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Substantial progress has been made in applying nanotubes in biomedical
applications such as bioimaging and drug delivery due to their unique
architecture, characterized by very large internal surface areas and high
aspect ratios. However, the biomedical applications of organic nanotubes,
especially for those assembled from sequence-defined molecules, are very
uncommon. In this paper, the synthesis of two new peptoid nanotubes
(PepTs1 and PepTs2) is reported by using sequence-defined and ligand-
tagged peptoids as building blocks. These nanotubes are highly robust due
to sharing a similar structure to those of nontagged ones, and offer great
potential to hold guest molecules for biomedical applications. The findings
indicate that peptoid nanotubes loaded with doxorubicin drugs are promising
candidates for targeted tumor cell imaging and chemo-photodynamic therapy.

Although 1D nanotubes have made success in broadly
biological fields,!!l such as nanozyme-catalysis,/?l biosensing,?!
bioimaging, as well as drug delivery and cancer theranos-
tics,%l the controversial cytotoxicity issue of inorganic mate-
rials (e.g., carbon nanotubes) limits their further application
in biomedicine. With the development of molecular self-
assembly,”=! an increasing number of low-toxic 1D organic
nanotubes (ONTSs) have been synthesized as alternatives.*"]
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Among these biomimetic ONTs, nano-
tubes by using peptidest!!l as building
blocks are most widely investigated.
However, the Dbiomedical applica-
tions of these peptide nanotubes are
confronted with some limitations due to
their intrinsic drawbacks. For instance,
the functional diversity is poor because
of the self-assembly of peptides relying on
the natural motifs or dipeptides. There-
fore, the sequence-editing or modification
in peptides is unavailable.l'>!* These nat-
ural peptide-based nanotubes suffer from
poor protease-resistance. To enhance their
stability, nanotubes assembled by pep-
tide amphiphiles have been synthesized.
But the typical peptide amphiphiles usu-
ally consist of four regions (i.e., a hydrophobic tail, a linker, a
spacer, and a hydrophilic head), which is complicated and dif-
ficult to control.">14 Therefore, it is highly demanded to exploit
novel ONTs integrating the engineering of sequence-defined,
functionalization and high stability into one system.

Peptoids are now attracting increasing attention in a variety
of fields due to several distinct advantages, such as low cost,
easy synthesis, good biocompatibility, and versatile side-chain
chemistry. As peptide-mimetics, peptoids are sequence-specific
heteropolymers containing rich information and possess the
advantages of both biopolymers and synthetic polymers. The
sequential N-substituted glycine units cause peptoids to fold into
diverse, defined structures,™>'7] lacking chirality or hydrogen
bonds.’®2% It is worth noting that N-substitution greatly
improves the peptidase/proteinase-resistance of peptoids, as
well as their chemical and thermal stability.?!] The enhanced
stability of peptoids is thought to prevent a premature drug
release caused by enzymatic degradation.??l Additionally, com-
pared with nanostructures in other morphologies, nanotubes
as drug nanocarriers have been reported to have a longer per-
sistence in blood.?l All these features promote peptoid-based
nanotubes as ideal nanocarriers for tumor intracellular imaging,
drug delivery and cancer therapy. Unfortunately, the biomedical
applications of 1D ONTs are still at the infant stage.**27]

We recently reported a new class of highly engineered and
dynamic nanotubes by assembling sequence-defined peptoids
through a unique “rolling-up and closure of nanosheet” pro-
cess. Due to the large side-chain diversity of peptoids, these
nanotubes can be easily engineered with a broad range of func-
tional groups.l?®l Herein, as a proof-of concept of assembling



functional nanotubes for biomedical applications, we
synthesized two new functional peptoid nanotubes (PepTs1 and
PepTs2) by coassembling ligand-tagged tube-forming peptoids
that contain folic acid (FA), dansyl (DNS), and meso-tetrakis
(4-carboxylphenyl)porphyrin (TCPP) (Figures S1-S3, Supporting
Information). We demonstrated the applications of these nano-
tubes in drug delivery and multimodal cancer cell therapy.

Ligand-tagged peptoids (Figure 1a) were synthesized using a
previously developed submonomer synthesis method (see the
Supporting Information for details), in which functional groups
FA, DNS, and TCPP were covalently attached at the N-terminus
of peptoids.l'®282% Among these functional ligands, FA is known
as an efficient t argeting 1 igand t hat s pecifically re cognizes FA
receptors-overexpressed cells.*¥ DNS dye was chosen because
it can be easily built into tube-forming peptoids and has bright
green fluorescence after reaction with primary amino groups.?!
TCPP is a well-known commercially available photosensitizers
used in photodynamic therapy (PDT).3?l To develop functional
nanotubes that are suitable for targeted imaging and for PDT,
FA-tagged peptoids (Pep-FA) were coassembled with Pep-DNS or
Pep-TCPP in a molar ratio of 1:1, respectively (see the Supporting
Information for details). Nanotubes assembled from Pep-FA and
Pep-DNS (PepTsl) were further loaded with antitumor drug dox-
orubicin (DOX) for drug delivery and monitoring the intracel-
lular drug release (Figure 2a). PepTs1 exhibited an extraordinary
drug holding capacity. Nanotubes assembled from Pep-FA and
Pep-TCPP (PepTs2) were further loaded with DOX to proceed a
chemo-photodynamic therapy. To the best of our knowledge, it is
the first time that nanostructures formed by peptoids have been
implemented in targeted cancer cell imaging and therapy.

As shown in Figure 1 and Figure S4 (Supporting Informa-
tion), both transmission electron microscopy (TEM) and atomic
force microscopy (AFM) images showed that the coassembly
of two functional peptoids led to the formation of PepTsl and
PepTs2 with well-defined tubular structures, in which PepTsl
has a wall thickness of 3.41 nm (analysis with Image]). When
Pep-TCPP was used for coassembly with Pep-FA instead of
Pep-DNS, the formed nanotubes exhibited a slightly larger wall
thickness of 3.51 nm, which can be seen from the negatively
stained TEM images in Figure 1b. The increased wall thickness
of PepTs2 is due to the large size of TCPP, =18 A.133] Both of
PepTsl and PepTs2 possessed larger wall thickness than our
earlier reported NbpmgNce; nanotubes,?® indicating that the
ligand-tails were involved in the increase of tube wall thickness.
The AFM image shows the heights of PepTs1 and PepTs2 are 6.82
and 6.93 nm, respectively, nearly two times of their wall thick-
ness (Figure 1c and Figure S4, Supporting Information). To elu-
cidate the assembly pathway, we collected the morphologies of
PepTsl at the different stages by AFM (Figure S5, Supporting
Information). In order to use PepIsl and PepTs2 for cel-
lular experiments, colloidal nanotubes with nanoscale length
were obtained by a sonication-assisted tube-cutting process
(see the Supporting Information for details). The TEM image
of the PepTs2 showed that the sonication treatment shortened
the length of PepTs2 while the tube wall thickness remained
unchanged (Figure 1d). The dynamic light scattering (DLS,
Figure le) data of the colloidal PepTs2 show that they have an
average length of =298.8 nm. The X-ray diffraction (XRD) data
of PepTs2 (Figure 1f) and of PepTsl (Figure S6, Supporting

Information) shows that these functional nanotubes are highly
crystalline and exhibit a similar framework structure of our
previously reported nonlabeled peptoid nanotubes.?8! Addition-
ally, the stability of PepTsl and PepTs2 in PBS buffer 1X and
F-12K medium containing 10% FBS or treated with 50 °C for
6 h were tested, respectively. As expected, both of PepTsl and
PepTs2 maintained their tubular structure, reflecting the highly
stable nature (Figure S7, Supporting Information).

Figure S8A (Supporting Information) shows that PepTs2
exhibits a strong UV absorption at the wavelength of 419 nm
and nanotubes without TCPP functional groups have no obvious
absorbance in the visible-light region. Besides, because TCPP is
also known as a fluorescent reagent, the fluorescent properties of
PepTs2 were also characterized. As shown in Figure S8B (Sup-
porting Information), the fluorescence emission spectrum of
PepTs2 shows a peak at 660 nm with an excitation wavelength
of 415 nm, which belongs to the fluorescence emission of TCPP.
The strong UV absorbance at 419 nm and fluorescence emission
at 660 nm suggested the optical properties of TCPP were retained
after the formation of functional nanotubes. Subsequently, the
cellular selectivity of nanotubes was investigated by incubating
PepTs2 with FA receptor overexpressed H1299 cells and nega-
tively expressed A549 cells, respectively. After incubating for
1 h, a strong red fluorescence signal coming from TCPP was
observed in H1299 cells, while there was almost no such fluo-
rescence signal seen in A549 cells (Figure 2b). These results indi-
cated that the prepared PepTs2 exhibited an effective targeting on
FA receptor-overexpressed H1299 cells due to the highly specific
recognitions between FA and FA receptor and the selectively cel-
lular internalization of nanotubes. To verify the internalization
process to be an endocytosis pathway, transferritin-488 Alexa
Fluor (Tf-488), which is well-known to undergo receptor-medi-
ated endocytosis,* was coincubated with the cells. Figure 2c
shows the 3D Z stack confocal laser scanning microscopy
(CLSM) image of H1299 cells by the fluorescence colocalization
of Tf-488 and PepTs2. After incubation for 1 h, the endosomes
in H1299 cells were stained by Tf-488 with green fluorescence.
Then the green fluorescence of Tf-488 and the red fluorescence
of PepTs2 contribute to a yellow color in the overlap image, indi-
cating that PepTs2 mainly distributed in the endosomes due to
the FA-mediated endocytosis pathway. Figures S9 and S10 (Sup-
porting Information) show the orthogonal images of H1299 cells
and A549 cells after incubation with PepTs2, respectively. Corre-
sponding to the results above, the overlapping yellow signal can
Dbe only observed in H1299 cells, but not in A549 cells.

Before applying PepTsl for intracellular bioimaging, their
compatibility was first evaluated by incubating them with
H1299 cells for 4 h. Since actin and microtubulin play irreplace-
able roles in the construction and preserving the integrity of
cytoskeleton, 3% the morphology changes of F-actin and micro-
tubules in cells treated with PepTsl were observed. As in Fig-
ures S11A,B (Supporting Information), the microtubules (white
color) and actin filaments (stained in red) extended through
the entirety of these cells. The cells remained intact and the
cytoskeleton of H1299 cells was not disrupted, indicating that
the PepTsl tubes have no effect on the activities of cells. Addi-
tionally, the cell viability of H1299 after incubation with PepTsl
was evaluated by 3-(4,5-dimethylthiahiazo-2-yl)-2,5-di-pheny-
tetrazoliumromide (MTT) assays. As shown in Figure S11C
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Figure 1. a) The structures of ligand-tagged NbpmgNceg peptoid sequences and the assembly of them into 1D tubes. -R represents -NcsTCPP, -DNS,
and -FA, respectively. PepTs1 formed by Pep-FA coassembled with Pep-DNS at a ratio of 1:1. PepTs2 formed by Pep-FA coassembled with Pep-TCPP
at a ratio of 1:1. b) TEM images of PepTs2. c) AFM image of PepTs2. d) TEM image of PepTs2 after sonication. e) Dynamic light scattering (DLS) data
of PepTs2 showing the average tube length is about 298.8 nm after sonication. f) XRD spectrum of PepTs2 after sonication, the values of each peak is
obtained by a conversion based on the equation of d = 27/q.
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Figure 2. a) The endocytosis process of PepTs1 as platform to deliver DOX to H1299 cells, and activation of the apoptosis pathway caused by PepTs2
in H1299 cells. b) Targeting intracellular uptake of PepTs2 against H1299 cells and A549 cells. c) Z stack colocalization image of Tf-488 and PepTs2
in H1299 cells. d) Spatial-intensity profile of H1299 cell along the white line. ) The fluorescence intensity analysis of DOX and DNS for drug release

monitoring.

(Supporting Information), more than 85% of cells survived even
when PepTs1 concentration was as high as 80 x 107° wm, indi-
cating the low cytotoxicity of PepTsl. DNS is a molecule that
has a bright green fluorescence emission after being conjugated

with the N-terminal of peptides. Thus, PepTs1 with green fluo-
rescence was then incubated with H1299 cells to investigate the
post endocytosis distribution of PepTs. H1299 cells were treated
with PepTsl for 4 h and followed by staining with LysoTracker.



As seen from the confocal imaging (Figure S12, Supporting
Information), the lysosomes of H1299 cells emit bright red flu-
orescence, which has a good overlap of the green fluorescence
from PepTsl. Additionally, intracellularly fluorescence quantita-
tive colocalization analysis of the lysosomal compartments and
PepTs1 was further performed by calculating the Pearson corre-
lation coefficient.*® The weighted colocalization coefficient was
determined to be 72% (n = 20 cells; Figure 2d). These results
suggested that most of the PepTs1 tubes went through an early
endosome to late endosome pathway and finally were trapped
in lysosomal compartments. Also, the drug delivery ability of
PepTs was evaluated by DOX-loading PepTs1/DOX. DOX was
absorbed onto the PepTs1 by n—r stacking and the drug loading
efficiency was calculated to be 30.05% (Figure S13, Supporting
Information). However, the fluorescence of both DOX and DNS
diminished after loading DOX onto PepTsl (data not shown).
We hypothesized that the intermolecular distance between
DOX and DNS was less than 100 A, resulting in Férster reso-
nance energy transfer (FRET) and fluorescence quenching. The
time-dependent drug release profile of DOX was recorded by
redispersed PepTs1/DOX in pH 5.5 acetate buffer solution and
pH 7.4 PBS. As shown in Figure S14B (Supporting Informa-
tion), DOX showed an increased release with the increase of
incubation time, and =40% of the DOX was released in pH 5.5
solution after 12 h. The release profile of DOX indicated that
PepTs1/DOX had an acid-responsive drug release and could be
further applied to investigate the intracellular drug delivery in
H1299 cells, which have a weakly acidic environment. Visuali-
zation of the DOX-releasing process was validated by confocal
imaging based on the quenching effect. Time-dependent fluo-
rescence recovery of both DOX and DNS was observed after
incubating PepTs1/DOX with H1299 cells for different times
(Figure S14A, Supporting Information). After incubation for
2 h, only slightly red and green fluorescence can be observed.
In this process, PepTs1/DOX went through endocytosis and
lysosomal trap, followed by DOX releasing from PepTsl. Pro-
longing the incubation time to 8 h, much brighter red and
green fluorescence were observed due to more PepTs1/DOX
entering the cells and more DOX released. After incubation for
16 h, most of DOX located in the nuclei and thus induced the
cell apoptosis, while the PepTs1 mainly distributed in the cyto-
plasm. The corresponding fluorescence intensity of DOX and
DNS at 2, 8, and 16 h were recorded, respectively (Figure 2e).
Photodynamic therapy is known as a noninvasive approach
to treat cancer by producing amounts of harmful single oxygen
(*O,) with the activation of light. The level of !0, is the essen-
tial factor in the PDT process and dominates the efficacy of
PDT. The challenge is that most of the reported photosen-
sitizers are highly hydrophobic with poor solubility, which
limits their application efficiency in cancer therapy.’”*8l Much
effort has been dedicated to improving the solubility of photo-
sensitizers in physiological fluids by loading or encapsulating
them into biocompatible nanocarriers.?”! The precise attach-
ment of TCPP to peptoid oligomers and self-assembly them
into crystalline nanotubes not only provide the accessibility
of hydrophobic TCPP in physiological fluid, but also avoid
the possible self-aggregation caused by the close proximity
between TCPP molecules.*?! The ability of PepTs2 to produce
single oxygen (!0,) in vitro was assessed by monitoring the

absorption of 1,3-diphenylisobenzofuran (DPBF), which causes
an absorbance loss by the oxidation reaction of '0,. As shown
in Figure S15A (Supporting Information), the absorbance of
DPBF dispersed in PepTs2 solution decreased dramatically
with the increase of irradiation time. Also, a concentration-
dependent decrease of absorbance for DPBF in PepTs2 solu-
tion with concentration varying from 25 to 87.5 x 107® m was
observed under irradiation (Figure S15C, Supporting Informa-
tion). As a control, the absorbance of DPBF in PBS kept almost
no changes after exposed to irradiation for 10 min (Figure S15B,
Supporting Information). The UV absorbance loss of DPBF
at 410 nm in different solutions upon 660 nm laser irradia-
tion was converted and shown in Figure 3a. Both free TCPP
and PepTs2 that contains precisely arranged TCPPs resulted in
the most significant absorbance loss of DPBF, indicating the
continuous generation of '0,. Compared with the unchanged
UV absorbance of DPBF in PBS, these results indicated that
the 10, was generated by TCPP and the conjugation of TCPP
to peptoids with tube-like formation well preserved the photo-
chemical properties of TCPP. Interestingly, the UV absorbance
loss of DPBF decreased significantly in the presence of ascorbic
acid (AA), which acts as !0, scavengers. The inhibition of AA
to the generation of 'O, verified that the UV absorbance loss of
DPBF was caused by the '0,. Additionally, the singlet oxygen
quantum yield of Pep-TCPP and PepTs2 have been calculated
by using methylene blue as reference, respectively (Figure S16,
Supporting Information). @pe,cpp Was 0.522, and Ppeyr; Was
0.17. The decrease value of @peyry, probably due to the m-7
stacking of TCPP in the process of assembly. Subsequently,
the intracellular generation of !0, was detected with the indi-
cator 2’,7"-dichlorofluorescin diacetate (DCFH-DA) for confocal
imaging. The cell-permeable DCFH-DA molecules are known
to have strong green fluorescence emission when they undergo
de-esterification and oxidation. As shown in Figure 3b, the
fluorescence signal could hardly be observed when the H1299
cells were incubated with PepTs2 for 4 h, indicating that no 'O,
was generated. After exposed to 660 nm laser irradiation, the
indicator in H1299 cells emitted strong green fluorescence,
indicating a large amount of 10, generation. Corresponding to
the results of tests in vitro, the fluorescence intensity of H1299
cells decreased dramatically when coincubated with PepTs2 and
AA. All the results above indicated that PepTs2 nanotubes with
precisely displayed TCPPs were able to produce 'O, effectively
both in vitro and intracellularly.

After verifying the ability to generate '0,, the biological effect
of PepTs2 was assessed. The integrity of mitochondria that can
be assessed by mitochondrial membrane potential (MMP) was
first examined by using the MMP indicator rhodamine 123
(Rho 123).41 In normal cells, Rho 123 molecules penetrate and
accumulate in the mitochondria relying on MMP, accompa-
nied by the decrease or diminish of fluorescence. The collapse
of MMP induces the release of Rho 123 to the cytoplasm and
results in a recovery of fluorescence. As shown in Figure 3c,
H1299 cells containing Rho 123 emit bright red fluorescence
after incubation with PepTs2 for 4 h and irradiation treatment.
That was because the 10, generated by PepTs2 inside the cells
disrupted the integrity of mitochondria, followed by the col-
lapse of MMP and release of Rho 123. As a negative control,
the cells without irradiation exhibited negligible fluorescence
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and irradiation for 5 min. The laser power was 50 mW cm™2,

signal (Figure S17, Supporting Information). Additionally, the
cells with irradiation but pretreated with 100 x 10° M FA also
showed a weak fluorescence signal, which could be attributed to
the inefficient internalization of PepTs2. It has been reported
by other researchers that significant loss of MMP is involved
in cell apoptosis through the release of cytochrome c¢ from the
mitochondria and activation of the caspase-dependent apop-
tosis pathway.*>~*l Thus, a luminescent assay was conducted
to assess the activities of caspase 3/7. The caspase 3/7 sub-
strate is cleaved to produce the luminescent product by caspase
cleavage. H1299 cells containing PepTs2 were stained with a
caspase 3/7 kit after irradiation treatment. As expected, strong
green fluorescence was observed in the cells, representing the
activation of caspase 3/7. In contrast, H1299 cells without irra-
diation and FA-negatively expressed A549 cells showed weak
green fluorescence (Figure S18, Supporting Information).
These phenomena illustrated that the intracellular generation
of 10, contributed to the enhanced activities of caspase 3/7 and
activation of apoptosis signal.

To verify the phototoxicity of PepTs2 against the cells, live/
dead cell double staining kit (propidium iodide, PI/calcein-AM)
was used. Calcein-AM is highly lipophilic and can easily pen-
etrate into the living cell membrane to generate strong green
fluorescence emission, while PI can only stain dead cells to
give a bright red fluorescence emission. As shown in Figure 4a,
almost all the cells containing PepTs2 without irradiation
kept high activities due to the absence of cytotoxic '0,. Upon
exposed to irradiation at 660 nm, most of the cells containing
PepTs2 died. Additionally, most of the cells pretreated with FA
remained alive though exposed to irradiation because of the
inefficient internalization of PepTs2. Finally, the chemo-photo-
dynamic dual-modal therapy efficiency of PepTs against H1299

cells was evaluated by MTT assays by incubation them with
DOX-loading PepTs2 (PepTs2/DOX). The biocompatibility of
PepTs2 was evaluated by incubating H1299 cells and A549 cells
with PepTs2 at different concentrations for 24 h, respectively.
As shown in Figure S19A (Supporting Information), both of the
H1299 cells and A549 cells survived, indicating that PepTs2 is
nontoxic to the cells without the activation of laser irradiation.
Upon exposed to irradiation, the viability of H1299 cells tended
to decrease with the increasing concentrations of PepTs2, while
that of A549 cells was higher than 80% (Figure S19B, Sup-
porting Information). That is due to the inefficient internaliza-
tion of PepTs2 by A549 cells, resulting in the insufficient gen-
eration of '0,. The different viability between A549 and H1299
cells demonstrated the ability of PepTs2 to selectively kill
H1299 cells under irradiation. Impressively, the cell viability
of H1299 cells decreased dramatically when they were incu-
bated with PepTs2/DOX and with irradiation treatment
(Figure 4b). Over 50% of the cells were killed at a very low
concentration of PepTs2/DOX, which was much higher than
the cells treated with single chemotherapy or PDT. This result
may be a combined killing effect due to the combination of the
chemotherapy potential of DOX and PDT of PepTs2.

In summary, by attaching functional groups, including
-TCPP, -FA, and -DNS into the tube-forming peptoids and coas-
sembling them with a molar ratio of 1:1, we successfully synthe-
sized nanotubes with precisely controlled functional groups for
targeted tumor cell imaging and chemo-photodynamic therapy.
The as-prepared peptoid nanotubes exhibited good biocompat-
ibility to the cells. Furthermore, peptoid nanotubes containing
FA ligands showed high selectivity to the H1299 lung cancer
cells and underwent a FA-mediated endocytosis pathway. These
functionalized nanotubes were shown to work well in the
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following applications: i) PepTsl had high drug loading effi-
ciency and showed time-dependent, sustainable DOX release in
pH 5.5 acidic environment; ii) PepTs2 addressed the hydropho-
bicity problem of TCPP, and preserved their ability to effectively
produce cytotoxic '0,. Additionally, MTT results showed that
DOX-loading PepTs2 have high killing efficiency toward H1299
cells due to the combined chemo- photodynamic therapy.

Experimental Section

Peptoids Synthesis and the Self-Assembly of Peptoid Nanotubes: The
pepoid oligomers were synthesized using a solid-phase submonomer
method on a commercial Aapptec Apex 396 robotic synthesizer. The
details are described in the Supporting Information.

Targeting Cellular Uptake of Peptoid Nanotubes: H1299 cells and A549
cells were seeded in 12-well plate at a density of 1 X 10° cells per well
overnight. The cells were then incubated with Tf-488 at a concentration
of 5 ug mL™" for 1 h, followed by adding 1.25 x 10 m PepTs2 and
incubation for another 1 h.

DOX Loading and Release: Dox loading was performed by gently mix
DOX and PepTs1, PepTs2 aqueous solution for 12 h and centrifugation,
respectively. The extracellular DOX release was carried out by dialysis
PepTs1/DOX, PepTs2/DOX in pH 5.5 acetate solution. For the
intracellular DOX release, H1299 cells were incubated with PepTs1/DOX
for 2, 8, and 16 h, respectively. The cells were fixed and stained with
DAPI for CLSM imaging.

The loading efficiency was further calculated by the equation

Loading efficiency (%) = weight of loaded drug

" total weight of peptoid nanotubes * 100

m

Singlet Oxygen Detection In Vitro: For extracellular detection, the DPBF
was pre-mixed with the sample solution (free TCPP, PepTs2, PepTs2 with
AA, PBS) at a concentration of 100 x 107° w, then the cells were exposed
to 660 nm laser irradiation at a power density of 50 mW cm™2. The
absorption of DPBF at 410 nm was recorded with a microplate reader at
an interval of 2 min.

For intracellular detection, H1299 cells were incubated with PepTs2
for 4 h, followed by incubating with 10 x 107 m DCFH-DA for 30 min.
DCFH-DA containing 50 x 107® m AA was used as negative control.
CLSM scanning was performed immediately after exposing the cells to
660 nm laser irradiation at a power density of 50 mW cm™2 for 5 min.

The Calculation of Singlet Oxygen Quantum Yield: The quantum yield
of singlet oxygen of nanotube (PepTs2) and monomer (Pep-TCPP) have
been calculated by following the reported chemical methods. Methylene
blue was used as standard reference. The calculation equation is as
following

Kps™ Avs

@)

In which, Kps and Kyg are the decomposition rate constants of
DPBF by PepTs2 (or Pep-TCPP) and MB. Aps and Ayg represent the
light absorbed by PepTs2 (or Pep-TCPP) and MB, which are determined
by integration of the absorption bands in the wavelength range of
400-700 nm. ¢y is the singlet oxygen quantum yield of MB, which is
0.52 in water.l*’]

Assay of Mitochondrial Membrane Potential and Activities of Caspase
3/7: H1299 cells were seeded in 12-well plate at a density of 1 x 10° cells
per well overnight. Then the cells were incubation with PepTs2 for 4 h.
H1299 cells pretreated with 100 x 107® m FA and A549 cells were set as
a negative control. Subsequently, the cells were exposed to 660 nm laser
irradiation at a power density of 50 mW cm2 for 5 min. After another
4 h, rhodamine 123 (2 x 107® m) or two drops of caspase 3/7 kit were
added to each well and incubation for 30 min for CLSM imaging.

Phototoxicity Assessment of PepTs2: H1299 cells were seeded in 12-well
plate at a density of 2 x 10° cells per well and incubated overnight. Then
the cells were incubated with PepTs2 for 4 h and exposed to 660 nm
laser irradiation at a power density of 500 mW cm™ for 5 min. After
another 4 h, the cells were stained with Calcein-AM (2 x 107 m) and PI
solution (4 X 1078 M) in medium and incubated for 30 min. Finally, the
cells were immediately visualized by CLSM with the excitation lasers at
488 and 543 nm, respectively.

For MTT assay, H1299 cells and A549 cells were seeded in 96-well
plate at a density of 5000 cells per well and incubated overnight,
respectively. The cells were then incubated with PepTs2 and PepTs2/
DOX for 4 h with different concentrations (0.3125, 0.625, 1.25, 2.5, 5,
and 12.5 x 107 wm), followed by irradiated with 660 nm laser at a power
of 500 mW cm™2 for 5 min and further incubation for another 24 h. Then
10 pL of MTT kit was added to each well following the kit manual. The
absorbance was recorded at 570 nm with a microplate reader.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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