centrifugation. Peptide was dried under vacuum overnight and then
dissolved in distilled water for freeze-drying. Peptide was purified by
high performance liquid chromatography (HPLC) and the molecular
weight was determined via electrospray ionization mass spectrometry
(ESI-MS). Multi-charged peaks at 848 ([M + 4H + 3TFA]*") and 1694
(IM + 2H + 3TFA]?*") were found in PKE, and the purity was over >
90% (Fig. S1).

2.3. Synthesis of PKBE-DMA

PKBE (20 mg) and DMA (7.8 mg, 4 equiv. to amino group) were
dissolved in NaOH solution and the final pH kept around 10. The so-
lution was stirred in dark for 24 h. Then free DMA was removed via
dialysis method in NaOH solution. PKBE-DMA was obtained via freeze-
drying. PpIX-Ahx-Kg(DMA)-GKPGGEg (denoted as PKE-DMA) and suc-
cinic amide modified PpIX-Ahx-Kg-GK(Biotin)PGGEg (denoted as PKBE-
SA) were prepared via the similar method [33].

2.4. Characterization of PKBE-DMA

UV-vis spectrum of PKBE-DMA was recorded via UV-vis spectro-
photometer. Zeta potential of PKBE-DMA (50 mg/L) at pHs of 6.8 and
7.4 were determined via Nano-ZS ZEN3600 (Malvern Instruments).
PKBE-DMA was incubated in PBS buffer at pHs of 6.8 and 7.4 for 4h,
and then transmission electron microscopy (TEM, JEM-2100 micro-
scope) was employed to observe the morphology of PKBE-DMA (50 mg/
L) at pHs of 6.8 and 7.4. PKBE-SA and PKE-DMA were used as controls.
Fluorescence of PKBE-DMA, PKBE-SA and PKE-DMA was measured via
a fluorospectrophotometer.

2.5. Critical micelle concentration (CMC) measurement

The CMC value of PKBE-DMA at pHs of 6.8 and 7.4 was determined
by fluorescence spectroscopy. Pyrene was the fluorescent probe. Briefly,
various peptide solutions containing 6 X 10~ M pyrene was prepared
in PBS buffer (pH 6.8 or 7.4). Fluorescence spectra were recorded on a
LS55 luminescence spectrometer (Perkin-Elmer). Emission was 390 nm
and excitation spectra ranged from 300 to 360 nm. The change of the
intensity ratio of the third and first vibronic bands (I3/1;) was plotted
against the logarithm of the peptide concentrations to detect CMC.

2.6. Reactive oxygen species (ROS) determination

ROS generation was detected as our previous work [34]. Briefly,
2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA, 30 pL, 1 mg/mL),
PKBE-DMA (50 pL, 1 mg/mL) and DI water (920 puL) were mixed. Then
the solution received 630 nm light irradiation with preset times. The
fluorescence spectrum of DCF was immediately recorded via fluores-
cence spectrophotometer (excitation wavelength: 485nm), and the
fluorescence intensity was denoted as F,. The ROS generation was
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defined as F/Fy, in which Fy was the initial fluorescence of NaOH
pretreated DCFH-DA alone. PpIX (in 0.05% DMSO) was employed as a
control.

2.7. DMA detachment test of PKBE-DMA

PKBE-DMA (50 mg/L) was pre-incubated in PBS buffer at pH 6.8 or
7.4 for preset times (0-120 min), respectively. Subsequently, fluor-
escamine solution (2 mg/mL in DMF) was added to these samples. After
incubation in dark for 10 min, fluorescence spectrum at preset times
was recorded via fluorospectrophotometer. The excitation wavelength
was 365 nm while emission wavelength at 475 nm was defined as F,.
The degradation of DMA was calculated based on the following for-
mula: (F, — Fp)/(Fp — Fy) X 100%, F, and F, was the fluorescence
emission intensity at 475 nm of PBS and the sample at O min, respec-
tively. The data was the average value of three independent measure-
ments.

2.8. HABA/avidin assay

Hydroxyazobenzene-2-carboxylic acid (HABA, 24.2mg) was dis-
solved in NaOH solution (10 mL). Meanwhile, 2.0 mg avidin was dis-
solved in 1.94mL of 50 mM PBS (pH 6.8 or 7.4) with 50 mM NaCl.
Thereafter, 60 uL of HABA solution was added to the avidin solution to
obtain the HABA/avidin solution (pH 6.8 or 7.4). The UV-vis intensity
of HABA/avidin solution at 500 nm was recorded. PKBE-DMA solution
was incubated in PBS buffer (pH6.8 and 7.4) for 0.5h and 2h, re-
spectively. Then 675 pL of HABA/avidin solution (pH 6.8 or 7.4) was
mixed with 75uL of PKBE-DMA solution for 0.5h. Since the higher
affinity for avidin, the exposed biotin could displace HABA from its
interaction with avidin. The absorbance at 500 nm would decrease
proportionately, which was detected via UV-vis spectrum.

2.9. Circular dichroism (CD) spectrum

50 mg/L PKBE-DMA was incubated in PBS buffer (pH 6.8 or 7.4) for
2h. Then the CD spectrum was recorded on a J-1500 spectro-
polarimeter (Jasco, Japan). The spectra were scanned from 240 to
190 nm. Quartz cell was used throughout. The data was recorded for
three times.

2.10. Invitro cellular uptake observation

SCC-7 (squamous cell carcinoma), HeLa (Human cervical cancer
cells) and COS7 (African green monkey SV40-transfected kidney fi-
broblast cells) cells were seeded in 6-well plates, respectively. At the
24 h post incubation, the cultural medium was replaced with various
samples including PKBE-DMA (105 mg/L), PKBE-SA and PKE-DMA in
fresh medium (pH 6.8 or 7.4), respectively. The content of PpIX was
equivalent. At 4h post incubation, samples were removed and cells
were thoroughly washed with PBS buffer. Then samples were directly
observed via confocal laser scanning microscopy (CLSM) and the ex-
citation wavelength was 405 nm for PpIX.

2.11. In vitro cytotoxicity evaluation

In vitro cytotoxicity of PKBE-DMA, PKE-DMA and PKBE-SA against
SCC-7, HeLa and COS7 cells were measured via MTT assay. Cells were
incubated on 96-well plates for 24h. Subsequently, the cultural
medium was removed, followed by adding various concentrations of
PKBE-DMA, PKBE-SA and PKE-DMA in 10% FBS at pH6.8 or 7.4. At 4h
post incubation, the samples were replaced with 200 L 10% FBS.
Thereafter, cells received 630 nm light irradiation for 45s (10 mW/
cm?). Cells were further incubated for 48 h. Subsequently, 20 yL. MTT
(5mg/mL) was added to each well. The supernatant was replaced with
DMSO (150 pL) at 4h post incubation. A microplate reader (Bio-Rad,
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Model 550, USA) was used to read the optical density (OD) of every
well at 490 nm. The relative cell viability was calculated based on the
formula: cell V1ab111ty (0/0) = OD(Sample)/OD(mmmD X 100%. OD(sample)
and OD(controly Were the OD values in the presence or absence of sample,
respectively.

2.12. In vivo fluorescence imaging and tissue distribution study

SCC-7 cells (5 x 10° cells per mouse) were subcutaneous injected
into the back of female BABL/c nude mice. 12 days later, the volume of
SCC-7 tumor xenograft reached around 50 mm®. PKBE-SA, PKE-DMA
and PKBE-DMA were injected into SCC-7 tumor-bearing mice through
tail vein, respectively. The equivalent PpIX dosage of each formulation
was 3 mg/kg. At the preset times, mice were anesthetized and put on a
small animal imaging system in Institute of Virology (Wuhan, Chinese
Academy of Sciences). Fluorescence imaging was recorded using a
Green channel. At 24 h post injection, mice were sacrificed and the
organs including heart, liver, spleen, lung, kidney and tumor were ex-
foliated. These samples were washed with PBS and then imaged di-
rectly. To compare the fluorescence intensity of various samples in
tumor via CLSM, the tumor was exfoliated at the 6th h and the frozen
sections were observed immediately. PpIX was excited with 405nm
laser while the emission range was from 590 nm to 650 nm. Besides, the
frozen sections of tumor tissue was stained with DCFH-DA for 20 min,
then the sample was washed with PBS and the green fluorescence was
observed to evaluate the ROS generation via CLSM.

2.13. Pharmacokinetics in vivo

Samples were intravenously injected into SCC-7 tumor-bearing nude
mice through tail vein. The equivalent PpIX dosages of each formula-
tion were 2.5mg/kg. Mice blood was collected at preset times. And
these blood samples were diluted with PBS buffer. Then the samples
were freeze-thawed repeatedly. Thereafter, cells were under ultra-
sound, fluorospectrophotometer was employed to record the fluores-
cence intensity of PpIX in various samples.

2.14. In vivo antitumor test

SCC-7 tumor-bearing mice with tumor size around 50 mm® were
divided into 5 groups randomly. Each group had 4 mice. The mice were
intravenously injected with PBS buffer, PKBE-SA, PKE-DMA and PKBE-
DMA every day, respectively. The concentration of PpIX was 3 mg/kg
mouse body weight. At the 6 h post in vivo injection, the group of PKBE-
SA, PKE-DMA and PKBE-DMA received 10-min light irradiation (laser
wavelength 638 nm, power density: 0.2 W/cm?). Meanwhile, PBS group
and another PKBE-DMA group did not receive light irradiation. The
length (L) and width (W) of tumor and body weight of all mice were
recorded every day. Tumor volume was calculated as following:
L x W%/2.

2.15. In vivo systemic toxicity evaluation

Mice blood of various groups was obtained from eyes after the
treatment was finished. These blood samples were solidified at room
temperature for 1.5h and then centrifuged for 5min to get serum
samples. The biological indexes of GPT, AST, UA, BUN, A/G and CK in
serum samples were determined at Union Hospital (Wuhan, China). The
data were mean of three replicates. Thereafter, mice were sacrificed
and the organs of heart, liver, spleen, lung, kidneys and tumor were
collected. These organs and tumors were incubated in 4% formalin and
then embedded in paraffin for hematoxylin and eosin (H&E) staining.

2.16. Statistical analysis

Student's t-test was employed to evaluate the statistical analysis.
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Fig. 1. Characterization. (A) ROS measurement of PKBE-DMA, and PpIX in 0.05% DMSO was used as a control. (B) Zeta potential of PKBE-DMA at pHs of 6.8 and 7.4
at different incubation times. (C) DMA detachment of PKBE-DMA at pHs of 6.8 and 7.4 and fluorescamine was used as a sensor. (D) Hydrodynamic sizes of PKBE-
DMA in PBS buffer at pHs of 6.8 and 7.4. TEM images of PKBE-DMA at pHs of (E) 6.8 and (F) 7.4. (G) Exposed biotin ratio when PKBE-DMA was incubated at pHs of
6.8 and 7.4 for 0.5h and 2 h. (H) CD spectrum of PKBE-DMA at pHs of 6.8 and 7.4. The concentration of PKBE-DMA was 50 mg/L.

p < 0.05 means the statistical significant differences between different
groups.

3. Results and discussion
3.1. Synthesis and characterizations of PKBE-DMA

Amphiphilic PpIX-Ahx-Kg-GK(Biotin)PGGEg (denoted as PKBE) was
synthesized via standard Fmoc solid phase peptide synthesis (SPPS)
method (Scheme S1). The theoretical molecular weight of PKBE was
3351.7. ESI-MS (Fig. S2A) revealed that multi-charged peaks at 952.9
(IM + 4H + 4TFA]**) and 598.9 ([M + 6H + 2TFA]®*) were found,
suggesting the validity of PKBE. And the purity (> 90%) was verified
by HPLC (Fig. S2B). Subsequently, PKBE was reacted with DMA at al-
kaline solution and then purified via a dialysis method to get pH sen-
sitive PKBE-DMA. PKBE-DMA exhibited well water solubility, and
UV-vis spectrum demonstrated that negligible m-t stacking existed
among PpIX molecules according to the appearance of a sharp Soret
band around 400nm (Fig. S3) [35,36]. Fig. 1A indicated that the
fluorescence intensity of dichlorofluorescein increased rapidly with
prolonging of irradiation time, when PKBE-DMA was incubated with
ROS sensor DCFH-DA. In contrast, the fluorescence intensity increment
in PpIX group is significantly retarded. Apparently, PKBE-DMA with
well water solubility could reduce the aggregation and self-quenching
of PpIX, which would benefit the generation of ROS [37-39].

To verify the acidic responsiveness of PKBE-DMA, the zeta potential
change as a function of time was recorded. pH 6.8 was chosen to si-
mulate tumor acidic environment. As shown in Fig. 1B, zeta potential of
PKBE-DMA at pH 7.4 was relatively stable, while at pH 6.8 the zeta
potential gradually increased with prolonging of incubation time.
Clearly, dimethylmaleic amide between Lys and DMA could be hydro-
lyzed rapidly at acidic environment, since the nearby free carboxylic
acid in DMA would attack the dimethylmaleic amide with the help of
H™*, leading to the intramolecular catalysis as well as the detachment of
DMA [25-27]. The detachment of DMA group liberated amine residual
of Lys, leading to the increase of zeta potential. For comparison, PKBE-
SA exhibited pH insensitivity, whose zeta potentials always kept at
around —28mV at pHs of 6.8 and 7.4 with prolonging of incubation
time (Fig. S4). It was due to fact that the conformation of succinic
amide in PKBE-SA was flexible. The terminal carboxyl group was far
away from amide group, which could not assist the hydrolysis of suc-
cinic amide. As a result, succinic amide was relative stable under mild

acidity [40]. Specifically, different from traditional charge reverse
systems whose zeta potential change was always above 20 mV [41-43],
the zeta potential change between pH6.8 and 7.4 was just around
6 mV. This discrepancy was attributed to the fact that the exposed
amine groups in (Lys)s would interact with the carboxyl groups in
(Glu)gvia electrostatic interaction. In other word, (Glu)g sequence was
expected to embed in the (Lys)g shell and form a zipper-like structure,
which limited the increase of zeta potential inevitably.

To further confirm the liberation of amine groups at mild acidic
environment, fluorescence spectrum was measured when PKBE-DMA
was incubated with fluorescamine at pH6.8 and 7.4, respectively.
Herein, non-fluorescence fluorescamine was employed as a sensor to
detect primary amine, since it would react with primary amine to emit
green fluorescence. As shown in Fig. 1C, stronger fluorescence intensity
was found at pH 6.8 than that at pH7.4. This result was consistence
with the result of zeta potential change, which substantively confirmed
the pH responsive liberation of amine groups. In addition, the hydro-
dynamic sizes of PKBE-DMA at pH 7.4 and 6.8 were comparable, which
were 211.3nm (PDI: 0.295) and 259.0 nm (PDI: 0.307), respectively
(Fig. 1D). Meanwhile, PKBE-DMA showed certain stability with time
prolonging at pHs of 6.8 and 7.4 (Fig. S5). TEM images revealed that
PKBE-DMA could self-assemble into uniform and well dispersed sphe-
rical nanoparticles at pHs of both 6.8 (Fig. 1E) and 7.4 (Fig. 1F). Ob-
viously, although DMA groups were detached and electrostatic attrac-
tion occurred between (Glu)g and (Lys)g at acidic environment, the self-
assembly behavior would not be significantly affected.

Subsequently, HABA/Avidin assay demonstrated that around 53%
biotin molecule was at the surface of chimeric peptide self-assembly,
when PKBE-DMA was incubated in PBS buffer (pH 6.8) for 0.5h. And
the exposed ratio of biotin molecule dramatically decreased to around
35% at physiological pH (Fig. 1G). When PKBE-DMA was incubated in
PBS for 2 h, the gap in exposed biotin molecule between pH 6.8 and 7.4
became greater, around 79% and 51% biotin was at the surface of
peptide at pHs of 6.8 and 7.4, respectively. Clearly, biotin molecule was
mainly steric shielded in the hydrophilic shell of PKBE-DMA self-as-
sembly at neutrally physiological environment, which prevented the
specific interaction with avidin. When PKBE-DMA was incubated at
mild acidic environment, DMA was rapidly detached as proved above
and the electrostatic interaction between (Glu)g and (Lys)s was re-
covered. The negatively charged (Glu)s would fold positively charged
(Lys)s. As a result, biotin underwent a position shift from the middle
layer of the self-assembly to the outer layer, which was in favor of the
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competitive combination with avidin. Note that some biotin molecules
were also exposure at pH 7.4, since dimethylmaleic amide between Lys
and DMA was very sensitive to acidity, and it could even be hydrolyzed
at physiological condition to some extent. However, the hydrolysis rate
at pH 6.8 is significant high than that at pH7.4.

To further confirm that PKBE-DMA underwent a fold at mild acidity,
CD spectrum at pHs of 6.8 and 7.4 was recorded. It was found that
PKBE-DMA at pH7.4 was random coil due to electrostatic repulsion
among carboxyl groups in PKBE-DMA (Fig. 1H). However, at pH 6.8 for
2 h, the secondary structure of PKBE-DMA is 17% turn and 83% random
coil according to Yang Reference fitting. Apparently, the random coil
was due to the existence of (Glu)g and (Lys)g while the turn demon-
strated the fold formation.

3.2. Tumor-selective cellular internalization of PKBE-DMA

Given that biotinylated nanoparticles could cross tumor cell mem-
branes with ease via a ligand receptor-mediated process. Meanwhile,
different from normal tissue, tumor tissue underwent high rate of gly-
colysis. The subsequent production of lactic acid led to mild acidity in
tumor tissue (pH 6.3-6.9). Hence, PKBE-DMA was expected to perform
a relative selectivity between normal cells and tumor cells. To confirm
it, SCC-7 cell with overexpressed biotin acceptor was used as the model
cell. PKE-DMA without biotin and pH insensitive PKBE-SA were used as
negative controls. DLS and TEM results indicated that PKBE-DMA, PKE-
DMA and PKBE-SA had similar hydrodynamic sizes (Fig. S6). Fig. S7
revealed that the fluorescences of PKBE-DMA, PKE-DMA, PKBE-SA at
PBS buffer (pH 7.4) were slightly higher than that at pH 6.8. As shown
in Fig. 2A1, red fluorescence signal of PKBE-DMA in SCC-7 cells at
pH 6.8 was observably stronger than that at pH7.4. For comparison,
there was negligible difference in fluorescence intensity of PKBE-SA in
SCC-7 cells at pHs of 6.8 and 7.4 (Fig. 2A3). Meanwhile, the fluores-
cence of PKBE-SA was significantly weaker than that of PKBE-DMA at
PpH 6.8. Apparently, the strong electrostatic repulsion between PKBE-SA
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and negatively charged cell membrane restricted the cellular inter-
nalization of PKBE-SA [44]. However, for PKBE-DMA, hydrolysis of
DMA under tumor acidic microenvironment was more rapidly as
proved above. Both the increased zeta potential and exposed biotin may
accelerate the internalization of PKBE-DMA in SCC-7 cells.

In order to get insight of the mechanism of enhanced internalization
of PKBE-DMA at mild acidity, we further compared the cellular inter-
nalization between PKBE-DMA and PKE-DMA at pHs of 6.8 and 7.4. It
was found that the red fluorescence intensity of PKE-DMA at pH 6.8 was
just comparable to that at pH7.4 (Fig. 2A2). Fig. S8 revealed that al-
though DMA groups were detached at pH 6.8 and zeta potential could
increase for PKE-DMA, the increment was also just around 6 mV.
Clearly, this limited increment in zeta potential could not significantly
improve the cellular internalization of chimeric peptide. Meanwhile,
the fluorescence intensity of PKBE-DMA at pH 6.8 was remarkably
stronger than that of PKE-DMA. All these results indicated that biotin-
mediated internalization played a dominated role in improved cellular
internalization.

Furthermore, the cellular internalization of various samples in HeLa
cells (another biotin acceptor overexpressed cell-line) was also ob-
served. As expected, similar cellular internalization tendency were
observed in Hela cells among various samples at pHs of 6.8 and 7.4
(Fig. 2B1-3), when compared with the results in SCC-7 cells. Appar-
ently, tumor acidity-activated enhanced cellular internalization of
PKBE-DMA was cell-line independent. And biotin receptor was widely
existed in many tumors, which endowed PKBE-DMA with broad-spec-
trum tumor target ability. In addition, it was found that negligible
difference in red fluorescence intensity were existed among PKBE-DMA,
PKE-DMA and PKBE-SA in COS7 cells (normal cell model) at pHs of 6.8
and 7.4 (Fig. 2C1-3). And all of the fluorescence signals were weak. The
average fluorescence (determined by Image J software) of various
samples in SCC-7, HeLa and COS7 was also provided in Fig. S9. These
results indicated that although PKBE-DMA could detach DMA group at
pH 6.8 and the biotin ligand was exposed, COS7 cells had few biotin

Fig. 2. Tumor specific cellular uptake. Cellular up-
take of PKBE-DMA, PKE-DMA and PKBE-SA in var-
ious cell-lines at pHs of 6.8 and 7.4: (A1-A3) in SCC-
7 cells; (B1-B3) in HeLa cells and (C1-C3) in COS-7
cells. The samples were incubated with cells for 4 h.
Red signal: PpIX. The scale bar was 20 pm. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 3. Tumor specific cellular uptake. Cellular internalization of PKBE-DMA,
PKE-DMA and PKBE-SA determined by flow cytometry in (A) SCC-7 cells, (B)
HelLa cells, (C) COS7 cells at pHs of 6.8 and 7.4. (D) Relative MFI value of the
results of flow cytometry using PKBE-SA at pH 7.4 as the standard (*p < 0.05;
#p < 0.05).

receptors, which restricted the ligand receptor-mediated cellular in-
ternalization of chimeric peptide.

Flow cytometry was used to quantitatively evaluate the cellular
internalization of various samples. As show in Fig. 3A-C, PKBE-DMA
exhibited significantly enhanced cellular internalization in both SCC-7
and Hela cells at pH 6.8 than that at pH 7.4. Meanwhile, the fluores-
cence intensity of PKBE-DMA in both SCC-7 and HeLa cells at pH 6.8
was also higher than that of PKE-DMA and PKBE-SA. Apparently, the
tendency in flow cytometry analysis was similar to that observed in
CLSM. The relative mean fluorescence intensity (MFI) was also per-
formed in Fig. 3D.

Tumor acidity-activated enhanced cellular internalization of PKBE-
DMA in tumor cells was also evaluated via MTT assay. Fig. S10 in-
dicated that PKBE-DMA, PKE-DMA and PKBE-SA had negligible dark
toxicity, since photo irradiation was vital for PDT. During PDT, pho-
tosensitizers absorbed light and then transferred energy to surrounding
tissue oxygen, so that generated ROS could make irreversible damage to
tumor cells [10]. As shown in Fig. 4A and B, PKBE-DMA exhibited
significantly higher toxicity at pH 6.8 than that at pH 7.4 in both SCC-7
and HelLa cells. In contrast, the toxicity difference between pH 6.8 and
7.4 in these two cells significantly decreased for both PKE-DMA and
PKBE-SA (Fig. 4A and B). Meanwhile, both the cytotoxicity of PKE-DMA
and PKBE-SA was lower than that of PKBE-DMA at pH 6.8. These results
were consistence to that of cellular internalization observed via CLSM
and flow cytometry, indicating that tumor acidity-activated biotin ex-
posure could enhance the photodynamic therapeutic efficacy. For
comparison, PKBE-DMA, PKE-DMA and PKBE-SA performed similar
toxicity in COS7 cells (Fig. 4C). Note that the cytotoxicity in HeLa cells
was greater than that in SCC-7 cells under the same condition, since the
cellular internalization ability of therapeutic agent was cell-line de-
pendent.

3.3. Tumor targeted fluorescence imaging and in vivo biodistribution

Having confirmed the tumor selectivity of PKBE-DMA in vitro, the
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Fig. 4. Tumor cell specific damage. In vitro cytotoxicity of PKBE-DMA, PKE-
DMA and PKBE-SA in various cell-lines at pHs of 6.8 and 7.4: (A) in SCC-7 cells
(*p < 0.05); (B) in HeLa cells and (C) in COS-7 cells.

feasibility of PKBE-DMA in tumor targeted accumulation in vivo was
investigated via a small animal fluorescence imaging system. DLS re-
sults indicated that PKBE-DMA, PKE-DMA and PKBE-SA exhibited well
stability in serum, suggesting the great in vivo potential (Fig. S11)
[45-47]. As shown in Fig. 5A, the fluorescence signal of PKBE-DMA in
tumor region gradually increased after tail intravenous injection. And it
reached the peak value at the 5th h, suggesting the efficient accumu-
lation of PKBE-DMA in tumor. Then although fluorescence signal gra-
dually decreased inevitably due to the metabolism, bright fluorescence
signal could be still observed at the 9th h. For comparison, moderate
fluorescence signal of PKE-DMA could be observed only before 3 h post
in vivo injection due to the EPR effect. Thereafter, the signal dramati-
cally decreased. The fluorescence at the 7th h was nearly undetectable.
Obviously, PKBE-DMA could accumulate in tumor region more effi-
ciently than PKE-DMA. This result substantially demonstrated that
tumor acidity-activated biotin exposure could accelerate cellular in-
ternalization as well as enhance tumor specific accumulation effi-
ciently. In addition, the fluorescence signal in tumor in PKBE-SA group
was also weak, which was even slightly weaker than that of PKE-DMA
group, indicating that the DMA detachment-induced zeta potential in-
crement could enhance tumor accumulation to some extent.

At 24 h post in vivo injection, tumor and organs were exfoliated and
imaged. As shown in Fig. 5B, the fluorescence signals of PKBE-DMA,
PKE-DMA and PKBE-SA in liver or kidney were comparable. Mean-
while, PKBE-DMA group had the greatest fluorescence signal in tumor
region, which was even stronger than that in the main metabolic organ
liver and kidney, revealing the high efficient tumor accumulation of
PKBE-DMA. The quantitatively relative MFI value was also provided in
Fig. 5C. Relative MFI value of PKBE-DMA in tumor was around 1.3 and
1.9-fold to that of PKE-DMA and PKBE-SA in tumor, respectively.
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Fig. 5. In vivo imaging and pharmacokinetics. In vivo biodistribution of various samples: (A) the fluorescence of PKBE-DMA, PKE-DMA and PKBE-SA at different time
points after vein injection, the red arrow pointed to liver region and the tumor tissue was in the dark circle; (B) fluorescence imaging of PKBE-DMA, PKE-DMA and
PKBE-SA in tumor and various organs at 24 h post in vivo injection; (C) the quantitative analysis of the fluorescence intensity of various samples at 24 h post injection
(*p, p < 0.05). MFI value in liver was used as the standard (100%). (D) The fluorescence of PKBE-DMA, PKE-DMA and PKBE-SA in tumor tissue. The scale bar was
50 pm. (E) The blood retention kinetic of PKBE-DMA, PKE-DMA and PKBE-SA after intravenous injection. Each group had 4 mice. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Furthermore, the tumor frozen sections samples were obtained and
the fluorescence of PKBE-DMA, PKE-DMA and PKBE-SA in tumor tissue
was observed via CLSM. It was found that the fluorescence intensity of
PKBE-DMA in tumor was significantly stronger than that of PKE-DMA
and PKBE-SA (Fig. 5D). Obviously, the tendency observed via CLSM was
highly consistent with that observed via a small animal imaging system,
which substantially demonstrated the tumor enhanced accumulation of
PKBE-DMA in vivo. Pharmacokinetic study in Fig. 5E showed that there
did not exist great discrepancy in blood retention among PKBE-DMA,
PKE-DMA and PKBE-SA, suggesting the enhanced tumor accumulation
of PKBE-DMA was mainly due to the acidity-triggered biotin exposure.
Meanwhile, the CMC values of PKBE-DMA at pHs of 6.8 and 7.4 were
3.4mg/L and 12.6 mg/L, respectively, which ensured the micellar
structure in vivo (Fig. S12).

3.4. In vivo tumor targeted photodynamic therapy and side effects
evaluation

To confirm that PKBE-DMA could show tumor specific and efficient
inhibition, in vivo antitumor effect was investigated using SCC-7 tumor-
bearing nude mouse as the animal model. As shown in Fig. 6A, although
the tumor volume in both PKE-DMA and PKBE-SA groups with light
irradiation was smaller than PBS group, it still quickly became bigger
with prolonging of the feeding time. In sharp contrast, PKBE-DMA with
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light irradiation dramatically inhibited tumor growth. This observable
tumor inhibition was due to the enhanced tumor accumulation and
internalization of chimeric peptide in tumor region. After the treatment
was finished, all tumors were collected, imaged and weighed. Fig. 6B
revealed that tumors in PKBE-DMA group with light irradiation were
the smallest, when compared with other groups. And the average tumor
weight gradually decreased in the following order: PBS group > PKBE-
DMA group without light irradiation > PKBE-SA group with light ir-
radiation > PKE-DMA group with light irradiation>> PKBE-DMA
group with light irradiation (Fig. 6C). Clearly, the tendency was highly
consistence to that of tumor volume. Furthermore, the physiological
morphology in tumor tissues was observed via H&E staining. As shown
in Fig. 6D, the cell densities in tumor tissue in PKBE-SA and PKE-DMA
groups with light irradiation were decreased to some extent, when
compared with PBS group. Meanwhile, PKBE-DMA group with light
irradiation presented greatest nuclei absence. All these results sub-
stantially demonstrated that PKBE-DMA presented most efficient PDT
efficacy in biotin receptor overexpressed acidic tumor tissue.
Considering that PKBE-DMA presented well tumor targeting ability
and PDT was a local therapy, PKBE-DMA with light irradiation was
anticipated to show minimal in vivo side effects. To confirm it, body
weight of mice was recorded during treatment. As expected, negligible
weight fluctuates were observed in all groups during PDT (Fig. S13),
suggesting the well biosafety of PKBE-DMA. To get insight of the
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Fig. 6. In vivo antitumor effect. (A) Average tumor
volume; (B) tumor images and (C) average tumor
weight in various groups. PpIX was 3 mg/kg mouse
body weight and the irradiation time was 10 min.
Each group had 4 mice. *p, *p, *p and “p < 0.05,
when the PKBE-DMA with light irradiation group
was compared with the groups of PBS, PKBE-DMA,
PKBE-SA with light irradiation, and PKE-DMA with
light irradiation. (D) H&E staining of tumors in var-
ious groups. The scale bar was 50 um. “L” means
light irradiation.
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Fig. 7. In vivo systemic toxicity evaluation. Serum biochemical indexes in terms of (A) GPT; (B) AST; (C) A/G; (D) BUN; (E) UA and (F) CK. (G) Physiological
morphology observation of various tissues including heart, liver, spleen, lung and kidney via H&E staining. Each group had 4 mice. The scale bar was 50 pm. “L”

means light irradiation.
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potential systemic toxicity of PKBE-DMA under light irradiation, var-
ious physiological indexes were measured via blood routine analysis in
terms of liver, kidneys and heart. It was found that the expression levels
in various groups in terms of the liver function markers including
glutamic pyruvate transaminase (GPT, Fig. 7A), aspartate amino-
transferase (AST, Fig. 7B) and A/G (Fig. 7C), kidney function markers
including blood urea nitrogen (BUN, Fig. 7D) and uric acid (UA,
Fig. 7E) and heart function marker including creatine kinase (CK,
Fig. 7F) were all in normal range, when compared with PBS control
group and previous reports [48,49]. These results demonstrated that
PKBE-DMA during PDT would not induce liver, kidneys and heart da-
mage. The negligible systemic toxicity was further evaluated by the
physiological morphology observation through H&E staining. As shown
in Fig. 7G, the tissue morphologies including heart, liver, spleen, lung
and kidneys in various groups were normal. Obviously, PKBE-DMA
during PDT performed well antitumor effect with minimal side effects,
since ROS had an instantaneous lifetime (< 40 ns) and a short action
range (around 20 nm) [50,51], the well tumor accumulation of PKBE-
DMA restricted ROS damage in the tumor region furthest during PDT.

4. Conclusions

In summary, we designed a steric shielding protected chimeric
peptide PKBE-DMA for tumor acidic environment activated enhanced
photodynamic therapy. At physiological environment, biotin molecule
could be efficiently shielded in hydrophilic shell of PKBE-DMA self-
assembly. Once arriving at tumor acidic environment, DMA group was
detached. The electrostatic attraction mediated the formation of zipper-
like fold between (Lys)g and (Glu)g as well as the pop-up of biotin. The
exposed biotin accelerated the specific accumulation and acceleration
of chimeric peptide in tumor, which realized enhanced photodynamic
therapy with negligible side effects. This shielding/deshielding strategy
demonstrated here did not require external stimuli and possess the
broad-spectrum targeting ability, which should show great potential for
tumor therapy.
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