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Photo-oxygenation of B-amyloid (AB) has been considered an efficient way to inhibit AR aggregation in
Alzheimer's disease (AD). However, current photosensitizers cannot simultaneously achieve enhanced
blood-brain barrier (BBB) permeability and selective photooxygenation of AP, leading to poor
therapeutic efficacy, severe off-target toxicity, and substandard bioavailability. Herein, an AB target-
(PKNPs) with enhanced BBB penetrability and switchable
photoactivity is designed and demonstrated to be effective in preventing A aggregation in vivo. PKNPs
are prepared by the self-assembly of the AB-targeting peptide KLVFF and an FDA-approved porphyrin
derivative (5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin). Due to the photothermal effect of PKNPs,
the BBB permeability of PKNPs under irradiation is 8.5-fold higher than that of porphyrin alone.
Moreover, upon selective interaction with AB, PKNPs undergo morphological change from the spherical

driven supramolecular self-assembly

to the amorphous form, resulting in a smart transformation from photothermal activity to photodynamic
activity. Consequently, the disassembled PKNPs can selectively oxygenate AB without affecting off-target
proteins (insulin, bovine serum albumin, and human serum albumin). The well-designed PKNPs exhibit

oth s not only improved BBB permeability but also highly selective AR photooxygenation. Furthermore, in vivo
Received 9th September 2020 . . . . .
Accepted 6th October 2020 experiments demonstrate that PKNPs can alleviate AB-induced neurotoxicity and prolong the life span of
the commonly used AD transgenic Caenorhabditis elegans CL2006. Our work may open a new path for
DOI: 10.1039/d0sc04984k . . ) . . .
using supramolecular self-assemblies as switchable phototheranostics for the selective and effective

rsc.li/chemical-science prevention of A aggregation and related neurotoxicity in AD.

Introduction inhibition of Ap aggregation by photo-oxygenation of AB, but
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Alzheimer's disease (AD), the most prevalent type of dementia,
affects more than 50 million people worldwide. Even worse,
with the aging of the population, the number of cases of AD will
increase rapidly. Increasing evidence has suggested that the
aggregation of amyloid-p peptides (Ap) is a critical step towards
AD pathogenesis. Accordingly, prevention of AB aggregation
has been sought as a promising strategy to treat AD.>* Recently,
photo-oxygenation of AB has been used for the suppression of
AP aggregation with unique merits of low invasiveness, high
selectivity, and spatiotemporal controllability.** Until now,
numerous molecular photosensitizers (such as porphyrins,’
riboflavin,® and thioflavin T*'°) have been reported for the
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none have achieved satisfactory therapeutic effects. The lack of
efficacy is mainly attributed to the blood-brain barrier (BBB)
with well-structured and dense paracellular tight junctions,
which routinely impedes the entry of most therapeutic drugs
into the central nervous system (CNS).'***> In addition, these
molecular photosensitizers also tend to aggregate and/or suffer
from rapid elimination in the body,” further resulting in
a decrease in photo-oxygenation efficiency. Most recently,
several photoactive nanomaterials with unique BBB penetration
ability'**® and physicochemical stability have been developed
as promising alternatives to molecular photosensitizers.”*°
However, these nanoscale photosensitizers can cause unwanted
off-target oxidative damage to healthy tissues due to the reactive
oxygen species (ROS) generated under illumination.**® Hence,
development of a novel photodynamic therapy (PDT) strategy
with improved brain bioavailability and controllable ROS
generation is highly desired.

In nature, the self-assembly of biomolecules into compli-
cated and functionalized units utilizing multiple noncovalent
interactions, including electrostatic, hydrophobic, -, and
coordination interactions, affords a rationale to construct
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nanostructures.’*>* These reversible, controllable, and dynamic
noncovalent interactions allow these self-assembled systems of
biomolecules to adapt well to the physiological environment to
fully optimize their biological functions.?*® For example, the
specific interaction among macromolecules causes a confor-
mational change in the partner macromolecule to activate one
of the binding partners to trigger a biological cascade.”” In
particular, low molecular weight peptides exhibit outstanding
advantages (such as inherent biocompatibility, potential
biodegradability, structural programmability, and easy prepa-
ration) compared to other existing self-assembly motifs.>®
Herein, a peptide-based porphyrin supramolecular self-
assembly (PKNPs) with Ap-responsive structural trans-
formation was designed for selective photooxygenation of AB.

The PKNPs are prepared by the self-assembly of the US food
and drug administration (FDA)-approved porphyrin derivative
photosensitizer* (5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin,
PP) and AB-targeting peptide KLVFF.*** Porphyrin is selected as
a photosensitizer due to its superior optical and electronic
properties.'**>* Besides, porphyrin with intrinsically hydro-
phobic characteristics could function as a building block in the
construction of supramolecular nanostructures. In the study,
hydrophobic interactions and -7 stacking interactions facili-
tate porphyrin-peptide conjugate (PP-KLVFF) self-assembly into
spherical nanostructured PKNPs and inhibit their fluorescence
emission and ROS generation. Therefore, unsurprisingly,
PKNPs exhibit an excellent photothermal effect under illumi-
nation, which is conducive to increasing their BBB perme-
ability.**** More importantly, PKNPs permit disassembly upon
specific interaction with AP, leading to smart transformation
from photothermal activity to photodynamic activity.*>*® As
a consequence, PKNPs achieve selective photooxygenation of A
without affecting non-specific proteins (insulin, bovine serum
albumin (BSA), and human serum albumin (HSA)). In this way,
PKNPs can realize both improved BBB permeability and highly
selective photooxygenation of AB by the transformation of
morphology (Scheme 1). Furthermore, PKNPs show no obvious
toxicity both in rat pheochromocytoma (PC-12) cells and N2
wild-type strain worms. To the best of our knowledge, the use of
a supramolecular self-assembly as a novel photosensitizer for
activable PDT against AD has not been reported.
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Schemel Schematic illustration of the self-assembly process and AB-
triggered disassembly process of PKNPs.

1004 | Chem. Sci, 2020, 1, NOO3-11008

View Article Online

Edge Article

Results and discussion

KLVFF, a pentapeptide known to specifically target AB,*” was
conjugated to hydrophobic PP to synthesize PP-KLVFF. The
resulting PP-KLVFF was verified by "H nuclear magnetic reso-
nance ("H NMR, 600 MHz), Fourier transform infrared (FTIR)
spectroscopy, mass spectrometry (MS), and high performance
liquid chromatography (HPLC) (Fig. S1-S4f). Due to the
amphiphilicity, PP-KLVFF could spontaneously assemble into
nanostructured PKNPs in DMSO/H,O (1:9, v/v) solution.
Transmission electron microscopy (TEM) images showed that
PKNPs possessed a spherical morphology (Fig. 1a). The
dynamic light scattering (DLS) histogram of PKNPs revealed an
average diameter of 70 nm (Fig. 1b). In addition, a distinct
bathochromic shift and broadening of Soret and Q bands in the
absorption spectra of PKNPs were observed (Fig. 1c), which
could be ascribed to the face-to-face stacking of PP.** The cor-
responding shift for PKNPs was further investigated by circular
dichroism (CD) spectroscopy. As shown in Fig. 1d, a distinct
red-shift of the Soret band region in the CD spectrum of PKNPs
was observed, which implied strong intermolecular interaction
between PP molecules.**** As shown in Fig. 1e and f, the fluo-
rescence emission and ROS generation of PKNPs were
completely quenched, implying that porphyrin molecules were
aggregated in aqueous solution. These results together
confirmed the successful construction of PKNPs. More
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Fig. 1 Self-assembly of PP-KLVFF into PKNPs. (a) TEM image of
PKNPs. (b) DLS histogram of PKNPs. (c) UV-vis absorption spectra of
PP-KLVFF and PKNPs. The inset shows the amplified absorption
spectra of Q bands. (d) CD spectra of PP, KLVFF, PP-KLVFF, and PKNPs.
(e) Fluorescence emission spectra (Aex: 450 nm) of PKNPs and PP-
KLVFF. (f) ROS generation by PKNPs and PP-KLVFF, using DCFH-DA
(10 uM) as a probe (Aex: 488 nm).
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importantly, PKNPs had high colloidal stability in water, Dul-
becco's modified Eagle’s medium (DMEM), and phosphate
buffered saline (PBS) (Fig. S5t), showing great potential for
biological applications.

Theoretically, photosensitizers are activated from the ground
state (S,) to the excited state (S,) after photoexcitation. However,
the high-energy S; is not stable and reverts to the ground state
mainly through three processes, including radiative emission
(i.e., fluorescence), intersystem crossing (i.e., ROS generation),
and vibrational relaxation (i.e., heat).” Interestingly, the
aggregation driven by m-m stacking and hydrophobic interac-
tions completely quenched the fluorescence emission (Fig. 1e)
and blocked ROS generation (Fig. 1f) of PKNPs, which implied
that the light energy absorbed by PKNPs could be transformed
into heat.*** As shown in Fig. S6,T the temperature of the PKNP
solution increased monotonically with radiation time, laser
intensity, and PKNP concentration, demonstrating the excellent
photothermal properties of PKNPs. Meanwhile, PKNPs also
exhibited good photothermal stability (Fig. S77).

Since the self-assembly is based on the synergy of non-
covalent interactions, it is easily subject to environmental
variations.****™** Considering the high binding affinity of AB
with KLVFF, AB deposition in the brain of AD patients could
trigger the disassembly of PKNPs. To test this hypothesis, the
morphology change of PKNPs was first detected by TEM. As
shown in Fig. 2a and b, the morphology of PKNPs changed from
regular solid spheres to amorphous and fluffy particles upon
the addition of AB. This result suggested that AB could induce
PKNP disassembly, which was attributed to the fact that this A
binding event disrupted the hydrophilic-lipophilic balance
(HLB) of PKNPs.>”** Moreover, the disassembly of PKNPs was
further verified from the fluorescence spectra. As depicted in
Fig. 2¢, in the absence of AB, almost no fluorescence emission of
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Fig. 2 Switchable photoactivity of PKNPs based on the AB-driven
disassembly. Scale bars: 100 nm. (a) Morphology of integrated PKNPs
before adding AB. (b) Morphology of dissociated PKNPs after adding
AB. (c) Fluorescence spectra of PP-KLVFF, PKNPs and PKNPs (0.2 mg
mL~Y) incubated with AB (30 uM) for different times. (d) ROS genera-
tion by PKNPs (0.2 mg mL™%) co-incubated with AB (30 puM), using
DCFH-DA (10 uM) as the probe (Aex: 488 nm).
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PKNPs was observed. However, with the addition of A, the
fluorescence intensity significantly increased, suggesting that
AR disrupted the nanostructure of PKNPs. Subsequently, we
explored whether this dissociation process was selectively
driven by AB. As shown in Fig. S8,1 there is no obvious fluo-
rescence increase after PKNPs were incubated with five unre-
lated proteins, including BSA, HSA, hemoglobin, ferritin, and
lysozyme. These results confirmed that specific interactions
between AB and KLVFF could trigger disassembly of the nano-
structure and fluorescence recovery of PKNPs.

The disassembly of the nanostructure and fluorescence
recovery of PKNPs triggered by AP implies activation of ROS
production. Then the ROS generation ability of PKNPs triggered
by AP was evaluated using 2,7-dichlorofluorescin diacetate
(DCFH-DA).* Upon 450 nm laser irradiation, almost no green
fluorescence emission was observed in the absence of AP
(Fig. S9t). Nevertheless, green fluorescence emission was
detected upon addition of AB (Fig. 2d). In contrast, no fluores-
cence emission was observed in the presence of various other
proteins (Fig. S101). These results demonstrated that ROS
generation was only triggered by AP, which highlighted the
potential of activable PDT for AD with high selectivity and
minimal side effects.

Next, selective photooxygenation of AR was monitored by
matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MS). As described in Fig. 3a, a +16 Da modifica-
tion was detected when A was co-incubated with PKNPs and
exposed to 450 nm laser irradiation, implying that AP was
strongly oxidized by PKNPs. In contrast, PKNPs could not
oxidize insulin under identical reaction conditions (Fig. S117).
These outcomes confirmed that PKNPs exhibited highly specific
photooxygenation of AB. Furthermore, the photooxygenation of
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Fig. 3 (a) The mass spectra of AB4, and AB4, oxidized by PKNPs under
laser excitation. (b) DNPH assay. (c) ThT fluorescence assay. (d) CD
spectra of AB after various treatments. (e) TEM images of different A
samples: (I) AB, (Il) AB + light, (Ill) AB + PKNPs, and (IV) AB + PKNPs +
light. Scale bars are 200 nm.
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AB was investigated by using 2,4-dinitrophenylhydrazine
(DNPH), a sensitive reagent for carbonyl groups of protein
samples.”*” As shown in Fig. 3b and S12,7 only the carbonyl
modification in AB samples prominently increased after pre-
incubation of AB, BSA, and HSA with the PKNPs, respectively.
These results verified the selective photooxygenation of AB by
PKNPs.

Since Ap was oxidized by PKNPs, we explored whether PKNPs
could suppress AP aggregation by thioflavin T (ThT) assay. As
shown in Fig. 3¢, ThT fluorescence was significantly increased
when fresh AR monomers were incubated at 37 °C for 6 days,
indicating the formation of AP aggregates. Nevertheless, ThT
fluorescence was barely changed when AP monomers were
incubated with PKNPs and irradiated with 450 nm light. These
results suggested that photooxygenation could strongly inhibit
AP aggregation. Moreover, under dark conditions, PKNPs also
suppressed AP aggregation to some extent because of their
intrinsic ability to inhibit AP aggregation of KLVFF. Subse-
quently, the corresponding morphology change of AB was
monitored by TEM after various treatments (Fig. 3e). Large
branched fibrils were observed in the control group of AB alone.
However, for photooxygenated AP, almost no hundred-
nanometer long AP fibrils appeared, indicating that photo-
oxygenation of AP could remarkably inhibit their aggregation.
The above results were also substantiated by CD spectroscopy
(Fig. 3d).

Encouraged by the strong inhibition ability of PKNPs against
AP aggregation, we next investigated whether PKNPs could
ameliorate AB-mediated cytotoxicity by MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
As shown in Fig. S13,7 the cell viability in the photooxygenation
group was prominently higher than that without laser irradia-
tion. These results demonstrated that PKNPs could effectively
attenuate AB-induced cytotoxicity through photo-oxygenation of
AB. In addition, PKNPs had negligible cytotoxicity towards PC-
12 cells with a PKNP concentration of up to 0.5 mg mL ",
indicating their good biocompatibility (Fig. S147).

The rigid BBB is the main obstacle that impedes the entry of
most drugs into the brain."** Recently, nanoparticles with
intrinsic BBB-penetrability have been developed for neurode-
generative disease treatment.'>'*'® Therefore, we inferred that
solid spherical nanostructured PKNPs exhibited great potential
for traversing the BBB. Moreover, considering the photothermal
effect of PKNPs, the BBB permeability of PKNPs could be
improved under NIR irradiation.*»** Thus, the ability of PKNPs
to penetrate the BBB was studied by using in vitro BBB models
based on a murine brain endothelial cell line (bEnd.3).**** As
described in Fig. S15, the penetration efficiency of PP and
PKNPs across the BBB model was calculated to be 2.12% and
3.09%, respectively. Upon 638 nm laser irradiation, the pene-
tration efficiency of PKNPs was further increased and reached
17.93%, proving that the BBB permeability of PKNPs could be
enhanced by the photothermal effect. It should be noted that
the transepithelial electrical resistance (TEER) values were
stable throughout the experiment, suggesting that the mild
photothermal effect did not impact BBB integrity.
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Fig. 4 PKNPs decreased AB deposition and relieved AB-triggered
paralysis and motility impairment of CL 2006 nematodes. Scale bars
are 20 um. (a—e) ThS-staining images of AB deposits. The arrows
indicate AB plaques. (a) Bristol N2 strains. CL2006 incubated on the
nematode growth medium (NGM) (b) alone, (c) exposed to laser irra-
diation, (d) with PKNPs (0.2 mg mL™%), and (e) in the presence of PKNPs
under irradiation. (f) Survival curves of CL2006 worms under different
conditions.

The AD transgenic strain C. elegans CL2006, a widely used AD
model, is characterized by AP peptides expressed in muscle
cells.” Thioflavin S (ThS) staining was performed to evaluate the
effect of PKNPs on the AP deposits in the CL2006 worms
(Fig. 4b-e).*®* Compared to the N2 wild-type strain (Fig. 4a), the
levels of aggregates were apparently increased in the untreated
CL2006 strain. However, AB deposits were significantly
decreased after feeding with PKNPs and subsequent exposure to
a 450 nm laser (Fig. 4e). As a consequence, PKNPs could relieve
AB-caused motility impairment and paralysis of CL2006 worms
and significantly extend the life span of CL2006 nematodes
under 450 nm light irradiation (Fig. S167 and 4f). In contrast,
neither PKNPs nor 450 nm light alone decreased AB deposition
and delayed the paralysis of worms. These results demonstrated
that PKNPs could reduce the AB burden in the CL2006 strain
under 450 nm laser irradiation.

Conclusion

In summary, we present the first example of AP-responsive
activable PDT for treatment of AD by using nanostructured
PKNP self-assemblies. Due to the photothermal effect of PKNPs,
the BBB permeability of PKNPs under irradiation is 8.5 and 5.8
times higher compared to that of porphyrin and PKNPs alone,
respectively. Moreover, attributed to the noncovalent interac-
tions of the AB-targeting peptide KLVFF and PP, the spherical
PKNPs show their ability for AB-driven disassembly and thus
achieve AB-specific triggered ROS generation. As a result, PKNPs
can act as an activable photosensitizer for selective photo-
oxygenation of AB and inhibition of aggregation without off-
target side effects. Furthermore, in vivo studies indicate that
PKNPs can attenuate Af-mediated toxicity and extend the life
span of CL2006 worms. Taken together, our designed switch-
able supramolecular self-assembly can realize selective and
effective prevention of AP aggregation and related neurotoxicity
in an AD model.

This journal is © The Royal Society of Chemistry 2020
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