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Design of specific and sensitive imaging probes for targeting tumor microenvironment holds great promise to
achieve precise detection and rapid responsiveness to neoplastic tissues. Dysregulated pH, one of the most
remarkable hallmarks of tumor microenvironment, can be considered as a good specific trigger for the design of
broad-spectrum and local-environment responsive imaging probes. However, the current existing design strate-
gies for pH-responsive systems are insufficient to meet the needs for a rapid and tumor-specific diagnosis. Here
we reported a novel biomimetic nanostructure based on oligopeptide self-assembly that can quickly switch into
dissociated stage with active fluorescence property from self-assembled stage with quenched fluorescence activity
when encountering a subtle pH-change in tumor microenvironment (pH 6.8 vs. 7.4). This oligopeptide-assembly is
examined as tumor microenvironment activatable probes for both intratumoral and intravenous in vivo tumor
imaging. Through the distinct fluorescent intensities, it is validated that the acidic tumor microenvironment can
activate stronger fluorescence signals. The tailor-made self-assembled oligopeptide nanomaterials have the poten-
tial for efficient and specific in situ diagnosis of various solid tumors with a weakly acidic microenvironment, which

is expected to be of crucial importance for clinical tumor diagnostics.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The expanding capabilities of nanotechnology, especially in targeted
delivery of therapeutic and imaging agents, enable novel and improved
approaches to treat various tumors [1,2]. Although the first generation
of more than 40 nanotechnology-enabled products has reached the
clinic [3], the design of synthetic nanoparticles capable of effectively
overcoming biological barriers to access core area of tumor tissue is
still a formidable challenge [4,5]. The interstitial transport of nano-
particles is limited by the dense extracellular matrix, cell packing,
and high interstitial fluid pressure in solid tumors, so that most nano-
particles accumulate in the perivascular region, unable to distribute
homogeneously throughout the tumors [4,6]. The intratumoral delivery
of nanoparticles is, by nature, the bottleneck of nanocarrier-based drug
delivery. Targeting the stromal tumor components surrounding tumor
cells, termed tumor microenvironment [7,8], therefore, is emerging as
a feasible strategy to improve the effectiveness of nanoparticle-based
cancer diagnosis and therapy.

Intelligent design of specific and sensitive imaging nanoprobes
specifically targeting tumor microenvironment holds great promise to
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achieve accurate detection and rapid responsiveness to neoplastic
tissues [9]. Some recent reports showed that nanomaterial-enabled
approaches were developed for tumor imaging via recognizing and
targeting specific components of tumor microenvironment [10-14].
However, because tumor microenvironment is composed of various
cell types, complicated extracellular matrix and soluble factors and the
biophysicochemical differences between tumor and normal tissues
may be subtle, it is extremely challenging to achieve specific and sensi-
tive responses to a subtle stimulus, such as a molecular binding event or
a specific trigger from local environmental changes, in a broad-
spectrum manner for majority of tumor types.

Dysregulated pH is emerging as one of the most remarkable
hallmarks of tumor microenvironment in almost all tumor types, com-
pared to normal tissues. Overproduction of lactic acid due to the hypoxic
environment and fast metabolic rates of tumor cells are the major
contributors to a weakly acidic environment around tumor tissues,
which in turn may facilitate cancer cell progression by promoting prolif-
eration, migration and invasion [15]. Such a distinct feature has made
weakly acidic pH (pH ~ 6.7-7.1), a specific trigger for design of broad-
spectrum and local-environment responsive imaging probes. Hence,
nanoparticles with designed features to detect a weakly acidic pH stim-
ulus and respond accordingly by structural or conformational changes
with a detectable readout will allow rapid, specific and sensitive detec-
tion at the diseased areas, no need to be internalized by tumor cells.

pH-responsive systems have been extensively developed for cancer
therapy and imaging. However, most of them function at more acidic pH
range, such as pH 4-6, and such intelligent systems may be suitable for
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intracellular delivery (the acidic vesicles-mediated drug release), but
not for tumor microenvironment triggered response (a subtle pH alter-
ation) [16-20]. Furthermore, most existing pH-sensitive nanoparticles
based on long chain polymers showed a relatively slow response to
pH stimulus from 10 h to several days [20-22]. Therefore, these design
strategies may be insufficient to meet the needs for a rapid and tumor
environment-responsive diagnosis. As intelligent pH-responsive nano-
particles, a rapid response is one of the most important advantages.
Long response time may lead to their low tumor targeting efficacy due
to re-entry blood circulation. Recently, some self-organized pH sensitive
nanoparticles composed of polymers conjugated with pH-cleavable
linkers or functional groups with pH-inducible charge conversion
were designed [23-29], which showed certain sensitivity to the sub-
tle changes in pH mimicking the difference between tumor microen-
vironment and normal tissues. Despite some progress achieved, further
development is urgently needed to consolidate the pH activatable strat-
egy for tumor microenvironment targeting and imaging. For example,
conjugating functional molecules at fixed location with controllable
ratios and manner in polymer chains, and purification of the functional-
ized polymers with biocompatibility and low or no toxicity are difficult
to be executed.

Self-assembled oligopeptide nanoparticles can address these chal-
lenges. Firstly, oligopeptides are easily obtained by a solid-phase pep-
tide synthesis (SPPS) method. Secondly, oligopeptides provide various
reactive groups in the side chains for effective cross-linking and chemi-
cal modification. Such rich chemistry for multi-functionality can be used
for biomimetic or de novo designs to ensure the modification ratios and
location and the product purity under tight control. Lastly, pH-sensitive
disassembly of the oligopeptide nanostructure could render a rapid re-
sponse to local stimuli compared to the long chain polymer nanoparti-
cles, and the resulting low molecular weight constitutes can more
readily diffuse within tumor tissues. Although extensive research efforts
have been devoted to the design and fabrication of novel biomimetic
nanomaterials through peptide self-assembly [30-33], tailored-design
of intelligent oligopeptide nanostructures specifically recognizing
and responding weakly acidic microenvironment (pH ~ 6.7-7.1) of
tumor tissues are challenging [34]. We hypothesize that self-
assembled nanostructures based on short peptides combined with
chemical modifications with non-peptide functional groups may
endow great opportunities for the design of tumor microenvironment
rapidly responsive imaging probes with enhanced biocompatibility.
The use of short peptides as the major building blocks to construct
pH-activatable probes targeting tumor microenvironment through
self-assembly process has, to the best of our knowledge, seldom been
reported.

Here we reported a novel biomimetic nanostructure based on
oligopeptide self-assembly that can quickly switch into dissociated
stage with active fluorescent property from self-assembled stage with
quenched fluorescence activity when changing local pH. An assembly/
disassembly was achieved by packing an energy pair (donor and recep-
tor) into a peptide assembled nanostructure, a swift response from a
self-assembled supramolecular nanoparticle (quenched state of the
probes due to proximity of a fluorescent dye and its quencher) into
disassembled peptide molecules (activated state when encountering a
pH trigger), which corresponds to a change in their surface charge
(Fig. 1).

2. Materials and methods
2.1. Materials

3-Diethylaminopropyl isothiocyanate (DEAP), anhydrous di-
methylformamide (DMF), N-methyl morpholine (NMM), and 4-
dimethylaminopyridine (DMAP) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Alexa Fluor 488 Carboxylic Acid, Succinimidyl
Ester (A488-SE) and black hole quencher-1 (BHQ-1 Carboxylic Acid,

Succinimidyl Ester) were obtained from Life Technologies (Carlsbad,
CA, USA) and Biosearch Technologies (Novato, CA, USA), respectively.
Protected peptide conjugate KS5-DEAP2 ([CH3CONH]-K(DEAP)SKSK
(DEAP)-|CONH,]) was synthesized and purified by ChinaPeptides
(Shanghai, China). Water used in the experiment was double-distilled
(DW) and all other chemicals were used as received without any
purification.

2.2. Synthesis of A488 and BHQ-1 conjugated peptide KS5-DEAP2

The peptide conjugates were prepared by conjugating pH-stable
fluorescence dye, Alexa Fluor 488 (A488, ex/em: 494 nm/519 nm)
and BHQ-1 (abs. 534 nm) to pH-sensitive peptide conjugate KS5-
DEAP2. Peptide conjugate KS5-DEAP2 ([CH3CONH]-K(DEAP)SKSK
(DEAP)-[CONH,]) was synthesized using standard solid-phase Fmoc
peptide chemistry. Then, A488-SE (12 pmol) was coupled to the prima-
ry amine of the central lysine residue on KS5-DEAP2 (5 umol) in DMF
(250 pL) containing NMM (65 pmol) and DMAP (3.2 pmol) at room
temperature in the dark under stirring for 2 h. The product (A-pep)
was purified to >90% by reversed-phase high performance liquid chro-
matography (RP-HPLC; Kromasil 100-5C18, Eka Chemicals, Separation
Products, SE-445 80 Bohus, Sweden): 10% to 50% acetonitrile containing
0.1% TFA versus DW containing 0.1% TFA over 20 min at a flow rate of
4,0 mL min~ . For quencher conjugation, the preparation process was
similar with the above dye conjugation. Briefly, the BHQ-1 (12 umol)
was coupled to the primary amine of the central lysine residue on
KS5-DEAP2 (5 pmol) in DMF (250 L) containing NMM (65 pmol) and
DMAP (3.2 pmol) under stirring at room temperature in the dark over-
night. The product (B-pep) was also purified by RP-HPLC. The mass of
product was analyzed with Microflex LRF matrix-assisted laser desorp-
tion ionization with time of flight (MALDI-TOF) mass spectrometer
(Bruker Daltonics Inc., USA).

2.3. Preparation of hybrid peptide nanoparticles in aqueous solution

A-pep (5 nmol) and B-pep (0, 2.5, 5, 10 nmol) were dissolved to-
gether in DMF (1 mL), and the solution was kept at room temperature
with strong stirring for about 1 h. Subsequently, 400 puL DW was slowly
added to the solution under strong stirring through a syringe within 2 h.
The solution became slightly turbid, indicating the happening of self-
assembly. After being stirred over night at room temperature, the
solution was dialyzed against Tris-HCl buffer (pH 7.4) under the room
temperature to remove DMF for 24 h. The Tris buffer was changed
every hour for the first 6 h, and subsequently every 6 h. The obtained
solution was filtered and then set to 10 mL to get an A-pep concentra-
tion about 0.5 pM. Finally, a series of products of hybrid peptide nano-
particles (A/B ratio = 2:1, 1:1, 1:2, and A-pep alone) was obtained.

2.4. Dynamic light scattering (DLS) test

The particle size distribution of the products (A/B ratio = 1:1) at
pH 7.4 or pH 6.8 in Tris-HCl buffer was measured at room temperature
by a ZetaSizer Nano series Nano-ZS (Malvern Instruments Ltd., Malvern,
UK) equipped with a He-Ne Laser beam at a wavelength of 633 nm and
a fixed scattering angle of 90°. Prior to the test, the sample solution was
stabilized at room temperature for 2 h.

2.5. Transmission electron microscopy (TEM) observation

The morphology of the hybrid products was confirmed using a
Transmission Electron Microscopy (Tecnai G2 F20 U-TWIN, FEI, USA).
In brief, the samples were prepared by casting a solution of the hybrid
peptide product (A/B ratio = 1:1, pH 7.4 or 6.8) on a copper grid,
allowed to stand on the grid for 90 s. Filter paper was then used to
wick away residual sample and liquid. One drop of 1% (w/w) aqueous
uranyl acetate (negative stain) was then placed on the grid, allowed to
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