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Abstract: Peptide-tuned self-assembly of functional compo-
nents offers a strategy towards improved properties and unique
functions of materials, but the requirement of many different
functions and a lack of understanding of complex structures
present a high barrier for applications. Herein, we report
a photosensitive drug delivery system for photodynamic
therapy (PDT) by a simple dipeptide- or amphiphilic amino-
acid-tuned self-assembly of photosensitizers (PSs). The assem-
bled nanodrugs exhibit multiple favorable therapeutic features,
including tunable size, high loading efficiency, and on-demand
drug release responding to pH, surfactant, and enzyme stimuli,
as well as preferable cellular uptake and biodistribution. These
features result in greatly enhanced PDT efficacy in vitro and
in vivo, leading to almost complete tumor eradication in mice
receiving a single drug dose and a single exposure to light.

Photodynamic therapy (PDT) is a noninvasive treatment of
various cancers, and has already been approved for some
clinical use.[1] However, photosensitizers (PSs) that are of key
importance in PDT have severe limitations, including poor
water solubility, poor selectivity towards tumors and low
bioavailability.[2] To address these problems, various nano-
scale PSs delivery platforms have been developed to improve
the bioavailability and tumor targeting, mainly through the
enhanced permeation and retention (EPR) effect.[3] However,
most of these widely used carriers have relatively complex
components (such as synthetic amphiphilic polymers) and
largely depend on time-consuming and expensive organic
syntheses.[4] Organic solvents and toxic reagents used in
chemical synthesis may be incorporated into PSs and lower
their biocompatibility.[5] Moreover, nanodelivery systems
assembled from amphiphilic polymers inevitably encounter
the inherent drawback of relatively low drug loading effi-
ciency (� 10%, w/w),[4a,6] owing to single and weak hydro-

phobic interaction between drugs and carriers, which fails to
overcome the forces responsible for further aggregation or
crystallization of drug molecules.[7]

Simple peptides consisting of several amino acids are
attractive alternatives to synthetic polymers because of their
favorable pharmacological advantages, such as excellent
biocompatibility, nonimmunogenicity, high tissue permeabil-
ity, and rapid clearance from the body.[8] They also have
advantages of programmable primary structure, tunable self-
assembly architecture and easy availability.[9] However,
utilizing such simple components for the design of advanced
PSs delivery systems with enhanced PDT efficacy remains
a challenge. Thus, it is of great importance to develop
strategies based on cooperative interactions and self-assem-
bly of simple peptides and photosensitive drugs.

Herein, we design and prepare nanoscale photosensitive
drugs with adjustable functions and responsiveness based on
a simple peptide-tuned self-assembly strategy. Amphipathic
dipeptides and even amino acids can be used to realize the
nanoengineering of PSs based on multiple weak intermolec-
ular interactions, including electrostatic force, p-p stacking,
and hydrophobic interactions (Scheme 1). The PSs them-
selves are considered as one of the building blocks of a drug
delivery system with greatly improved PS loading efficiency.
The PS loading efficiency is also flexibly tuned based on the
stoichiometry between PSs and amphiphilic dipeptides or
amino acids. The assembled nanoscale PSs combines many
beneficial features in a single delivery platform, including
tunable size and composition as well as pH, surfactant, and
enzyme-triggered release. Additionally, the weak intermolec-
ular interactions in the assembly make the strategy versatile
for various PSs to adapt to specific needs, superior to
specialized structures relying on specific binding motifs.

Cationic diphenylalanine (H-Phe-Phe-NH2·HCl, CDP)
derived from diphenylalanine (FF), which is a core recog-
nition motif of the AlzheimerÏs b-amyloid polypeptide,[10] was
used as a model of an amphiphilic dipeptide (Figure S1). 9-
Fluorenylmethoxycarbonyl-l-lysine (Fmoc-l-Lys), with
a broad spectrum of antiinflammatory activity,[11] was used
as a model of an amphiphilic amino acid (Supporting
Information, Figure S1). Chlorin e6 (Ce6) was chosen as
a model hydrophobic photosensitive drug (Figure S1). An
opalescent, cloudy colloidal suspension appeared upon
mixing a solution of Ce6 (0.5 mgmL¢1) and Fmoc-l-Lys
(2.0 mgmL¢1) or CDP (2.0 mg mL¢1; Figure S2). Scanning
electron microscopy (SEM) images of the separated precip-
itate showed the presence of uniform spherical structures with
average diameters of about 100 nm for Fmoc-l-Lys/Ce6
nanoparticles (FCNPs; Figure 1a), and about 200 nm for
CDP/Ce6 nanoparticles (CCNPs; Figure 1c) in the given
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stoichiometries. Transmission electron microscopy (TEM)
images were characteristic of solid nanospheres (Figure 1b
and Figure 1d). Dynamic light scattering (DLS) measure-
ments showed that the hydrodynamic diameter of FCNPs and
CCNPs was about 100 nm and 200 nm (Figure S3), respec-
tively, which are close to those derived from SEM and TEM.

The co-assembly of Ce6 with Fmoc-l-Lys or CDP results
in a considerably broader and red-shifted Soret band (Fig-
ure 2a), as expected for aggregates of different size or
structure.[12] The Fmoc groups of Fmoc-l-Lys and the
aromatic residues in CDP can interact with the pyrrole
groups of Ce6 by hydrophobic and p-p interactions. In
a control test, hydrophilic dilysine (KK) was mixed with Ce6,
while no NPs were formed (Figure S4). This indicates that
hydrophobic and p-p interactions between Fmoc-l-Lys or
CDP and Ce6 contribute to the coassembly. The turbidity of
the suspension of the NPs decreases in an environment of
high ionic strength (Figure 2b), indicating the disassembly of
NPs. This suggests the existence of electrostatic forces in the

coassembly process. The
fluorescence of assem-
bled NPs (such as
FCNPs) was dramati-
cally suppressed com-
pared to monomeric
Ce6 (Figure S5). The rel-
atively short distance
between the Ce6 in the
assembly and a signifi-
cant shift of the Soret
band in the absorption
spectrum of FCNPs sug-
gest that Dexter-type
excitonic migration
between Ce6 seems to
result in fluorescence

quenching.[12,13] Fmoc-l-Lys and CDP possess multiple sites
to interact with Ce6. They work as structural defects to reduce
the packing efficiency of Ce6, which limits the aggregation to
the nanoscale through the synergy of electrostatic, hydro-
phobic, and p-p interactions.

The particle size and drug loading efficiency can be
flexibly tuned by altering the ratio of Ce6 and Fmoc-l-Lys or
CDP. For example, as the initial ratio of Ce6 and Fmoc-l-Lys
is 1:2, the loading efficiency increases even up to 78%
(Table S1), but the particle size is still less than 100 nm
(Figure S6). A general strategy to improve the drug loading
efficiency is based on the covalent linkage of drugs to carrier
materials to form prodrugs.[14] Here, we directly use drugs as

Figure 1. a) SEM and b) TEM image of assembled FCNPs using Fmoc-
l-Lys (2.0 mg mL¢1) and Ce6 (0.5 mgmL¢1) as building blocks. c) SEM
and d) TEM image of assembled CCNPs using CDP (2.0 mgmL¢1) and
Ce6 (0.5 mgmL¢1) as building blocks.

Scheme 1. Fabrication of photosensitive nanoparticles by amphiphilic dipeptide- or amino-acid-tuned self-
assembly.

Figure 2. a) UV/Vis absorption spectra of monomeric Ce6 (pH 11.0),
individual Ce6 aggregates (pH 6.0), assembled FCNPs (pH 6.0) and
CCNPs (pH 6.0). All samples are in water and have the same Ce6
concentration of 0.1 mg mL¢1. b) Turbidity of assembled NPs at differ-
ent salt concentration.
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part of a carrier, resulting in a substantially reduced use of
carrier material. In addition, the encapsulation efficiency
exceeds 80% (Table S1), indicating that this is an efficient
strategy for the nanofabrication of hydrophobic PSs. Fur-
thermore, the strategy based on simple peptide-tuned self-
assembly is generally suited not only for hydrophobic PSs, but
also for water-soluble ones, with formation of well-defined
NPs with relatively narrow size distribution (Figure S7 and
Figure S8). Significantly, the assembled NPs are stable both in
aqueous solution and culture medium (Figure S9), which is
suitable for further biological applications.

Taking the greener preparation process of FCNPs into
account, we preferentially used it as a model to investigate the
responsive release and anticancer PDT efficacy. Owing to the
nature of weak intermolecular interactions of the coassembly,
the NPs can be responsive to pH, surfactant, and even
enzymes, leading to controlled disassembly. The turbidity of
the NPs gradually decreases below pH 6.0 (Figure S10), and
precipitation finally occurs at pH 5.0, indicating the acid-
responsive disruption of the NPs. This may be attributable to
protonation of the carboxyl groups of Ce6, weakening the
electrostatic forces between Ce6 and Fmoc-l-Lys. Surfactant
could also cause the disassembly of the NPs for elimination of
hydrophobic interaction between Fmoc-l-Lys and Ce6, as
confirmed by the UV/Vis absorption spectrum (Figure S11).
It can be envisaged that the hydrophobic domain in endo-
somes and lysosomes may facilitate the release of Ce6 owing
to hydrophobic association. CDP and Fmoc-l-Lys can be
responsive to specific enzymes. For example, Fmoc-l-Lys
could be hydrolyzed at the amide bond by lipases to generate
free Lys at pH 6.0, resulting in disassembly of the FCNPs
(Figure S12). Release of assembled NPs in response to low
pH, surfactant micelles, and lipases, to some extent mimics the
cellular microenvironment, especially that found in lysosomes
with pH 5–6, hydrophobic domains, and abundant hydro-
lases.[15]

The cellular uptake of both FCNPs and CCNPs was
evaluated by incubating MCF7 cells with NPs (equivalent Ce6
10 mgmL¢1) for 24 h. The red fluorescence (Figure 3a and
Figure S13a), corresponding to NPs, emitted from inside the
cells, indicating cellular internalization of NPs, presumably by
endocytosis.[16] The excellent contrast between the blue
nuclear region, green membrane region, and the red cyto-
plasm (Figure 3a) confirmed that the NPs most likely localize
in the cytoplasm. The improved uptake of NPs compared to
free Ce6 was confirmed by CLSM observations (Figure S14).
In view of the inability of free Ce6 to form large aggregates in
the cell medium, nanofabrication of Ce6 by Fmoc-l-Lys- or
CDP-tuned self-assembly can apparently improve the cellular
uptake. The 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazo-
lium bromide (MTT) cell survival assay revealed significant
anticancer efficacy for both FCNPs and CCNPs compared to
free Ce6 under similar conditions (Figure 3b and Fig-
ure S13b). According to the IC50, an approximately 4-fold
increased photo-cytotoxicity of the NPs, relative to free Ce6,
was obtained. No cytotoxicity was observed in the dark
(Figure 3b and Figure S14b), further confirming the biocom-
patibility of the NPs and their potential to destroy tumor cells
after light exposure.

The in vivo biodistribution showed a strong fluorescence
signal at the tumor site of both FCNP- and CCNP-treated
mice at 2 h post-injection (Figure 3c and Figure S15), indicat-
ing selective accumulation of the assembled NPs in the tumor.
By contrast, mice treated with free Ce6 showed weaker
fluorescence at the tumor site (Figure 3 c). In addition, the
NPs exhibited sustained Ce6 fluorescence at the tumor site
for 24 h, indicating retention of photosensitive drugs in the
tumor tissue. The fluorescence intensity observed at 2 h post-
injection was higher than that observed at 10 min, and the
intensity decreased after 2 h (Figure 3c and Figure S15). An
enhanced fluorescence signal at 2 h post-injection may result
from disassembly of NPs within tumor sites. As the released
Ce6 molecules can be cleared gradually by free diffusion, the
fluorescence intensity gets weaker over time. Ex vivo fluo-
rescence images also confirmed the tumor-selective distribu-
tion of FCNPs compared to free Ce6 (Figure S16), which may
result from the EPR effect.[17] The in vivo therapeutic
efficiencies showed that the tumors of FCNP-treated mice
were suppressed and almost completely eradicated during the
PDT (Figure 3d and Figure S17). However, when treated
with free Ce6, the tumor grows back rapidly (Figure 3d and
Figure S17). The final tumor volume in FCNP-treated mice is
significantly smaller than that for free Ce6 (Figure 3d). This is
due to the higher tumor-selectivity of the NPs. No significant
body weight variation or organ damage was observed for mice
after PDT (Figures S18), preliminarily indicating that the NP-
based PDT is a safe anticancer treatment.

In summary, a facile but universal and robust approach to
design a photosensitizer delivery system by amphiphilic
dipeptide- or amino-acid-tuned self-assembly has been devel-

Figure 3. a) Cell internalization of the assembled NPs in vitro. FCNPs
(10.0 mg mL¢1 of Ce6) were incubated with MCF7 cells for 24 h at
37 88C. Blue nuclei were stained by Hoechst 33342. Green cell mem-
brane is stained by Alexa 488. The red staining is indicative of FCNPs.
b) Cytotoxicity of FCNPs and free Ce6 at different Ce6 concentration
with or without irradiation (n= 6). Data represent mean value�stan-
dard deviation. *p<0.05 by one-way ANOVA. c) Whole body fluores-
cence images of MCF7-tumor-bearing nude mice intravenously
injected through a tail vein with FCNPs and free Ce6 (equivalent Ce6
4.0 mgkg¢1 body) at different times. Black circles indicate tumor sites.
d) Measured tumor growth for 20 days (n= 4). Data represent mean
value� standard deviation. *p<0.01 by one-way ANOVA.
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oped. In this strategy, photosensitive drugs are directly used as
building blocks to construct well-defined nanoparticles,
resulting in a greatly increased drug-loading efficiency. The
assembled nanoparticles have controllable size (20–200 nm)
and adjustable loading efficiency (30–80%). The weak
intermolecular interactions in the assembled nanoparticles
make them responsive to environmental alterations, such as
pH, enzymes, and surfactants, similar to the microenviron-
ment in lysosomes of cells. Enhanced anticancer PDT
therapeutic efficacy in vivo indicates that the assembled
nanoparticles can efficiently deliver photosensitizers to the
tumor site by means of the EPR effect and release the
photosensitizer. Owing to the flexibility for chemical modi-
fication of simple peptides, it can be envisaged that functional
peptide sequences can be conjugated to amphiphilic dipep-
tides or amino acids to enhance drug targeting and control the
release of the nanodrugs. Therefore, our developed strategy,
based on simple peptide-regulated self-assembly of therapeu-
tic agents into well-defined nanostructures, is suitable for
nanodelivery, and provides a non-toxic alternative delivery
system for enhanced anticancer therapy.
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