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Photodynamic therapy as a non-invasive approach has obtained great research attention during the last
decade. However, photodynamic therapy still suffers from low tumor selectivity and therapeutic
inefficacy due to the unspecific distribution of photosensitizers in normal tissues/cells. To overcome
these hurdles, functional peptides have been introduced in photodynamic therapy systems due to their
advantages of functional diversity, bioactivity, high biocompatibility and biodegradability. Herein, we
review various peptide-based self-assemblies or hybrid nanoparticles that have already been reported to
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development of peptide-based nanoparticles described here should offer great potential to achieve
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1. Introduction

Tumor is one of the leading causes of death in the world.
Currently, chemotherapy is the major treatment modality along
with surgery for tumor treatment, and great efforts in improving
chemotherapy have achieved significant improvements in patient
survival during the last few decades.' However, numerous
tumor-related deaths still occur every year, partly because of the
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better photodynamic therapy in tumors.

poor selectivity and accumulation of drugs in the tumor, which
result in severely systemic side-effects to patients.®” As an
alternative, photodynamic therapy (PDT) has obtained increasing
research attention.®™® PDT is a local and non-invasive technique
for cancer treatment. Usually, PDT requires exposure of cells or
tissues to the phototherapeutic agents, also known as photo-
sensitizers. Then irradiation with the appropriate wavelength is
provided, usually in the red or near-infrared region, in order to
activate the ground state photosensitizer to the excited triplet
state. The triplet-state photosensitizer can participate in a one-
electron oxidation-reduction reaction with a neighbouring
molecule. Consequently, free radical intermediates are generated,
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which can react with oxygen to form peroxy radicals and various
reactive oxygen species (ROS).'®'” Alternatively, the triplet-state
photosensitizer can also transfer energy to ground state oxygen,
producing singlet oxygen. The highly reactive singlet oxygen can
destroy the tumor cells and tissues through damage of various
biological molecules including lipids,'® proteins*® and nucleic
acids.”®

During PDT, photosensitizers are always inherently non-
toxic in the dark. Meanwhile, the light-induced toxicity can be
restricted to a confined area through directing light irradiation.
As a result, PDT has its own merits compared to conventional
chemotherapy and radiotherapy, including negligible systemic
side effects, excellent functional and cosmetic results, repeat-
ability and reduced long-term morbidity.>*"2° To date, PDT has
already been applied together with surgery and other traditional
treatments as a part of synergistic antitumor therapies in the
clinic. It can suppress the growth of various tumors such as
neck cancers, skin cancer, early and obstructive lung cancer and
so on.”’> Recent studies also confirm that PDT can even activate
the immune response of the body to kill tumor cells.***" In spite
of the great success of PDT, PDT is still considered as an
alternative or supporting remedy due to certain limitations.
For instance, like most traditional chemotherapy drugs, photo-
sensitizers also have unsatisfactory tumor accumulation efficacy
after in vivo injection.’>* Meanwhile, the free diffusion of
photosensitizer inside tumor cells dramatically compromises
the therapeutic efficacy of PDT due to the very short half-life
(less than 20 ns) and limited action region (below 40 nm) of
ROS.**3* Besides, there is also still a lack of methods to monitor
the treatment response.

To solve these dilemmas, various nanomaterials have been
developed. Among these materials, peptides that consist of
natural amino acids exhibit unique merits such as bioactivity,
biocompability, biodegradability and functional diversity.*®**
Currently, various peptide sequences with specific functions
have been screened including the tumor homing peptide, cell
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penetration peptide, nuclear localization peptide sequence and
so on. Peptides are extensively used in biomedical applications
such as drug delivery, gene delivery, biomarker imaging, and
tissue engineering.*>™” Specifically, these peptides can not only
self-assemble into nanoparticles but also modify the surface of
nanoparticles. These modifications endow the nanoparticles
with tumor tissue or subcellular organelle specific location
ability, providing a promising method to overcome the limitations
of current PDT.*® Here, we have attempted to provide an overview
of the present status and prospects of peptide-based nanoparticles
for PDT by taking specific illustrations from recently published
articles. The examples given in this review do not mean that other
pioneering contributions made by a large number of researchers
have been neglected. We will highlight how the modification
of functional peptides achieves the tumor specific PDT and
maximizes the PDT efficacy (Fig. 1). We hope to inspire new
ideas in this promising and burgeoning field.

2. Tumor extracellular
microenvironment-triggered targeted
photodynamic therapy

As mentioned above, photosensitizers cannot accumulate in the
tumor efficiently, which increases the dosage during treatment. The
most widely used strategy in transporting photosensitizer to
the tumor is to utilize the leaky vessels in the tumor to realize
the passive targeting of nanoparticles. It is believed that the
highly heterogeneous tumor tissue is perfused by abnormal
and leaky microvasculature. In tumor blood vessels, the rapid
and defective angiogenesis results in great gaps between
endothelial cells, facilitating selective extravasation of nano-
particles into the tumor. At the same time, the lymphatic
drainage in tumor tissue is also impaired, which further
allows nanoparticles to release drugs in the tumor region. This
phenomenon is also called the “enhanced permeability and
retention” (EPR) effect.”>*® Although the passive targeting
approach has achieved great success, it still suffers from many
inherent limitations: (1) tumor tissue is highly heterogeneous.
Consequently, the permeability of vessels may vary even in a
single tumor mass. (2) The passive targeting approach requires
the nanoparticles to have a long blood circulation time, making
the preparation of nanoparticles difficult. (3) The tumor has a
high interstitial pressure, limiting the diffusion of nanoparticles
from the intravascular region to tumors.>

The most promising way to address these challenges is to
construct tumor microenvironment activatable nanoparticles
to realize prolonged retention in the tumor, active binding on
the tumor cell’s surface and enhanced internalization by tumor
cells. Over the past few decades, it has become recognized that
both cumulative gene mutations and a significantly changed tumor
microenvironment result in tumor growth and progression.>?
The tumor microenvironment differs from the normal tissue
environment, which is more complex. Acidosis, some overexpressed
receptors, hypoxia, high levels of bioreductive molecules and the
specific expression of some proteases are the main biological
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Fig. 1 Schematic illustration showing peptide self-assembly and peptide modified nanoparticles for tumor microenvironment responsive photodynamic
therapy and subcellular organelle (including endo/lysosome, mitochondria and nucleus) targeted photodynamic therapy and imaging.

characteristics in tumor tissue.>*”>> These discrepancies between
tumor and normal tissues in the microenvironment, integrated
with the bioactivity of peptides, provide great potential in tumor
targeted PDT. In the following section, we focus on some
examples and the underlying design principles for utilizing
receptors, enzymes, and acidity as the major targets for tumor
targeted PDT.

2.1. Receptor mediated enhanced PDT

Many receptors such as folate receptor, transferrin receptor and
sialic acid receptor are overexpressed on the membrane of tumor
cells,*®*® when compared with normal tissues. Meanwhile, these
receptors will accelerate the cellular internalization of nano-
particles in tumor cells via a ligand/receptor induced endocytic
pathway. Clearly, the overexpressed receptors are specific and
potential binding targets of interest in tumor-targeted PDT.
Among these receptors, integrin o,3; has obtained great attention
during the last few years. Integrin a,3; is strongly up-regulated in
many solid tumor cells and endothelial cells of new vasculature
in tumor tissues.>® The RGD (arginine-glycine-aspartic acid)
peptide is the most commonly used and effective short peptide
that can specifically bind to integrin receptors on tumor cells.*’
Therefore, the peptide containing the RGD sequence has been an
ideal targeting ligand for modification on the surface of nano-
particles. For instance, Li et al. developed a cyclic RGD (cRGD)
modified red emissive aggregation induced emission (AIE)
photosensitizer-based dot for image-guided PDT via a simple
and straightforward one step strategy.®’ cRGD could bind to
receptors more strongly than that of linear RGD. The specific
interaction between integrin o, 8; and cRGD on AIE dots triggered
the ligand-receptor-mediated endocytosis, facilitating cellular
internalization of the dots into the targeted tumor cells. Upon
light illumination at the appropriate time point, the AIE dots in
the tumor site emit red fluorescence and the generated ROS
induced tumor cell death.

Interestingly, recent studies demonstrated that RGD-based
peptide can not only act as a tumor-homing peptide, it can also
serve as a tumor-penetrating peptide to increase vascular and
tissue permeability using a mechanism dependent on «,, integrin
and neuropilin-1.°>%* Oupicky et al. constructed iRGD-modified
hybrid PLGA/lipid nanoparticles for co-delivery of the photo-
sensitizer indocyanine green and the hypoxia-activated prodrug
tirapazamine for an improved antitumor therapeutic effect in
metastatic breast cancer.®* Both the results of 3D tumor spheroids
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in vitro and orthotopic breast tumors in vivo revealed that the iRGD
modified nanoparticles loaded with ICG and tirapazamine showed
significantly improved penetration in the tumor, leading to
improved PDT.

2.2. Enzyme responsive PDT

Matrix metalloproteinases (MMPs) are the most widely used
enzymes that are overexpressed in tumor tissue. They are important
in the remodelling of normal tissue and play critical roles in
556 The presence of extracellular and membrane-bound
MMPs in tumors can aid the degradation of the extracellular matrix
by neoplastic cells, whilst they facilitate tumor motility and direct
cell invasion.®”*® Currently, MMPs have long been of interest as
pharmaceutical targets, and various MMP responsive peptides
including Pro-Leu-Gly-Val-Arg (PLGVR) and Pro-Leu-Arg-Leu-Ala
(PLRLA) have been used to develop tumor targeted PDT systems.*””°
Zhang et al. developed a photosensitizer-peptide conjugate
containing a metalloproteinase-2 (MMP-2)-sensitive sequence
for targeted PDT.”" This peptide PpIX-RyGPLGLAGEg was composed
of protoporphyrin IX (PpIX) as the photosensitizer, cationic Ry as the
cell-penetrating peptide (CPP) and negatively charged Eg as the
masking peptide, using the MMP-2-sensitive Gly-Pro-Leu-Gly-Leu-
Ala-Gly (GPLGLAG) peptide sequence as the linker. In normal
tissue, the cationic CPP Ry was shielded by the negatively charged
Eg peptide via electrostatic attraction. While in tumor tissue, the
overexpressed MMP-2 protein cleaved the GPLGLAG sequence
between Gly and Leu, leading to the detachment of the masking
peptide and the subsequent recovery of the function of CPP. This
exposed CPP could accelerate the internalization of the peptide in
tumor cells, realizing enhanced PDT. In a similar way, Wu et al.
took advantage of zwitterionic stealth peptide EKEKEKEKEKE-
KEKEKEKEK to shield CPP, using Pro-Leu-Gly-Leu-Ala-Gly
(PLGLAG) as the MMP-2 substrate.”> The zwitterionic stealth
peptide endowed aminolevulinic acid (ALA) prodrug nanocarriers
with a strong antifouling ability. Meanwhile, the shielded
cationic CPP can be activated by MMP-2 in the tumor, resulting
in an enhanced cellular uptake of ALA and PDT efficacy.
Although the above studies utilize MMP-triggered CPP exposure
to realize tumor targeted PDT, they cannot provide information
about the irradiation region and time during PDT. Choosing the
appropriate and precise therapeutic window is still challenging.”®
Recently, a new concept of “stimuli-triggered imaging-guided”
therapy has been proposed to realize visible and precise photo-
therapy. Wilson’s group designed a photodynamic molecular
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beacon, in which the photosensitizer was quenched by the
black hole quencher BHQ-3 using GPLGLARK as a linker.
The quenched fluorescence of the photosensitizer would be
restored in the tumor region due to the existence of MMP-7
enzymes, which depicted the tumor outline and killed tumor
cells.”* Zhang et al. used gold nanoparticles to quench the
fluorescence of PpIX via fluorescence resonance energy transfer
(FRET).”® The overexpressed MMP-2 in the tumor cleaved the
PLGVR linker between gold nanoparticles and PpIX, leading to the
recovery of fluorescence of PpIX as well as imaging-guided PDT.
Currently, this imaging-guided therapeutic strategy can
provide information on where to provide the light irradiation.
However, it is largely dependent on the fluorescence recovery of
the photosensitizer in the presence of MMPs. It is worth noting
that the intensity of the fluorescence imaging signal could also
be affected by the local content of biosensors in the tumor
region. As a result, the background fluorescence is inevitably
always mistaken for weak fluorescence. This false positive
fluorescence will cause undesired side effects.”>”” To overcome
these limits, Zhang et al. developed a ratiometric fluorescence
biosensor TPPP for MMP-2 responsive AlE-guided PDT.”® As
shown in Fig. 2, the biosensor TPPP consisted of an AIE
molecule tetraphenylethylene (TPE) and PpIX using the PEGy-
lated PLGVR peptide sequence as a linker. The fluorescence
of TPE was negligible when the biosensor was self-assembled
into nanoparticles. The overexpressed MMP-2 in the tumor
region could hydrolyze the PLGVR sequence, resulting in
the detachment of TPE and the PEGylated photosensitizer.
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Then the liberated TPE molecule could emit blue fluorescence,
which guided the PDT. Specifically, the therapeutic PpIX also
acted as the fluorescence internal reference. Fig. 2F shows that
the ratiometric fluorescence ratio between TPE and PpIX could
precisely evaluate the MMP-2 expression level at as low as
0.29 mg L, regardless of the concentration of the biosensor
in the tumor, which avoided the false positive fluorescence.

In tumor tissue, there are various stromal cells that secrete
factors, acting like the soil and fertilizers of tumor cells. Different
from the stromal cells in normal tissues, stromal cells in tumor
tissue can affect some features of tumor cells and the tumor
progression.”” Among various stromal cells, tumor-associated
fibroblasts originate from many types of normal cells in response
to complex interactions with tumor cells. They can specifically
secrete certain proteins including fibroblast-activation protein
(FAP) and fibroblast specific protein.®® These bioactive enzymes
have been proven to mediate tumor fibrosis, angiogenesis and
metastasis and become important biomarkers in tumor tissue.®!
Taking advantage of the overexpression of FAP, Zheng et al
developed a FAP responsive photodynamic molecular beacon
(FAP-PPB), which comprised a fluorescent photosensitizer,
BHQ-3, and a peptide linker (TSGPNQEQK) specific to FAP.** In
tumor tissue, FAP could specifically cleave FAP-PPB. Then
the fluorescence of the photosensitizer was restored in the
FAP-expressing cells while leaving non-expressing FAP cells
undetectable. Moreover, FAP-PPB exhibited FAP-specific photo-
cytotoxicity toward HEK-mFAP cells whereas it was non-cytotoxic
to HEK-Vector cells.
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Fig. 2 (A) Self-assembly of peptide, (B) intravenous injection of TPPP into mice via vein injection and then (C) TPPP accumulated in the tumor region via

enhanced permeability and retention, (D) hydrolysis of TPPP and the fluorescence recovery of TPE, and (E) AIE-guided photodynamic antitumor therapy.
(F) Fluorescence intensity ratios of TPE and PplX when the peptide (80 mg L% was incubated with various concentrations of MMP-2 for 8 h.
(G) Fluorescence intensity ratios of TPE and PplX when TPPP at different concentrations was incubated with 0.29 mg L™ of MMP-2 for 8 h. (H) Fluorescence
recovery of TPE when 40 mg L™ of peptide was incubated with COS7 cells, Hela cells, HT1080 cells, and SCC-7 cells, SCC-7 cells with MMP-2 inhibitor or
decreasing the concentration of peptide to 20 mg L™ in SCC-7 cells. Reproduced with permission.”® Copyright 2016, American Chemical Society.
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2.3. Acidity responsive PDT

Another characteristic feature of the extracellular matrix in
most tumors is the mild acidity (ranging from 6.5 to 7.2), when
compared with normal tissues.®*"®> The decreased pH is due to
the elevated glycolysis and plasma membrane proton-pump
activity of tumor cells. Consequently, more lactic acid molecules
accumulate in tumor cells and then leach out to the extra-
cellular matrix. Meanwhile, most tumors have insufficient blood
supply and poor lymphatic drainage, which further contribute to
the acidity in the tumor.® Although this acidic microenvironment
provides a growth advantage for tumor cells in vivo, tumor acidity
has also been widely used to construct tumor acidity responsive
nanoparticles for tumor targeted therapy.®” %

One of the typically used strategies is the charge reversal
system developed by Wang and co-workers.’®°" Generally, the
polylysine-based amphiphilic polymer was prepared and the amino
group was modified with acidity-sensitive 2,3-dimethylmaleic
anhydride (DMA), generating an amide bond conjoined with a
carboxylic acid group. The negatively charged polymer can self-
assemble into micelles and exhibits relative stability at a neutral
PH value, but rapidly degrades under a slightly acidic environ-
ment on exposure to positively charged amino groups. In other
words, the polymer can become positively charged in the tumor
region and readily internalized by tumor cells, leading to
enhanced gene transfection or drug delivery. Inspired by this
tumor-acidity-triggered charge-reversal strategy, Gao et al. used
DMA to modify lysine residues’ amines in CPP to inactivate the
cell penetration function.’> Once accumulated in tumor tissues,
the tumor extracellular acidity detached DMA groups and
activated the masked CPP peptide, leading to fluorescence/MR
dual-mode imaging-guided PDT.

Recently, studies have demonstrated that not only can the
surface charge change affect the cellular internalization of

A o
e %Mé‘” *

H P Acidity
stimulus -
N Ng - )
A ‘ [} ’
unn N /' Nﬁ%é‘wﬂ%”

"\ ~om
4
()o@ @ioeieoele)

' EPR ’

(o)) (=) -) (-D (=) (-) (=)

Blood vessel

View Article Online

Review

9394 1t is well

nanoparticles, but also the shape of nanoparticles.
known that there are rich hydrogen bonds among peptides,
which can drive the formation of various self-assemblies with
different shapes. Taking advantage of these properties, Han
et al. synthesized a chimeric peptide (PEAK-DMA) for tumor
acidity-triggered shape switching for tumor enhanced PDT.’®
PEAK-DMA used an alkylated PpIX for PDT and the DMA modified
AEAEAKAKAEAEAKAK peptide sequence for self-assembly. The
AEAEAKAKAEAEAKAK peptide sequence has two surfaces in
neutral solution, ie., a polar surface that has alternatively
charged ionic side chains (Glu and Lys) and a nonpolar surface
that has alanines (Ala).”® As shown in Fig. 3, PEAK-DMA could
self-assemble into spherical nanoparticles at the normal tissue
due to the introduction of acidity sensitive DMA groups, which
prevented the electrostatic and hydrogen bond interactions
between AEAEAKAKAEAEAKAK. However, the tumor extra-
cellular acidity triggered the detachment of DMA groups. The
ionic complementarity between Lys and Glu was recovered,
which together with hydrogen bonding, hydrophobicity, and
van der Waals interactions, could drive the formation of short
rod-like nanoparticles. This acidity triggered sphere-to-rod shape
switch improved the specific internalization and retention of the
peptide in the tumor, achieving enhanced PDT efficacy both
in vitro and in vivo.

It is known that the cell membrane is the most important
protective barrier in living cells, which provides a stable
environment for the efficient intracellular cell metabolism
processes. Direct destruction of the tumor cell membrane
significantly elevated the PDT efficacy. Liu et al. designed a
charge reversible chimeric peptide (C;¢-K(PpIX)RRK(DMA)K(DMA)-
PEG) with cell membrane-targeting property for enhanced PDT.'"’
The modification of DMA groups prolonged the in vivo circulation
of the peptide. While in the tumor region, tumor acidity could

Fig. 3 (A) Schematic illustration of acidity-triggered geometrical shape switch for enhanced PDT: intravenous injection of PEAK-DMA, and tumor
acidity-triggered sphere-to-rod shape switch. This shape switch enhanced the cellular internalization and enhanced PDT efficacy in vivo. TEM images
of PEAK-DMA at (B) pH 7.4 and (C) pH 6.8. (D) In vivo fluorescence images of H22 tumor-bearing mice at preset times after intravenous injection of
PEAK-DMA and PEAK-SA. Reproduced with permission.’®> Copyright 2017, American Chemical Society.
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hydrolyze DMA. Subsequently, the synergetic effect of the exposed
positively charged RRKK peptide and lipophilic palmitic acid
realized long-time drug retention of the peptide on the tumor cell
membrane, achieving in situ PDT on the cell membrane.

Except for the introduction of pH sensitive DMA groups into
the peptide, the acidic environment can also directly lead to the
partial protonation of negatively charged residues including
Asp or Glu, which may trigger peptide folding and change
the peptide conformation including the o-helix, B-sheet and
so on.'%®

For example, pH (low) insertion peptides (pHLIP) are randomly
coiled in the physiological environment, while tumor acidity can
trigger pHLIP to form a transmembrane o-helix structure. This
a-helix structure has been proven to anchor and penetrate into
the cell membrane. Taking advantage of this property, Luo et al.
developed a pH-driven membrane-anchoring photosensitizer
(PHMAPS)."*® This o-helix structure of pHLIP in the acidic
tumor could assist pHMAPS to anchor on the cancer cell
membrane. Then PDT could damage the plasma membrane
in situ, leading to improved PDT. Similarly, pHLIP could be also
modified on hollow gold nanospheres,''® which could enhance
the intracellular delivery of the photosensitizer by the trans-
membrane ability of pHLIP at mild acidity, leading to tumor
specific internalization.

Our group observed that this partial protonation of negatively
charged residues of Asp or Glu under tumor acidity can also
improve the hydrophobicity of the peptide."*" As shown in Fig. 4,
the enhanced hydrophobicity could mediate the morphology
switch of peptide PpIX-PEGg-RDEVDGK(TPE)V (denoted as PPDT)
from sphere to rod, resulting in selective cellular internalization
and enhanced PDT against the tumor. Moreover, PDT further
initiated cell apoptosis. The subsequent formation of caspase-3
enzyme cleaved the DEVDG peptide, realizing high signal/noise
ratio apoptosis imaging.

3. Tumor subcellular organelle
targeted photodynamic therapy

After the cellular internalization of photosensitizer in the
tumor, another great challenge for PDT is the intracellular
localization of the photosensitizer. It is well documented that
ROS is highly reactive. Both the diffusion distance and half-
span of ROS are very short, so the ROS damage to bio-
substances is just restricted to the immediate vicinity of ROS
generation. However, the generation of ROS for most photo-
sensitizers is in the cytoplasm, which greatly decreases PDT
efficacy. It is recognized that cell fate is significantly affected by
the intracellular organelles. Therefore, the precise subcellular
localization of the photosensitizer will improve PDT efficacy.
To date, various peptides capable of localizing on specific
subcellular organelles have already been demonstrated, and
some examples are shown in Table 1. In this section, we focus
on some examples and the underlying design principles using
the endo/lysosome, mitochondria and nucleus as the major
destinations for enhanced PDT.
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Fig. 4 (A) The chemical structure of PPDT and (B) pH responsive self-
assembly. (C) I.V. injection of PPDT and in the acidic tumor region, the size
enlargement, morphology switching and increased {-potential of PPDT
mediated prolonged tumor retention and (D) enhanced cellular uptake.
(E) PDT could induce cell apoptosis and (F) the generated caspase-3 enzyme
cleaved the DEVDG peptide sequence, leading to AIE imaging. Reproduced
with permission.*! Copyright 2016, American Chemical Society.

3.1. PDT in endosomes

Many nanoparticles are expected to enter endosomes after
cellular internalization. Endosomes are recognized to be acidic
(pH ~ 5) and rich in various enzymes, which are hostile to
bioactive substances, especially DNA, RNA or proteins. Currently,
the “proton sponge” effect has been widely used to overcome the
endosomal trap.">"'® However, the “proton sponge” effect alone
is insufficient for rapid endosomal disruption."** Recently, it has
been reported that the generated ROS can disrupt the endosomal
membranes via the oxidization of lipid, thereby leading to
enhanced cytoplasmic delivery of bioactive substances. This
phenomenon is also termed the photochemical internalization
(PCI) effect.'™ The PCI effect has been successfully applied for
the delivery of both low molecular weight anticancer agents (such
as camptothecin)'*® and high molecular weight biosubstances
(such as proteins and nucleic acids)'"”'° under various therapies.

Although the PCI effect can enhance the endosome escape
and in vitro transfection of DNA or RNA, the generated ROS
during PCI may also damage these genetic materials. To avoid
this damage, quick endosomal escape and short-time light
irradiation are required to ensure the transfection efficacy.
Recently, Zhang et al. designed a chimeric peptide (Fmoc-ADDA-
HgRg-PLGVR-PEG;g) to simultaneously transport PpIX and ther-
apeutic DNA to tumor cells."*® As shown in Fig. 5, the chimeric
peptide can be selectively taken up by MMP-2 rich tumor cells
owing to the hydrolysis of PLGVR peptide sequence, exfoliation
of PEG as well as the increase of the surface charges of

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7tb02804k

Published on 16 November 2017. Downloaded on 21/12/2017 11:39:25.

View Article Online

Journal of Materials Chemistry B Review
Table 1 Peptides that can target subcellular organelles
Targeted organelles Peptide sequence Peptide origin Ref.
Endosome HHHHHHHH LAH4 97
KKALLALALHHLAHLALHLALALKKA Melittin 98
GIGAVLKVLTTGLPALISWIKRKRQQ 99
Lysosome YQRLC Lysosomal targeting peptide 100
AGYLLGKINLALAALAKKIL Transportan 10 101
Mitochondrion (KLAKLAK), Proapoptotic peptide 102
(RLARLAR), Proapoptotic peptide 103
MALLRGVFIVAAKRTPFGAYGC Mitochondrial 3-oxoacyl-coenzyme-A 104
Nucleus PKKKKRKV HIV-1 TAT protein NLS 105
GLFEAIEGFIENGWEGMIDGWYGC Influenza derived fusogenic peptide 106
K . nanoparticles. Importantly, both the PCI effect of PpIX and the
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Fig. 5 (A) Schematic diagram of the chimeric peptide/PpIX/p53 system.
The chimeric peptide can encapsulate PpIX and DNA and undergo PEG
detachment under the MMP-2 enzyme. After entering the endosome,
the "proton sponge” effect of the H8 sequence and the PCI effect
under short-time light irradiation facilitate endosomal escape, leading to
optimized gene/photodynamic therapies. Endosome escape behaviors
were observed by CLSM: (B1-B4) control peptide/pGL-3 complexes;
(C1-C4) chimeric peptide/pGL-3 complexes. (D1-D4, E1-E4, F1-F4)
chimeric peptide/PpIX/pGL-3 complexes with 0, 8, and 15 min light
irradiation, respectively. Red signal: PplX. Blue signal: LysoTracker blue;
green signal: YOYO-1 labelled chimeric peptide/pGL-3 complexes. Scale
bare: 15 um. Reproduced with permission.*?° Copyright 2015, Wiley.
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the endosomal escape of chimeric peptide/PpIX/DNA complexes,
leading to improved DNA expression. Meanwhile, the short-time
light irradiation led to undetectable changes in cell viability
owing to the screened phototoxicity of PpIX, which ensured
highly efficient gene transfection. After the gene transfection,
the screened phototoxicity of PpIX was subsequently activated by
long-time irradiation to achieve high synergistic efficacy of PDT
and gene therapy.

3.2. PDT in lysosomes

Generally, the endosome will gradually get more acidic with the
aid of ATPase, and nanoparticles that cannot escape from
the endosome are expected to enter the lysosomes.'*"'?>
Lysosomes are single membrane-bound vesicles that have various
digestive enzymes. As one of the vital organelles, lysosomes
participate in many crucial biological activities including apoptosis
and even metabolism."** Specifically, some enzymes including
cathepsin B are overexpressed in lysosomes of the tumor.
Integrating photosensitizer and cathepsin B responsive peptide
substrate, many theranostic agents have been developed for
PDT."**'*® Tian et al. adopted the graphene oxide (GO) sheet to
inhibit both fluorescence and 'O, generation of close proximity-
Ce6-GRRGKGGFFFF (Fig. 6)."° After the biosensor was specifically
internalized into the lysosome of cancer cells, the GRRGKGGFFFF
peptide sequence could be cleaved by cathepsin B. Subsequently,
Ce6 was liberated from the GO sheet, inducing the efficient
formation of 'O, to damage the lysosome as well as lysosomal
cell death. The lighted Ce6 upon lysosomal destruction provided
real-time self-feedback information on therapeutic efficacy. Choi
et al. designed a smart dual-targeted theranostic agent in which
the photosensitizers were within close proximity to folic acid using
RRK peptide as a linker."”” Both near-infrared fluorescence
emission and ROS generation of the photosensitizers are
quenched by folic acid. When the conjugates specifically bind
to the folic acid receptor (first target) and then enter the
lysosome, the RRK (Agr-Arg-Lys) peptide linker in the conjugate
was cleaved by a cancer-selective cathepsin B enzyme (second
target), resulting in the release of the photosensitizers from folic
acid. Consequently, the fluorescence and ROS of the photo-
sensitizer was completely recovered inside the target cancer cells.
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Currently, most photosensitizers are hydrophobic and tend to
aggregate in aqueous media due to their rigid planar structures.
This aggregation will lead to fluorescence quenching and
reduced therapeutic efficacy.’**"° A gratifying result is that
scientists have discovered a cathepsin B responsive, AIE fluorogen
based photosensitizer for PDT. Liu et al. fabricated dicyanovinyl-
containing AIE fluorogens, which could react with biological thiol
molecules and could generate ROS upon irradiation with light."*°
These water soluble AIE fluorogens were non-fluorescent and
could not generate ROS with light irradiation. After cRGD
selectively recognized tumor cells and cathepsin B specifically
cleaved the GFLG (Gly-Phe-Leu-Gly) peptide sequence, the enhanced
hydrophobicity led to the aggregation of AIE fluorogens and
activated PDT. These activatable photosensitizers did not
contain any quencher or energy acceptor, yet they exhibited a
high signal-to-noise ratio fluorescence and ROS formation.

3.3. PDT in mitochondria

Mitochondria are the energy centers of cells, which are widely
spread in the cytoplasm. Recently, mitochondria-targeted DDSs
have rapidly obtained considerable attention and numerous
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reports have implicated mitochondria as important targets for
PDT,"*"** partly because of the fact that drugs can be trans-
ported to mitochondria without conquering additional hurdles
including the karyotheca; this can significantly simplify the
preparation of DDSs. On the other hand, mitochondria play a
decisive role in the intrinsic pathway of apoptosis;"**>**® mito-
chondria located photosensitizers have been demonstrated to
be more efficient in killing cells than those that localize at other
cellular sites.

Mitochondria specific localization of drugs is usually driven
by the electrochemical potential gradient across the inner
mitochondrial membrane."*”'*®* The most used ligands for
mitochondrial location are cationic triphenylphosphine and
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Fig. 7 (A) Schematic diagram of the mitochondria-targeted self-delivering
process: PPK could passively target tumor cells via EPR effect and then the PCI
effect under a short-time light irradiation accelerated cellular internalization.
The peptide could realize in situ PDT in mitochondria under long-time light
irradiation with the guidance of (KLAKLAK),. (B—E) CLSM images and the flow
cytometric analysis of mitochondrial membrane potential for Hela cells when
the cells were incubated with PPK and then performed with different time
irradiations: (B1-B5) O min light irradiation; (C1-C5) 6 min light irradiation;
(D1-D5) 12 min light irradiation; (E1-E5) 18 min light irradiation. The triangle
separated populations with high (inside the triangle) and low membrane
potential (outside the triangle). The horizontal axis is green fluorescence (dead
cell) while the vertical axis is red fluorescence (normal cell). Reproduced with
permission.*® Copyright 2015, Wiley.
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a-helical pro-apoptosis (KLAKLAK),. It was reported that (KLAKLAK),
could target and disrupt mitochondrial membranes and mediate the
initiation of the apoptosis process, acting as a bio-drug. Recently,
Zhang et al. fabricated a self-delivery system PpIX-PEG-(KLAKLAK),
(denoted as PPK), achieving mitochondria-targeted photo-
dynamic tumor therapy.'*® As shown in Fig. 7A, both PpIX and
(KLAKLAK), peptide are therapeutic indexes, resulting in high
drug loading efficacy. The PCI effect of PpIX with short-time light
irradiation disrupted the stability of the cell membrane and
improved the cellular internalization of PPK. Moreover, PPK
could target mitochondria with the aid of the (KLAKLAK),
peptide. Importantly, the in situ generation of ROS in mito-
chondria dramatically decreased the mitochondrial membrane
potential and destroyed the intercellular energy center (Fig. 7B-E).
As a result, significant cell death was observed during PDT.

As the energy center of cells, mitochondria also manipulate
the generation of various biosubstances such as intracellular
adenosine 5'-triphophate (ATP) and caspase-3 enzyme."*° Inspired
by the fact that active drug efflux mediated by the efflux
transporter is mainly ATP-dependent, our group developed an
amphiphilic mitochondria-targeted peptide-based DDS to over-
come drug resistance."*' As shown in Fig. 8, this amphiphilic
peptide could encapsulate doxorubicin (DOX) with high efficacy.
It can also achieve in situ PDT in mitochondria due to the
introduction of (KLAKLAKK),. The generated ROS significantly
disrupted the mitochondria during PDT, which remarkably
decreased the content of intracellular ATP. As a result, the DOX
efflux was remarkably inhibited, realizing combined chemo-/
photodynamic therapies and suppressing drug resistance. The
relationship between the ATP amount and the drug efflux was

As
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also studied (Fig. 8C). Interestingly, the amount of intracellular
ATP exhibited a linear relationship with the efflux amount of
DOX, suggesting ATP content could determine the drug efflux.

3.4. PDT in nuclei

The nucleus is believed to be the most hypersensitive intra-
cellular organelle, since the genetic DNA and transcription
machinery reside at the nucleus.'*> The nucleus possesses the
double lipid bilayer of the nuclear envelope, which can separate
the nucleus from the cytosol. This pair of peripheral membranes
is perforated by nuclear pore complexes. The cell nucleus can
maintain the integrity of genes by regulating its genetic expression.
The final destination of many anticancer drugs is the DNA inside
the nucleus. However, the domains of unstructured phenylalanine-
glycine repeats exist in the inner nuclear pore complex channel,
forming a steric permeability barrier to larger macromolecules.
The central channel of the nuclear pore complexes has been
reported as being 39 nm in diameter. Thus, nanoparticles larger
than 39 nm or molecules larger than approximately 40 kDa require
active transport.' >4

To date, many peptide sequences have been screened to
transport biosubstances into the nucleus."*>'*® For example,
VQRKRQKLMP is derived from the transcription factor NF-kB,
which functions to internalize NF-kB into the nucleus. Black-
more et al. confirmed that VQRKRQKLMP could direct two
Ru(u) polypyridyl complexes to the nucleus and showed the first
evidence of targeted delivery and localization of a ruthenium
complex using a transcription factor sequence.'*’

The most widely used nuclear localization peptide sequence
(NLS) is PKKKRKV undoubtedly."*®'*® Our group constructed a
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Fig. 8 (A) Chemical structure of mitochondria-targeted peptide and schematic illustration of mitochondria-disruption mediated reversal of drug
resistance in tumor cells. The peptide can encapsulate DOX and (KLAKLAK),-mediated mitochondria-targeted accumulation. Then in situ PDT in
mitochondria decreased intracellular ATP generation and inhibited DOX efflux. (B) Relative intracellular ATP level after different treatments and (C) the
relationship with efflux amount of DOX. Reproduced with permission.*** Copyright 2016, American Chemical Society.
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(A) Schematic illustration of tumor and intranuclear delivery of photosensitizer for enhanced PDT: self-assembly of PAPP-DMA was intravenously

injected into the vessel. EPR effect mediated the tumor accumulation of PAPP-DMA and then the tumor acidic environment triggered charge reversal,
accelerated cellular uptake and the NLS peptide guided in situ PDT in nuclei. (B) In vivo biodistribution images of PAPP-DMA nanoparticles in H22 tumor-
bearing mice at preset times after intravenous injection. The red arrow points to tumor tissue. (C) Cytotoxicity in vitro of PAPP-DMA nanoparticles at
different pHs (6.8 and 7.4) and scrambled PAPP-DMA at pH 6.8 with 2 min light irradiation. (D) Post-sacrifice tumor images at the 11th day after in vivo
injection of various samples. Reproduced with permission.*>® Copyright 2016, Wiley.

chimeric peptide PpIX-Ahx-(PEGg),-PKKKRKV (denoted as
PAPP-DMA) for acidity-triggered tumor/nucleus dual-targeted
PDT."° As shown in Fig. 9, the DMA group could both avoid the
nonspecific adsorption of peptide in vivo and disguise the NLS
sequence. The mildly acidic environment of the tumor triggers
the detachment of the DMA group and then the surface charge
of the peptide self-assembly dramatically increased, which
enhanced the uptake of the chimeric peptide in the tumor.
More importantly, the NLS sequence acted both as the cellular
internalization accelerator and the nuclear translocation guider. It
guided the nuclear transport of the peptide, leading to in situ PDT
in the nucleus, which dramatically simplified the preparation.
Except for the typical NLS sequence, more and more studies
have demonstrated that the transcriptional activator (TAT)
peptide sequence can also guide the nanoparticles to enter the
nucleus. Tang et al. designed a nuclear targeted dual-photosensitizer
for PDT against multidrug resistant cancer.'”" Ce6 was modified
on the surface of a core/shell structure of nano-photosensitizer
upconversion@TiO,. Meanwhile, the TAT peptide was anchored
for nuclear targeting. The introduction of rare earth elements
including Er and Tm triggered the generation of multiple ROS
(*OH and '0,) for the dual-photosensitizer. The nano-sized
photosensitizer accompanied with nuclear targeting could generate
multiple ROS in the nucleus in situ regardless of P-glycoprotein,
achieving enhanced PDT against multidrug resistant cancer.
Although the TAT peptide could facilitate the active nuclear
entry of nanoparticles, the size of nanoparticles was a critical
factor in the translocation. Shi et al. synthesized monodispersed
MSNs-TAT with various particle sizes and demonstrated that
only MSNs-TAT with a diameter of 50 nm or smaller can
efficiently target the nucleus.’®® Shi et al also observed ROS
generation upon irradiation right inside the nuclei for destroying
DNA instantaneously.'>® The in vivo result further revealed that
the nuclear-targeted delivery could decrease the photosensitizer

34 | J. Mater. Chem. B, 2018, 6, 25-38

dose to a rather low value (2 mg kg per body weight) as well as
the irradiation dose to an extremely low value (6 ] cm2).

4. Conclusions and future perspectives

During the last few decades, great progress has been made in
developing functional nanoparticles for tumor-targeted PDT.
These nanoparticles showed improved performance in addressing
the existing challenges of PDT including enhanced tumor
accumulation, facilitated cellular internalization and maximized
PDT efficacy. In this review, we highlight several examples of
peptide-based nanoparticles for PDT. With the aid of a bioactive
peptide, these peptide-based nanoparticles can target the tumor
extracellular microenvironments or localize in the intracellular
organelles. The target of tumor extracellular microenvironments
can facilitate cell internalization in the tumor site, while the
subcellular organelle localization dramatically improved the
therapeutic efficacy. These peptide-based nanoparticles show
great potential in minimizing drug dose and side effects.
Despite many encouraging outcomes, it should be noted
that there still exist many challenges that restrict the extensive
clinical application of PDT. First, the penetration of light, even
near infrared light, is limited, making PDT treatment in deep
tumor difficult. Second, many peptide-based, tumor-targeted
PDT systems can achieve success in vitro and in vivo using the
mouse as the animal model. However, in vivo studies using the
mouse as the model are greatly simpler than the realistic
situation. Clinical trials are still rare but desirable. Meanwhile,
the inherent biodegradability of the peptide may also compromise
the bioactivity in vivo. And the efficacy of the peptide is sometimes
not so efficient, especially compared with antibodies or enzymes.
Third, after clinical PDT, patients are always required to stay in the
dark for as long as one month in order to avoid potential
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phototoxicity. This process also restricts the further application of
PDT. The screening of a more efficient tumor penetration or target
peptide can decrease photosensitizer dosage and overcome this
problem to some extent. On the other hand, developing tumor
microenvironment responsive, peptide-based photodynamic
systems that can completely quench the ROS generation should
also have great potential to solve this problem. Finally, the long-
term safety should be systemically investigated. In any case,
this review clearly illustrates the potential and strength of
peptide-based biomaterials and the development of functional
peptide-based nanoparticles can provide new opportunities for
more efficient tumor targeted PDT.
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