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Acid-Activatable Transmorphic Peptide-Based Nanomaterials for

Photodynamic Therapy

Bingbing Sun, Rui Chang, Shoupeng Cao, Chengqgian Yuan, Luyang Zhao, Haowen Yang,
Junbai Li, Xuehai Yan,* and Jan C. M. van Hest*

Abstract: Inspired by the dynamic morphology control of
molecular assemblies in biological systems, we have developed
pH-responsive transformable peptide-based nanoparticles for
photodynamic therapy (PDT) with prolonged tumor retention
times. The self-assembled peptide—porphyrin nanoparticles
transformed into nanofibers when exposed to the acidic tumor
microenvironment, which was mainly driven by enhanced
intermolecular hydrogen bond formation between the proton-
ated molecules. The nanoparticle transformation into fibrils
improved their singlet oxygen generation ability and enabled
high accumulation and long-term retention at tumor sites.
Strong fluorescent signals of these nanomaterials were detected
in tumor tissue up to 7 days after administration. Moreover, the
peptide assemblies exhibited excellent anti-tumor efficacy via
PDTin vivo. This in situ fibrillar transformation strategy could
be utilized to design effective stimuli-responsive biomaterials
for long-term imaging and therapy.

Introduction

Phototherapy is regarded as a powerful method for cancer
treatment due to its safety and selectivity.!! Photodynamic
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therapy (PDT) requires the combination of three compo-
nents, namely a photosensitizer, light, and oxygen, which
separately are intrinsically nontoxic, but together enable the
generation of reactive oxygen species or more particularly
singlet oxygen (*O,), leading to cell apoptosis and necrosis in
targeted tissue.”! Dual selectivity is a distinctive hallmark of
PDT, which results from the selective uptake of the photo-
sensitizer by tumor tissues and the ability to restrict photo-
sensitizer light activation to a specific area, sparing healthy
tissue and leading to irreversible cytotoxicity of the tumor
tissue only.’! The selection of the type of photosensitizer is
a critical part for effective PDT. The porphyrin family
includes several excellent photosensitizers because of their
high quantum yield in 'O, generation, and their chemical
diversity, allowing to absorb light throughout the whole
visible electromagnetic spectrum.” Some porphyrin formu-
lations, including Photofrin and Visudyne, have already
proceeded to clinical trials and have been approved for the
treatment of various cancers.) However, the application of
porphyrins in PDT faces some challenges which mainly result
from the hydrophobicity of many porphyrins, leading to their
tendency to aggregate in aqueous solution. This does not only
induce a decrease of their photodynamic yield due to self-
quenching, but also causes inadequate pharmacokinetics and
insufficient selectivity towards malignant tissues.’) Nano-
technology brings inspiration to overcome photosensitizer
solubility issues; employing nanoparticles allows selective
delivery of photosensitizers into tumors presumably via the
enhanced permeation and retention (EPR) effect.! Several
non-covalent formulations of photosensitizers into organic
nanostructures, such as liposomes, micelles, hydrogels, poly-
meric nanoparticles and solid lipid nanoparticles have been
reported.”’ However, the high local concentration of the
individual photosensitizers in some of these nanomaterials
still induces self-quenching, along with a reduced PDT
activity.® Thus, it is of great interest to design nanoparticles
of which the photosensitizing capacity can be activated by
specific cancer-associated events to permit a high therapeutic
efficacy in PDT.”

Peptide self-assembled nanomaterials have been widely
applied in PDT based on their remarkable biocompatibility,
biodegradability, structural and functional versatility."" Sev-
eral peptides possess specific properties, such as their
response to pH, redox reactions and enzymes, making it
possible to design stimuli-responsive nanomaterials display-
ing high anti-tumor efficiency."!! Peptides have been co-
assembled with photosensitizers through multiple weak
intermolecular interactions to construct self-assembled nano-
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structures.”™™'” In addition, peptide-photosensitizer conju-
gates have been synthesized to create multifunctional nano-
structures for PDT."®! Once released in the tumor site, low
molecular weight photosensitizers tend to quickly diffuse
away and get cleared from tumor tissues, causing limited
tumor accumulation and short retention times, which strongly
limit the application of PDT in clinical trials for cancer
therapy."!! Thus, it is urgent to develop nanomaterials to
overcome this issue. Wang, Lam and co-workers developed
several stimuli-responsive in situ self-assembled and trans-
formable peptide-based nanoparticles which underwent
a transformation to fibrillar structures in the tumor micro-
environment; these structures performed excellently in tumor
imaging and therapy in vivo by blocking for example HER2
dimerization."™"] Compared to traditional nanoparticles,
these fibril-transformable nanoparticles possessed prolonged
retention time in tumors and thus caused an enhanced
photoacoustic imaging signal, selective cytotoxicity against
cancer cells and remarkable tumor suppression efficacy in
vivo.”! However, until now, transmorphic peptide nano-
particles have been rarely utilized to improve the tumor
retention time of photosensitizers for PDT. A specific feature
of most tumor microenvironments is that they are more acidic
(pH around 6.5) than blood and extracellular fluid in healthy
tissue.'® In addition, the acidity is increased further in
subcellular compartments of cancer cells, such as the lyso-
somes (pH 4.5-5.0). Based on the endogenous acidity differ-
ences, pH-responsive nanostructures are a useful design
option for PDT.

Herein, we present, to the best of our knowledge, for the
first time an acid-activatable peptide-based transmorphic
nanosystem for PDT. A peptide-porphyrin conjugate was
designed by coupling the pH-responsive dipeptide trypto-
phan-glycine (WG) to a hydrophobic porphyrin (P) core via
amidation. The dipeptide was composed of tryptophan to
provide delocalized & electrons for fluorescence, and glycine
to supply carboxyl groups serving as the acid-sensitive unit.l'’]
This synthesized peptide-porphyrin conjugate (PWG) self-
assembled into nanoparticles under physiological conditions
(Scheme 1). When the nanoparticles reached the tumor
tissue, the protonation of PWG owing to the increased acidity
facilitated the formation of intermolecular hydrogen bonds,
inducing the transformation of nanoparticles into nanofibers.
The mechanism of this fibrillar transformation was studied at
the molecular level via all-atom molecular dynamic simula-
tions. Based on this transformable nanosystem, we achieved
an excellent tumor imaging effect and high photodynamic
therapeutic efficacy. Furthermore, the peptide—porphyrin
nanoparticles displayed a remarkably long-term fluorescence
after intravenous injection. This peptide-porphyrin platform
can not only be explored for the development of highly
efficient treatment modalities against cancer, but also offers
a basis to attain a better fundamental understanding of the
effect of morphology of nanomaterials on their biological
activity.
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Scheme 1. A schematic illustration of self-assembly and fibrillar trans-
formation of the acid-activated peptide-porphyrin (PWG) nanoparticles
and their application in PDT. Protonation of PWG (PWG 1) in the
acidic microenvironment of tumor tissue and lysosomes induces the
transformation of the nanoparticles into aggregated nanofibers, which
has a beneficial effect on singlet oxygen generation.

Results and Discussion

The peptide-porphyrin conjugate was synthesized through
solid phase peptide synthesis. In Figure S1, S2, S3 and S4, the
MALDI-TOF MS, LC-MS, '"HNMR and "“C NMR results
indicated high-purity conjugates were obtained after purifi-
cation by HPLC. Dynamic light scattering (DLS) showed that
the PWG molecules self-assembled into PWG nanoparticles
with an average diameter of approximately 160 nm (Fig-
ure 1a) and a low polydispersity index (PDI) of 0.173 in
aqueous solution. Nanoparticles in the sub-200 nm size range
have great potential in preferentially accumulating in tumor
tissue based on the EPR effect."! Compared to molecularly
dissolved PWG molecules in ethanol, a bathochromic shift
and a broadening of the Soret and Q bands appeared in the
absorption spectra of the nanoparticles, as a result of the self-
assembly process (Figure S5). In Figure 1b, the DLS results
showed no obvious change in size and PDI of these nano-
particles after incubating them in phosphate buffer solution at
pH7.4 for 32h, confirming these assembled PWG nano-
particles were stable at neutral pH. Moreover, the stability of
the PWG nanoparticles was investigated in Dulbecco’s
modified eagle medium (DMEM) containing 10% FBS
(pH 7.4). No significant changes were observed in the size
and PDI for 32 h (Figure S6), which showed the high stability
of PWG nanoparticles under normal physiological conditions.

The pH-responsive behavior of the PWG nanoparticles
was tested by exposing them to phosphate buffer solutions at
lower pH (pH 6.5 and 5.0). As shown in Figure 1¢ and
Figure S7, the size and PDI of the nanoparticles increased
over time at pH 6.5 and reached 788 nm and 0.263 after 12 h
incubation. With a further decrease of pH, the size and PDI of
these nanoparticles increased even further, up to 2 pm and
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Figure 1. Self-assembly and fibrillar transformation of the acid-activat-
able PWG nanoparticles. a) DLS size of self-assembled PWG nano-
particles in water. b) Size and PDI of nanoparticles in phosphate buffer
solution at pH 7.4 as a function of time measured by DLS. c) Size of
PWG nanoparticles in phosphate buffer solution at pH 7.4, 6.5 and 5.0
as a function of time, as measured by DLS. d) Size of the nano-
particles in phosphate buffer solution at pH 7.4, 6.5 and 5.0 measured
by DLS after 12 h incubation. e) Changes in UV/Vis absorption and

f) fluorescence of PWG nanostructures in phosphate buffer solution at
pH 7.4, 6.5 and 5.0. g-i) Cryo-TEM images of PWG nanostructures in
phosphate buffer solution at pH 7.4, 6.5, and 5.0 respectively, after

12 h incubation.

0.63 at pH5.0 after 12h incubation (Figure 1d and Fig-
ure S7). The increase in acidity of the phosphate buffer
solution led to a gradual decrease in absorption at 440 nm,
reflecting possible changes in PWG self-assembly (Fig-
ure 1e). Concomitantly, the fluorescence intensity of the
nanostructures was similar at pH 7.4 and pH 6.5 but was
found to decrease dramatically at pH 5.0 (Figure 1f). This
fluorescence quenching was probably caused by the pH-
induced aggregation at pH 5.0.'”) Cryo-TEM images depicted
in Figure 1g showed that PWG nanoparticles were solid
spheres with an average diameter of 100 nm at neutral pH,
slightly smaller than their hydrodynamic size measured by
DLS (Figure 1a). After adding them to phosphate buffer
solution of pH 6.5, most of the nanoparticles transformed into
aggregated PWG nanofibers with a length around 100 nm
(Figure 1h). At lower pH (pH 5.0), nearly all nanoparticles
transformed into fibrous structures with more severe aggre-
gation (Figure 1i). These results indicated that the peptide
nanoparticles were pH-responsive and that acidic conditions
(pH 6.5 and 5.0) induced their transformation from solid
spheres to fibrillar structures.

The influence of acidity on the photoactivity of the PWG
nanostructures was evaluated by investigating their singlet
oxygen generation ('O,) capacity using 9,10-anthracenediyl-
bis- (methylene)dimalonic acid (ABDA) as indicator at
various pH values. As shown in Figure 2a, the bleaching of
ABDA by PWG nanostructures was 16 % at pH 7.4, increased
to 34% at pH 6.5, and increased further to 51 % at pH 5.0
upon 15 min illumination with a 660 nm laser (Figure 2a and
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Figure 2. Characteristics of fibrillar-transformable PWG nanoparticles
at different pH. a) Rate of oxidation of ABDA sensitized by irradiating
PWG nanostructures at 660 nm in phosphate buffer solutions at

pH 7.4, 6.5 and 5.0, measured by the decrease in the absorption of
ABDA at 378 nm as a function of time. The pure phosphate buffer
solutions at pH 7.4, 6.5 and 5.0 were used as control groups. All
samples were processed under irradiation (660 nm, 0.2 Wcm™) for
15 min. b) The rate of decay of ABDA absorbance at pH 7.4, 6.5 and
5.0 after 15 min irradiation in presence of PWG nanostructures. c) The
pH titration curve of PWG. d) Typical conformation of protonated
PWG 1 dimers obtained with AAMD simulations showing the domi-
nant intermolecular hydrogen bonding interactions. The arrows repre-
sent intermolecular hydrogen bonds. Arrow 1=0—H---O, arrows 2 and
3=N—H--O. e) Typical conformation of deprotonated PWG dimers
obtained with AAMD simulations displaying the predominant intra-
molecular hydrogen bonding interactions. The arrows represent intra-
molecular hydrogen bonds. Arrows 4 and 5=N—H---C. f) FTIR spectra
of PWG nanoparticles at pH 7.4 and nanofibers at pH 5.0. The
rectangle represents the peak area indicative for hydrogen bonding.

b). The 'O, generating capacity of PWG nanofibers at pH 6.5
was twofold and at pH 5.0 even threefold higher than that of
the PWG nanoparticles at pH 7.4, indicating that the fibrillar
transformation at acidic conditions enhances the production
of 'O, of PWG nanostructures. This can be explained by
enhanced intersystem crossing through fibrillar transforma-
tion.” The photosensitizing process to generate 'O,, is
triggered when the photosensitizer absorbs a photon, fol-
lowed by the promotion of an electron from the ground state
to an electronically excited singlet state.”" This singlet excited
state decays back to an excited triplet state via a variety of
competitive relaxation processes, such as emission of a photon
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via fluorescence, nonradiative relaxation (heat generation),
and intersystem crossing, leading to energy transfer from the
photosensitizer triplet directly to molecular oxygen resulting
in the generation of singlet oxygen ('O,). Thus, enhancing the
intersystem crossing process will facilitate the production of
10,.2Y We compared the fluorescence and heat generation of
nanoparticles and nanofibers at different pH. As shown in
Figure 1c, the fluorescence of aggregated PWG nanofibers at
pH 5.0 was lower than that of PWG nanostructures at pH 7.4
and 6.5. Meanwhile, the heat generation of PWG nano-
structures decreased as the pH decreased from 7.4 to 5.0
(Figure S8). As a result, the intersystem crossing mechanism
was a more preferred pathway after this fibrillar transforma-
tion, which as a consequence led to the improvement of the
'0, generation.

The ability of the peptide-porphyrin conjugate to arrange
itself in different assemblies is a result of an intricate interplay
between van der Waals interactions, hydrophobic effects,
electrostatic interactions, 7-7 stacking interactions, as well as
hydrogen-bonding, which are affected at different pH val-
ues.”? Due to the presence of the carboxyl and amino groups
in PWG, the self-assembly was pH sensitive.*! To explore the
mechanism of acid-activated structural transformation of
these assemblies, the noncovalent bond interactions of the
peptide-porphyrin conjugates at different pH were investi-
gated. In Figure 2c¢, the equivalence point and pK, value of
the carboxyl groups of PWG were determined to be 7.74 and
2.85 respectively via acid-base titration in aqueous solution.
Based on the near-neutral equivalence point (7.74), it could
be assumed that almost all carboxyl groups of PWG exist in
deprotonated form (-COQ™) at pH 7.4. Meanwhile, lower pH
resulted in increasing protonation of the carboxyl groups
(-COOH) of PWG.¥

All-atom molecular dynamics (AAMD) simulations were
performed for the self-assembly of the protonated PWG
(PWG 1) and deprotonated PWG dimers. Figure 2d showed
that the intermolecular hydrogen bonds between the adjacent
carboxyl groups (O—H--O), as well as between the NH and
carbonyl groups (N—H:-O) were formed in the protonated
PWG 1 dimer. However, in Figure 2 e, intramolecular hydro-
gen bonds between the -NH and the carbon atom of the
phenyl ring (N—H---C) were readily formed in the deproton-
ated PWG dimer. The weak intramolecular hydrogen bond-
ing as well as a higher level of repulsion between the
deprotonated PWG, favored the formation of nanoparticles at
pH 7.4 As the pH decreased, the carboxyl groups of PWG
became progressively protonated and stronger intermolecular
hydrogen bonding occurred, becoming the dominant force to
stabilize protonated PWG 1 dimers, thereby facilitating the
formation of PWG nanofibers with long-range order.?*%!
Thus, the changes of type and strength of hydrogen bonds at
lower pH induced the fibrillar transformation of PWG
nanoparticles to nanofibers. The differences in hydrogen
bonds between PWG nanoparticles and nanofibers were
confirmed by Fourier transform infrared spectroscopy (FTIR)
(Figure 2 f). Compared to the sharp signals for “free” -OH
groups in the spectrum of -COOH at 3470 cm™" and “free”
-NH groups at 3447 cm ™', a broad peak at 3418 cm ™!, showing
a red shift, was observed in the self-assembled nanofibers,
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which was indicative of intermolecular hydrogen bonding
(O—H--0) and (N—H--O) occurring in the self-assembled
nanofibers due to the interactions between -COOH groups, as
well as between the -COOH and -NH.??! Meanwhile,
a broad vibrational band appeared at 3373 cm™! in the self-
assembled nanoparticles, which, when compared to “free”
-NH, corresponded to the intramolecular hydrogen-bonded
NH stretching vibration between the -NH and the carbon
atom of the phenyl ring (N—H--C) which was much weaker
than those with the -COOH group.””” Moreover, the peak at
1661 cm™ of -C=0 in nanoparticles showed a red shift of
about 20 nm to 1640 cm ' in the nanofibers, also indicating
that hydrogen bonding interactions of -COOH groups
occurred in the nanofibers.” These results provide a deeper
understanding of the interaction mechanism between pep-
tide-porphyrin conjugates at the molecular level, which could
be significant in guiding the design of smart peptide-based
nanomaterials and improving their application prospects in
photodynamic therapy.

Next, cellular uptake and intracellular localization of the
PWG nanoparticles were investigated by confocal laser
scanning microscopy (CLSM) after incubating breast cancer
cells (MCF-7 cells) with the nanoparticles at 37°C for 12 h.
LysoTracker Green DND-26 was used to mark acidic
lysosomes to determine the cellular distribution. In Figure 3a
and b, the CLSM images and their magnified images of MCF-
7 cells showed that red fluorescence from PWG colocalized
well with the green fluorescence from LysoTracker Green
DND-26, indicating that most of the PWG nanostructures
were internalized into lysosomes (pH 5.0) in MCF-7 cells.
Intracellular photoactivity of the PWG nanoparticles was
examined by CLSM using 2,7- dichlorofluorescein diacetate
(DCFH-DA) for the detection of 'O,.

The intracellular 'O, generation in MCF-7 cells treated
with PWG nanoparticles at pH 7.4 and 6.5 was investigated by
CLSM. In Figure 3¢, bright green fluorescence was observed
in MCF-7 cells treated with PWG nanoparticles at pH 7.4
after irradiation by a 660 nm laser (0.12 Wcm™?) for 10 min,
showing notable 'O, generation. Compared with the experi-
ment at pH 7.4, stronger green fluorescence was observed in
MCF-7 cells treated with PWG nanoparticles at pH 6.5
(Figure 3d), indicating enhanced 'O, generation. Meanwhile,
hardly any fluorescence was detected from the control group,
in which MCF-7 cells treated with PWG nanoparticles at
pH 7.4 and 6.5 were not illuminated (Figure S9). Further-
more, the dark cytotoxicity and phototoxicity of the PWG
nanoparticles toward cancer cells treated at pH 7.4 and 6.5
were evaluated by MTT assays. As shown in Figure 3e and f,
no obvious dark cytotoxicity was observed in MCF-7 cells
treated with 25 pgmL~' PWG nanoparticles at pH 7.4 and 6.5,
showing their good biocompatibility. Under irradiation for
10 min by a 660 nm laser (0.12 W cm?), the viability of MCF-
7 cells decreased with the increase of the PWG nanoparticle
concentration. The ICs, value for cancer cells at pH 6.5
(12.5 pgmL ™) was lower than the ICs, value at pH 7.4
(15 ugmL™"), indicating that these self-assembled PWG
nanostructures showed higher phototoxicity for cancer cells
in the acidic tumor microenvironment (pH 6.5) for PDT than
under normal physiological conditions (pH 7.4).
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Figure 3. Invitro PDT evaluation of fibrillar-transformable PWG nano-
particles on MCF-7 cells. a) Colocalization of PWG nanostructures in
MCF-7 cancer cells. CLSM images indicating the nuclei (stained with
Hoechst), lysosomes (LysoTracker Green DND-26), and PWG nano-
structures (red), including the overlay. b) Magnified CLSM images of
(a). The scale bar is the same for all images. c) CLSM images of
intracellular 'O, generation in MCF-7 cells treated with PWG nano-
particles at pH 7.4. d) CLSM images of intracellular 'O, generation in
MCF-7 cells treated with PWG nanoparticles at pH 6.5. e) Dark
cytotoxicity and phototoxicity of PWG nanoparticles in MCF-7 cells at
pH 7.4 determined by MTT assay. f) Dark cytotoxicity and phototoxicity
of PWG nanoparticles in MCF-7 cells at pH 6.5 determined by MTT
assay.

An in vivo imaging system was used to investigate the
biodistribution in tumor-bearing mice. As shown in Figure 4 a,
red fluorescence started to appear at the tumor site at 8 h post
injection. Further high accumulation of PWG nanoparticles
was observed via the increased fluorescence at the tumor site
with time. The tumor targeting effect presumably benefited
from the enhanced permeability and retention (EPR) effect
of small PWG nanoparticles in tumor tissue.”! Remarkably,
the fluorescence signal in the tumor increased over prolonged
periods of time, reached a maximum at 72 h and remained
strong up to 168 h (Figure 4a). The average fluorescence
intensity in the tumor site was quantified to investigate the
accumulation of the PWG nanostructures at different time
points. As shown in Figure 4b, more than 64% of the
maximum average fluorescence intensity remained in the
tumor even 168 h (7 days) after intravenous administration.
The ex vivo fluorescence imaging of the tumor and main
organs provided additional insight into the tumor targeting
efficiency and retention behavior of these PWG nanostruc-
tures. As shown in Figure 4c, similar results were obtained as
for the in vivo imaging studies. The fluorescence signal in the
tumor was quite strong at 72 h post injection and even could
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Figure 4. In vivo biodistribution of the fibrillar-transformable PWG
nanoparticles. a) Fluorescence imaging of tumor-bearing mice at
varying time points after intravenous injection of PWG nanoparticles
over a period of 192 h. b) Quantified relative fluorescence intensity in
the tumor region of (a). c) Ex vivo fluorescence images of main organs
of tumor-bearing mice at 24, 72 and 360 h post injection of PWG
nanoparticles.

be detected at 360 h post injection (Figure 4c). These findings
confirmed that PWG nanostructures selectively accumulated
and possessed superior retention behavior at tumor sites.
Meanwhile, the fluorescence signal of PWG nanostructures in
the major organs, including liver, heart, spleen, lung and
kidney decreased over time and was nearly eliminated after
360 h, ensuring the biosafety of these materials.

The above results showed that these PWG nanostructures
exhibited high accumulation and ultralong tumor retention,
especially when compared to similar peptide-porphyrin nano-
particles without pH-activatable features.”l This phenomenon
might mainly result from the enhanced accumulation and
retention effect of the transformation to fibrils of the PWG
nanoparticles at the tumor site.”” Furthermore, the aggre-
gated nanofibers sedimented at the tumor interstitium
increased the uptake of nanofibers by cancer cells because
of the direct interaction between nanofibers and cells. Addi-
tionally, the intracellular uptake of nanofibers further en-
hanced the retention effect.’” The enhanced accumulation
and retention effect of this fibrillar transition for nanofibers at
tumor sites will not only make the PWG nanostructure
become a novel fluorescent probe useful for tumor long-term
imaging, but also ensures its high therapeutic PDT efficacy.

Next, tumor-bearing mice were used to evaluate the
efficacy of PWG nanoparticles for in vivo PDT. Twenty mice
were divided into four groups, which were treated with PWG
nanoparticles with irradiation (PWGNPs + Laser), 5% glu-
cose aqueous solution (Control), PWG nanoparticles without
irradiation (PWGNPs), and irradiation only (Laser), respec-
tively. At 24 h post-injection, the mice of the PWGNPs +
Laser and Laser groups were irradiated by a 660 nm laser for
20 min (0.3 Wem™2), and the other two groups were treated
without laser. As shown in the tumor growth profiles, the
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PWGNPs + Laser group displayed strong antitumor effi-
ciency (Figure 5a) and all tumors of the mice were completely
eradicated after 21 days treatment (Figure Sb). In sharp
contrast, the tumor volume (Figure 5c¢) increased to over 6-
fold compared to the original one in the other three groups
(Control, PWGNPs and Laser groups). These results showed
that the PWG nanostructures display highly effective PDT
against tumors, which might result from the large amount of
tumor accumulation of the PWG nanofibers possessing high
'0, generation capacity.'"¥ Figure 5d showed that the body
weights of the mice in all groups were not significantly
different and showed a continued increase during treatment,
indicating the high biocompatibility of this PDT system. In
Figure S10, the hematoxylin and eosin (H&E) sections of the
organs from the mice of the four groups did not show obvious
pathological changes, which confirmed that we developed
a biocompatible treatment for tumor ablation. These self-
assembled PWG nanostructures could be a biocompatible
and safe material that facilitates both tumor imaging and
PDT.
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Figure 5. Invivo therapeutic efficacy of PDT. a) Photographs of tumor-
bearing mice at various time points. b) Tumors taken at the end of the
antitumor studies (21 day) of the mice in different groups treated
with PWGNPs + Laser (1%), Control (2*), PWGNPs (3*), Laser (47).
Mean: s.d., n=5. c) The relative tumor volume growth profiles and

d) Body weight change of the mice in the different groups.

Conclusion

In summary, we have developed acid-activatable trans-
morphic peptide-based nanoparticles for PDT. The self-
assembled peptide-porphyrin nanoparticles transformed into
nanofibers in the acidic environment of tumor tissues and
lysosomes, exhibiting enhanced singlet oxygen generation.
Molecular dynamics simulations were performed to study the
mechanism of structure transformation of peptide-porphyrin
nanoparticles, which showed that the fibrillar transformation
was mainly driven by the enhanced hydrogen bonding
between protonated peptide-porphyrin dimers at lower pH.
These acid-activatable nanoparticles possessed remarkable
phototoxicity against cancer cells in vitro. In vivo fluorescence
imaging showed that the peptide-porphyrin nanostructures
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displayed remarkable tumor targeting specificity, high accu-
mulation and long-term retention. Moreover, these PWG
nanostructures showed excellent in vivo anti-tumor activity
when being employed for PDT, without off-target side effects.
Our study provides new insight into the design of trans-
formable peptide-based nanostructures and demonstrates
their utility in tumor targeting, long-term imaging and anti-
tumor therapy.
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