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Abstract: Photodynamic therapy (PDT) is a highly
promising therapeutic modality for cancer treatment.
The development of stimuli-responsive photosensitizer
nanomaterials overcomes certain limitations in clinical
PDT. Herein, we report the rational design of a highly
sensitive PEGylated photosensitizer-peptide nanofiber
(termed PHHPEG, NF) that selectively aggregates in
the acidic tumor and lysosomal microenvironment.
These nanofibers exhibit acid-induced enhanced singlet
oxygen generation, cellular uptake, and PDT efficacy in
vitro, as well as fast tumor accumulation, long-term
tumor imaging capacity and effective PDT in vivo.
Moreover, based on the prolonged presence of the
fluorescent signal at the tumor site, we demonstrate that
PHHPEG4 NFs can also be applied for prognostic
monitoring of the efficacy of PDT in vivo, which would
potentially guide cancer treatment. Therefore, these
multifunctional PHHPEG, NFs allow control over the
entire PDT process, from visualization of photosensi-
tizer accumulation, via actual PDT to the assessment of
the efficacy of the treatment. )
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Introduction

Photodynamic therapy (PDT) is a minimally invasive
therapy that has been used as an anti-tumor treatment
method for various types of tumors.? Three nontoxic
components i.e. oxygen, light and photosensitizer, are
employed in PDT that on their own do not have any toxic
effects on biological systems.’*l Cytotoxic reactive oxygen
species (ROS) are generated through the combination of a
light source, molecular oxygen, and photosensitizers, which
then can oxidize key cellular macromolecules, leading to the
direct death of tumor cells via apoptosis and/or necrosis.”
This makes PDT a promising modern approach for cancer
therapy with low toxicity for healthy tissues, unlike chemo-
therapy and radiation therapy."®

Currently, clinically applied photosensitizers are mostly
based on derivatives of porphyrin, chlorin and
phthalocyanine.”'” However, these photosensitizers still
have many drawbacks, such as poor water solubility, poor
biocompatibility and non-selectivity, restricting the use of
PDT in clinical practice.”” In general, addition of solubilizers
or chemical modification with hydrophilic groups can
improve the solubility and biocompatibility of these hydro-
phobic photosensitizers. However, this often causes the
problem of low bioavailability of these monomeric photo-
sensitizers, because of their short circulating time and fast
renal clearance in vivo.'"'! To overcome these limitations,
nanomaterial platforms have been developed for the deliv-
ery of hydrophobic photosensitizers, enabling prolonged
blood circulation, precise drug delivery to tumor tissues
based on passive and active tumor targeting strategies, and
preventing the degradation of photosensitizers before reach-
ing the target tumor tissue.”'>'® Biomaterials, especially
peptide-based nanomaterials, have been widely used as PDT
carrier systems because of their biodegradability, biocom-
patibility, structural and functional versatility.[* """l More-
over, the use of stimuli-responsive nanomaterials makes it
possible to alter the features of photosensitizers in the tumor
microenvironment, which for example allows to increase the
selectivity and efficiency of PDT, as well as enables the
elimination of side effects.?""*! Ideally, the photosensitiza-
tion activity of the system should be switched off during
blood circulation to reduce systemic toxicities in vivo and
switched on in specific tumor tissues to provide high ROS
production.”!
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Figure 1. a) Size distribution of PHHPEG, NFs measured by DLS.

b) Cryo-TEM analysis of PHHPEG NFs. c) Stability of 0.2 mgmL™
PHHPEG, NFs in H,0, PBS, DMEM, 10% FBS and DMEM +10% FBS
solutions at pH 7.4 for 24 h. d) Size distribution of 0.2 mgmL™
PHHPEG, NFs in phosphate buffer solution at pH 7.4, 6.3 and 5.0 after
1 h, measured by DLS. e) Cryo-TEM image of PHHPEG, NFs in
phosphate buffered solution at pH 6.3 and 5.0 after 24 h incubation.

In vivo imaging prior to the use of PDT is an essential
step in therapeutic planning to assess if the tissue of interest,
normally a tumor, lesion, or type of diseased tissue, can be
effectively reached.’*! In addition to locating the tissue of
interest, it is often possible to discern areas of pre-existing
necrosis, and areas of disease infiltration by choosing from a
variety of techniques or contrast agents.”*? The structural
and functional information gathered through pretreatment
imaging can be used in treatment planning, such as the
location of the light source, and even treatment dose
assessment.”! Moreover, imaging techniques have been
successfully clinically implemented that allow for the assess-
ment of the efficacy of PDT by comparing tissue images
before and after treatment, showing evidence of necrosis,
apoptosis, and blood vessel occlusion.”**! The development
of photosensitizer-based nanostructures with intrinsically
built-in fluorescence imaging capacity, would integrate these
features in one particle, which would allow for facile
monitoring of accumulation and retention at the tumor site
before and after PDT, and assess the progress of PDT
through in situ real-time imaging without using additional
contrast agent.

An interesting approach to enhance tumor tissue accu-
mulation and retention of nanoparticles is to trigger their
aggregation by stimuli provided by the tumor microenviron-
ment, which increases the interaction between cells and
nanoparticles.? 3! Qur group previously reported on a
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Figure 2. a) Zeta-potential of PHHPEG, NFs at pH 7.4, 6.3 and 5.0.

b) The decreased absorption of ABDA at 380 nm as a function of time
by irradiating PHHPEG, NF aqueous solutions at pH 7.4, 6.3, 5.0 and
the molecularly dissolved porphyrin-peptide in DMSO. Pure phosphate
buffer solutions and DMSO were used as control groups.

nanoparticle for long-term tumor imaging and enhanced
PDT, which was composed of a porphyrin-peptide building
block that displayed pH-activated self-assembly into peptide
nanostructures.? However, the slow tumor accumulation of
these nanoparticles compromised their utility for tracking
the nanoparticles in in vivo tumor imaging, especially at
early-stage post injection.

In vivo nanoparticle behavior can be strongly affected by
their morphology.”*¥ For example, nanofibers with a high
aspect ratio have a therapeutic advantage over traditional
spherical nanoparticles, owing to their prolonged circulation
time in vivo;®**! PEGylated fibrillar structures persist in
circulation considerably longer than spherical particles after
intravenous injection because fibrous structures are less
readily taken up by immune cells.”"* The rapid blood flow
induces strong hydrodynamic shear during circulation,
making it difficult for fibrous structures to prolong their
interaction with the surface of macrophages. This allows
them to accumulate more effectively at the tumor site and
improve their therapeutic efficacy compared to their
spherical counterparts.!33

Several porphyrin-peptide conjugates have been applied
in PDT but many of them suffer from the poor accumulation
or short tumor retention, which interferes with their
application in in vivo tumor imaging and therapy.’ In this
paper, we designed and synthesized a novel pH-responsive
PEGylated porphyrin-peptide conjugate termed PHHPEG
in which we have derivatized a porphyrin with histidine
dipeptides and short PEG chains (Figure S1). The pK, of
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Scheme 1. Overview of the construction and features of pH-responsive porphyrin-peptide nanofibers (PHHPEG; NFs) for enhanced photodynamic
therapy and prognostic monitoring. a) In presence of the acidic tumor microenvironment, self-assembled PHHPEG, NFs form aggregates and
sediment on the cancer cell surface, leading to enhanced cellular uptake. The pH-induced aggregation of PHHPEG¢ NFs also results in enhanced
'0, generation efficiency. b) Because of the prolonged tumor retention, the PHHPEG, NFs can not only be used for tumor imaging and effective

PDT but also for prognostic monitoring in vivo.

the imidazole group in histidine (pK,~6.0) is closer to the
acidic tumor microenvironment (pH 6.0-7.0) than that of
the pH-responsive carboxylate group (pK,=2.85) in our
previous work, strongly improving their pH-responsive
aggregation.”’! The PHHPEG, self-assembled into small
nanofibers with high aspect ratio, exhibiting fast and
efficient tumor accumulation, long-term tumor retention,
which can be applied in pre-imaging and post-treatment
imaging of the tumor in PDT (Scheme 1). To the best of our
knowledge, this is the first time a multifunctional porphyrin-
peptide based nanomaterial has been developed that can not
only be used for effective PDT but also for prognostic
monitoring.

Results and Discussion

The PEGylated porphyrin-peptide conjugate PHHPEG¢ was
synthesized by solid phase peptide synthesis. LC-MS,
MALDI-ToF MS and '"H NMR spectroscopy results showed
the successful synthesis of PHHPEH; (Figure S1-S3). As
depicted in Figure 1a, PHHPEG; self-assembled into small
nanostructures in aqueous solution with an average size of
30nm as measured by DLS. Cryo-TEM analysis showed
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that the self-assembled PHHPEG, nanostructures were
coiled nanofibers (NFs) (Figure 1b). The stability was
investigated by diluting PHHPEG, NFs in several buffers.
As shown in Figure 1c, the size of these PHHPEG, NFs did
not significantly change in PBS, DMEM, 10% FBS and
DMEM+10% FBS after 24 h incubation, indicating their
good stability under physiological conditions. Next, the pH-
responsiveness of these PHHPEG, NFs was investigated by
varying the pH of PHHPEG( NFs in PBS from 7.4, 6.3 to
5.0, mimicking the pH values of healthy tissue, tumor tissue
and intracellular lysosomes, respectively. As shown in Fig-
ure 1d, in contrast to the stable size of NFs at neutral pH,
the size of PHHPEG, NFs increased from 26 nm to 1206 nm
at pH 6.3, and 1464 nm in PBS pH 5.0 after 1 h incubation,
showing the strong response to pH. Cryo-TEM analysis
indicated that PHHPEG, NFs transformed into large
aggregates at these two acidic conditions (Figure 1le). Also,
the size of the aggregates was concentration-dependent.
PHHPEG¢4 NFs formed larger aggregates upon increasing
concentration (Figure S4). Furthermore, the aggregation of
PHHPEG NFs at even lower pH was also investigated. As
shown in Figure S5, PHHPEG, NFs also formed large
aggregates at pH of 4.0. However, when the pH was
decreased to 3.0, 2.0 and 1.0, small peaks appeared in the
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DLS measurements, indicating the disassembly of
PHHPEG, nanostructures, which can be attributed to
protonation of the pyrrole group of the porphyrin, leading
to an increased solubility.’”) Importantly, the size of the
PHHPEGg aggregates did not decrease again when the pH
of the solution was adjusted to pH 7.4, showing that the pH-
induced aggregation of PHHPEG NFs is irreversible and
the formed aggregates are stable (Figure S6). We hypothe-
sized that this could benefit PHHPEG, nanofiber accumu-
lation after they reached the tumor tissue by the enhanced
permeability and retention (EPR) effect, as they would
transform into large aggregates in the tumor acidic micro-
environment. The formation of large PHHPEG, aggregates
would also promote their cell uptake, and, furthermore,
when the PHHPEG, aggregates were internalized into cells
via the lysosomal pathway, the aggregates in the acidic
lysosomes could also diminish their exocytosis, enhancing
the PDT efficacy.

To investigate the effect of the PEG4 chains on the
porphyrin-peptide materials, non-PEGylated porphyrin-his-
tidine-histidine (PHH) was also synthesized (Figure S7). In
Figure S8-S10, LC-MS, MALDI-ToF MS and 'HNMR
spectroscopy results showed the successful synthesis of
PHH. From the DLS data shown in Figure S11, PHH self-
assembled into nanostructures with average size of around
100 nm in aqueous solution. SEM analysis showed a
spherical morphology for these PHH nanoparticles (NPs)
(Figure S12). However, after dilution in PBS at pH 7.4, the
size of the non-PEGylated PHH NPs significantly increased,
from 100 nm to around 800 nm, which means that these
PHH NPs were not stable in a physiological environment
(Figure S13). The above results show the key role of the
PEG; chains in forming stable porphyrin-histidine nanofiber
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structures. The improved stability of PHHPEG¢ NFs can be
attributed to the increased hydrophilicity and steric repul-
sion between the aggregates induced by the PEG chains.[*”

To gain a better understanding on the mechanism of pH-
responsiveness, we measured the pKy of PHHPEG, through
pH titration. In Figure S14, the pK, of the imidazole group
in PHHPEG, was calculated to be 5.7, which is consistent
with that reported in literature.” We next measured the
zeta potential of PHHPEG, NFs at the pH values of 7.4, 6.3
and 5.0. As shown in Figure 2a, the zeta potential of
PHHPEG, NFs increased from —15.2 mV to —9.6 mV with
the pH going down because of the protonation of the
imidazole group of PHHPEG®™ At high pH, PHHPEG
NFs were stabilized in solution due to electrostatic repulsion
because of the negative charge on the particle surface.
When the pH decreased, the imidazole group started to
become protonated, which diminished the electrostatic
repulsion, leading to the aggregation of the PHHPEG, NFs.

The applicability of photosensitizer-based nanomaterials
depends on their photostability.*! The photostability of
PHHPEG, NFs were investigated by irradiation with light
for 30 min. During light irradiation, the absorption spectrum
was monitored. As shown in Figure S15, a negligible change
was observed compared to the initial absorbance value of
PHHPEG, NFs, showing their good stability. To evaluate
the singlet oxygen (‘O,) generation efficiency of PHHPEG;
nanostructures at different pH, 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA) was used as 'O,
indicator. PHHPEGg NFs solutions were diluted in DMSO
and PBS solution at different pH. As shown in Figure 2b,
the absorbance of ABDA decreased gradually in all
PHHPEGgs solutions over time under 660 nm laser irradi-
ation (0.12 Wcem™?), showing that ABDA was degraded by
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Figure 3. a) Confocal microscope images of 4T1 cells and MCF-7 cells co-cultured with 200 pgmL™"' PHHPEG NFs for 24 h at pH 7.4 and 6.3 and
stained with Hoechst 33342. Confocal microscope images of 4T1 cells and MCF-7 cells treated with 200 ygmL™' PHHPEG, NFs for 24 h and
stained with Hoechst 33342, b) LysoTracker green and c) ERTracker green, respectively.
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Figure 4. CLSM images of intracellular 'O, generation in a) 4T1 cells and b) MCF-7 cells measured by DCFH-DA after treatment of the cells with
PHHPEG, NFs at pH 7.4 and 6.3 with and without 660 nm laser irradiation (0.12 Wcm™2, 10 min). CLSM images of c) 4T1 cells and d) MCF-7 cells
stained with calcein-AM/PI, incubated with PHHPEG, NFs at pH 7.4 and 6.3 with 660 nm laser irradiation (0.12 Wcm™2, 10 min). The

concentration of PHHPEG, NFs used for 4T1 cells was 50 pgmL™",

and for MCF-7 cells 200 pgmL™

in a-d. MTT assay of cell viability of e) 4T1

cells) and f) MCF-7 cells with PHHPEG, NFs at different concentrations at pH 7.4 and 6.3, with and without 660 nm laser irradiation (0.12 Wcm™,

10 min).

the generated 'O,. The 'O, generation of PHHPEG, nano-
structures was greatly enhanced as the pH decreased from
7.4 to 5.0. This enhanced 'O, generation at lower pH could
result from enhanced intersystem crossing after nanostruc-
ture aggregation.”*!l When the photosensitizer absorbs a
photon, an electron will be promoted from the ground state
to an electronically excited singlet state. Then, this excited
singlet state decays back to an excited triplet state via three
competitive relaxation processes, such as emission of a
photon via fluorescence, intersystem crossing and nonradia-
tive relaxation (heat generation).*!! Based on our previous
study, the fluorescence and heat generation of peptide-
porphyrin nanostructures decreased during acid-induced
aggregation. As a result, the intersystem crossing mechanism
would be promoted and consequently lead to the improve-
ment of 'O, generation. Surprisingly, the 'O, generation of
PHHPEGg nanostructures at pH 5.0 was even higher than
that produced by free PHHPEG, in DMSO, indicating their
effective '0,-generation capacity in acidic conditions.

When NF aggregation can be controllably induced at the
tumor site, this could enhance retention efficiency and
cellular uptake of the nanoparticles in tumors, facilitating
diagnosis and therapy."*! To investigate in vitro cell uptake
behavior of pH-sensitive PHHPEG4 NFs in a tumor-like
acidic environment, mouse breast cancer 4T1 cells and
human breast cancer MCF-7 cells were incubated with
PHHPEG4 NFs at both neutral pH 7.4 and pH 6.3, and
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analyzed using confocal fluorescence microscopy (CLSM)
and fluorescence activated cell sorting (FACS). As shown in
Figure 3, the PHHPEG NFs displayed a strong red
fluorescent signal, which allowed the visualization of uptake
and intracellular localization. After the incubation of 4T1
cells and MCF-7 cells with PHHPEG, NFs for 24 h,
remarkably enhanced cellular uptake was observed at
pH 6.3 in comparison with pH 7.4 (Figure 3a). Similar results
were observed with the FACS analysis of PHHPEG, NFs
treated cells at pH7.4 and 6.3 (FigureS16). The
enhancement of cellular uptake at pH 6.3 is mainly attrib-
uted to the pH-induced aggregation of PHHPEG4 NFs. The
fast aggregation of PHHPEG, NFs in culture medium at
pH 6.3 made the large aggregates subsequently sediment on
the cells, resulting in a high local concentration of NPs on
the cell surface and an increase in cellular uptake.**
Moreover, the proteolysis of PHHPEG¢ NFs inside 4T1 cells
and MCF-7 cells was investigated. As shown in Figure S17,
after washing the NFs from 4T1 cells and MCF-7 cells after
24 h co-culturing and culturing the cells in medium for
another 24 h, the fluorescence of PHHPEG4 NFs decreased
at 48 h compared with that at 24 h, indicating the hydrolysis
of NFs in cells. To evaluate cellular localization of
PHHPEGg NFs, the 4T1 cells and MCF-7 cells were stained
with LysoTracker green, endoplasmic reticulum (ER)-
Tracker green, MitoTracker green and GolgiTracker green,
and the localization of PHHPEG¢ NFs was determined using

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. a) Fluorescence imaging of 4T1 tumor-bearing mice at varying time points after intravenous injection of PHHPEGg NFs over a period of
216 h. b) Quantified total fluorescence intensity in the tumor region marked by the white circle of (a). c) Ex vivo fluorescence images of main
organs of tumor-bearing mice at 48 and 264 h post injection of PHHPEG, NFs. d) Fluorescence imaging and photographs of mice before PDT at

48 h post injection, and after PDT at 72, 96, 120 and 168 h post injection.

high resolution CLSM. As shown in Figure 3b, the red
fluorescence of PHHPEG, NFs partially colocalized with
the green fluorescence in lysosomes. Lysosomes have a low
pH, facilitating the pH-responsiveness of PHHPEG, NFs.
Meanwhile, PHHPEG, NFs were also partially colocalized
with the endoplasmic reticulum (Figure 3c). The Pearson
correlation coefficient in both 4T1 cells and MCF-7 cells
showed a high value for lysosomes (0.40 and 0.48, respec-
tively), and a high value for the endoplasmic reticulum (0.49
and 0.47, respectively) as well, indicating that the PHHPEG
mainly localized in these organelles. As shown in Figure S18
and S19, PHHPEG, NFs did not show co-localization with
mitochondria and the Golgi apparatus. The above results
confirmed that these PHHPEG, NFs exhibited enhanced
cellular uptake at acidic conditions in vitro, and distributed
to lysosomes and the endoplasmic reticulum.

The intracellular photoactivity of the PHHPEG; NFs to
4T1 cells and MCF-7 cells was also examined by CLSM
using the ROS indicator 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA) for the detection of generated singlet
oxygen under irradiation with a 660 nm laser. As shown in
Figure 4a and 4b, all cells in the two groups (PHHPEG4 NFs
at 7.4 and 6.3) consistently revealed a low fluorescence
emission without light irradiation. In Figure 4a and 4b, 4T1
cells and MCF-7 cells treated with PHHPEG¢ NFs exhibited
strong green fluorescence after irradiation by a 660 nm laser
(0.12 Wem™2) for 10 min, but fluorescence was more pro-
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nounced at pH 6.3 than at pH 7.4. This might be a result of
the enhanced uptake of PHHPEGy NFs under acidic
conditions. Next, 4T1 cells and MCF-7 cells were incubated
with PHHPEG, NFs at 7.4 and 6.3 for 24 h and irradiated
with or without the 660 nm laser for 10 min. These cells
were stained with calcein-AM and PI staining solution for a
live/dead assay. As shown Figure S20, all the cells were alive
(green) without laser irradiation, even when treated with
PHHPEG4 NFs at pH7.4 and 6.3, showing their good
biocompatibility. After laser irradiation, it was clearly
observed that cell killing (red) was more efficient at pH 6.3
than that at pH 7.4 in 4T1 cells and MCF-7 cells (Figure 4c
and 4d); these results were consistent with the MTT assay
(Figure 4e and 4f). The viability of 4T1 cells and MCF-7
cells decreased with the increase of NF concentration at the
two pH values (Figure 4e and 4f) under laser irradiation.
Clearly, the PHHPEG, NFs showed a higher cell photo-
toxicity at the more acidic conditions. These results suggest
that the improved therapeutic efficiency of PHHPEG, NFs
can be attributed to the enhanced cellular uptake.

To evaluate the biodistribution and therapeutic efficacy
of PHHPEG NFs in tumor-bearing mice, mouse breast
cancer 4T1 cell tumors were established in athymic nude
mice. The biodistribution of PHHPEG4 NFs in these 4T1
tumor-bearing mice was investigated by in vivo fluorescence
imaging. As shown in Figure 5a, strong red fluorescence
appeared at the tumor site 4 h post injection, indicating the

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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fast accumulation of PHHPEG, NFs, which might attribute
to their quick responsiveness to low pH in tumor tissue.
Furthermore, the fluorescence signal of PHHPEG, NFs
increased over time at the tumor site and reached a
maximum at 48 h, exhibiting large tumor accumulation.
Remarkably, the fluorescence signal remained strong for
216 h (9 days) and more than 53 % of the maximum average
fluorescence intensity was still retained in the tumor after
intravenous administration up to 168 h, showing the long-
term tumor retention of PHHPEG¢ NFs (Figure 5b). More-
over, ex vivo fluorescence imaging of the tumor and main
organs also showed a strong fluorescence signal at the tumor
site and the liver 48 h post injection (Figure 5c). Remark-
ably, the fluorescence signal at tumor site could be even
detected 264 h post injection. These results indicate the
effective accumulation and long-term retention behavior of
PHHPEGg NFs at the tumor site, which might be attributed
to the PEGylated nature of the fibers nanostructure, the
good penetration capacity because of their small size, and
the fast pH-induced aggregation at the acidic tumor
microenvironment. 233

The long-term retention of PHHPEG, NFs at the tumor
site made it possible to monitor the process of PDT by
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comparing fluorescence images of tumor tissue before and
after PDT for evidence of necrosis and apoptosis. Firstly,
the PHHPEG, NFs were injected intravenously in mice. In
Figure 5d, strong fluorescence appeared at the tumor site
48 h post injection, which is consistent with the in vivo
imaging results of Figure 5a. Subsequently, the tumor was
irradiated with a 660 nm laser for 10 min to induce PDT,
and the fluorescence was monitored continuously in real
time. Interestingly, different from the decreasing trend of
fluorescence after 48 h post injection without PDT (Fig-
ure 5a), the fluorescence at the tumor site increased
continuously after PDT and the area of fluorescence was
enlarged from 48h to 72h post injection (Figure 5d).
Furthermore, the fluorescence even increased further after
PDT for 2 days (96 h post injection); meanwhile, a part of
the tumor started to scab (Figure S21). This enhanced
fluorescence after PDT might result from the necrosis and
apoptosis of tumor cells leading to release and diffusion of
PHHPEG NFs. The fluorescence at the tumor site almost
disappeared after PDT for 3 and 5days (120 h and 168 h
post injection) and thick scabs were formed at the tumor
sites (Figure S21). The sudden disappearance of the fluo-
rescent signal might be due to the clearance of free
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PHHPEG, NFs from the tumor tissue or be attributed to
inhibited fluorescence imaging by the typical black scab
formed at the tumor site after PDT, showing the high PDT
efficacy of PHHPEG, NFs. Benefiting from the long-term
tumor fluorescence retention of PHHPEG, NFs, the
abnormal increase and sudden disappearance of
fluorescence after PDT can be used to monitor the process
of necrosis and apoptosis of tumor cells to guide the PDT
treatment.

Twenty 4T1 tumor-bearing mice were divided into four
groups, labeled: Control, Laser, PHHPEG, NFs and
PHHPEG4 NFs-+laser groups. At the highest fluorescence
time point (48 h post-injection), the mice of the Laser and
PHHPEG4 NFs+laser groups were irradiated by a 660 nm
laser for 10 min, and the other two groups were treated
without laser. Then, the tumor volumes and body weights
were monitored (Figure 6). As shown in Figure 6a, the
tumor growth profiles showed that the PHHPEG, NFs+
laser group displayed strong antitumor efficacy compared
with the other three groups over the period of 16 days. The
tumor size and weight at day 16 also confirmed the
effectiveness of PHHPEG¢ NFs for PDT (Figure 6b and 6¢).
Figure 6d showed that the body weights of the mice in all
groups were not significantly different and remained stable
during treatment, indicating the high biocompatibility of this
PDT system. Moreover, as shown in Figure S22, the
hematoxylin and eosin (H&E) staining of major organs from
the mice in the four groups exhibited no pathological
changes, showing the excellent biocompatibility of the
PHHPEGg NFs for in vivo PDT.

Conclusion

We have synthesized a novel PEGylated porphyrin-peptide
PHHPEG; building block which self-assembles into small
nanofibers. The presence of the PEG, chains was key in
providing stability of the nanofiber structures. These
PHHPEG NFs exhibited fast pH-responsive aggregation at
low pH values, reminiscent of tumor tissue and the
lysosomal microenvironment, which improved their singlet
oxygen generation, cellular uptake, and PDT efficacy in
vitro. PHHPEG¢ NFs showed fast and effective tumor
accumulation, which enabled both prolonged tumor imaging
and effective PDT in vivo. Moreover, based on the different
fluorescent signals of PHHPEG, NFs at the tumor tissue
with or without PDT treatment, these NFs could be used to
monitor the process of PDT and potentially guide cancer
treatment. These multifunctional nanomaterials therefore
allow control over the entire PDT process, from visual-
ization of photosensitizer accumulation, via actual PDT to
the assessment of the efficacy of the treatment. As such,
these particles could have a potential advantage over
currently applied PDT systems.
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The data that support the findings of this study are available in the
Supporting Information of this article.
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