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Polypeptides were used to solubilize functional hydrophobic molecules via a high-speed vibrational milling

method. Poly-L-lysine and poly-y-glutamic acid, which are polypeptides, were able to prepare more highly

concentrated water-dispersible complexes of hydrophobic compounds, including fullerenes, organic dyes,

and porphyrin derivatives, than conventional water solubilizers, such as cyclodextrins and pullulan. In

addition, the polypeptide systems endowed the complexes with long-term stability and resistance
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against thermal stress, which is advantageous for industrial applications. Furthermore, complexes of

polypeptides and porphyrin derivatives showed a photodynamic activity against cancer cells, and the

DOI: 10.1039/d2ra06054j

rsc.li/rsc-advances functionality.

Introduction

The development of water solubilization platforms opens the
applicability of hydrophobic compounds as pharmaceutical
drugs*™® and provides eco-friendly methodologies to handle
organic dyes without utilizing organic solvents to process
organic electrolytes®” and resins® in casts. Although surfactants
are used as water solubilizers,*'° these can contribute to water
pollution'*** and do harmful damage to ecosystems.'"
Therefore, water solubilization techniques have been developed
using amphiphilic calixarenes* and cyclodextrins (CDxs).****
Recently, we also addressed the water solubilization of
hydrophobic compounds, such as carbon nanotubes,'®
porphyrin derivatives,'>*****° fullerene derivatives,” and
phthalocyanine derivatives,"” by formulating supramolecular
complexes with biocompatible water solubilizers, including
CDxs and polysaccharides, via mechanochemical ball milling
technique called high-speed vibratory milling (HSVM). With
easiness in handling, scalability, and unique preservation
properties of crystal information, the HSVM technique is
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current system improved the dispersibility and storability of guest molecules without compromising their

expected to be applicable for various fields, such as
pharmaceuticals,'**”**?" organic electrolytes,”® and organic
crystals.”® Although the technique using CDxs and poly-
saccharides is a powerful means to fabricate monodisperses in
water and water-dispersible nanocomplexes, there are still
several limitations in the solubilization capacity, long-term
stability, and thermal stability of complexes, depending on
guest molecules. As new platforms for water solubilizers, we
focused on polypeptides due to their excellent biocompatibility,
biodegradability, thermal stability, and functionality.>** More
recently, using polypeptides as solubilizers, we succeeded in
solubilizing paclitaxel, a hydrophobic anticancer drug, in larger
quantities compared to that using polysaccharides, which are
conventional solubilizers.*® The results encouraged us to
investigate the applicability of polypeptides as
solubilizers.

With an excellent biocompatibility**~** and responsiveness to
external stimuli, including enzymes,*** pH,*** and reactive
oxygen species,” polypeptides have been used in various fields,
including the biomedical field, as drug delivery systems?*?”*
and hydrogels.>**">*

For example, poly-L-lysine (PLL), which is traditionally used
as a coating agent for culture media to enhance the attachment
of cells** and manipulate neuronal cellular fate,** has a primary
amino group in its side chain, which contributes to structural
changes associated with pH changes. These features enable the
establishment of pH-responsive materials.”> Furthermore, PLL
has an excellent surface attachment and surface adhesion
properties, making it a promising anti-reflection coating for

water

© 2022 The Author(s). Published by the Royal Society of Chemistry
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photovoltaic applications.®> On the other hand, poly-y-glutamic
acid (PGA), the main component of natto strings,* induces
structural changes with pH changes due to the carboxyl group
in the side chain, and pH-responsive nanomaterials have been
designed using this property.>®* Moreover, the carboxyl and
amide groups of PGA can be used for characteristic coordina-
tion bonds with metal ions, making it a promising and
advanced adsorbent material for the removal of heavy metal
ions.** In addition, collagen (Col), the major component of
structural proteins that are abundantly distributed in the
human dermis and tendons, is degraded by an enzyme called
matrix metalloproteinase*** and is expected to be applied as
a biomaterial for cancer metastasis.”

In this study, we demonstrated the applicability of poly-
peptides as water solubilizers for the inclusion of hydrophobic
functional guest molecules by HSVM (Fig. 1a). Polypeptides,
including PLL, PGA, and Col, were used as solubilizers. y-
Cyclodextrin (y-CDx) or 2,3,6-tri-O-methyl-B-cyclodextrin (TMe-
B-CDx) and pullulan (Pul), were also employed for comparisons.
In addition, guest molecules and their physicochemical prop-
erties are shown in Fig. 1b. Moreover, we compared the long-
term stability of the dispersion prepared with polypeptides in
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Fig. 1 (a) Schematic illustration of supramolecular nanostructure
formation by HSVM. (b) Solubilizers and hydrophobic compounds
used in this study.
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aqueous media against thermal stimuli with those prepared
with CDxs and Pul.

Finally, we demonstrated the applicability of polypeptide
complexes with porphyrin derivative, 5,10,15,20-tetrakis(4-
hydroxyphenyl)porphyrin (THPP), as drugs for photo-cancer
therapy, including photodynamic therapy (PDT).

Results and discussion

Preparation and characterization of supramolecular
complexes

Complexes of hydrophobic compounds with solubilizers were
prepared via HSVM, as previously reported.””>>* Briefly
describing the procedure, solid mixtures of solubilizers and
hydrophobic compounds were shaken with two agate mixing
balls using a high-speed vibrating mill (25 Hz, 30 min), sus-
pended in 2.0 mL of aqueous solution, and then centrifuged to
collect the supernatant. Polypeptides, including PLL, PGA, and
Col, were used as solubilizers. y-CDx, TMe-B-CDx, and Pul were
also used as conventional solubilizers.**”****> Porphyrin deriv-
atives tetraphenylporphyrin (TPP), THPP, 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin (TAPP), [Clfullerene (Cg), tetraphe-
nylethylene (TPE), a-quinquethiophene (5T), carbamazepin
(CBZ), coumariné (C6), pyrene (Py), and phthalocyanine (Pc)
were used as functional hydrophobic guest molecules. After
centrifugation to remove the precipitates, the UV-Vis absorption
spectra of each supernatant aqueous solution were measured to
confirm the solubilization of guest molecules (Fig. 2a-d and
S11). Col could not dissolve TPP and Cg, in water (Fig. 2a and b,
yellow line). The UV-Vis absorption spectra of porphyrin deriv-
atives complexed with the polypeptides showed broad absorp-
tion bands assignable to Soret and Q bands compared with
those with porphyrin complexed with TMe-B-CDx (Fig. 2a and c:
blue, PLL; orange, PGA; yellow, Col; gray, TMe-B-CDs), indi-
cating that the porphyrin derivatives self-aggregated in the
polypeptides. Similar results were obtained when the porphy-
rins were complexed with Pul (Fig. 2a and c, purple).

The concentrations of hydrophobic compounds that resul-
ted in dispersion were quantified by measuring the absorbance
of solution redissolving the guest molecules in an organic
solvent, and the concentration of each compound was
summarized in Tablel and S1.f The concentrations of TPP
dissolved with PLL, PGA, Col, Pul, and TMe-B-CDx were 1020,
650, 0, 40, and 2900 uM, respectively. Among these biopolymers,
PLL showed the most excellent capability to dissolve TPP. PLL
and PGA were able to disperse TPP at high concentrations than
Pul, which is used as a conventional water solubilizer. These
differences may be caused by the flexibility of polymer
backbones.***” Similar trends were found in other functional
hydrophobic molecules.

The hydrodynamic diameter (Dy,) of each complex was
examined by dynamic light scattering (DLS) measurements
(Table1 and S1t), and all complexes using biopolymers were
prepared with a diameter of 100-700 nm, with a relatively
narrow dispersity. Furthermore, the zeta potential of major
complexes was measured, and the electrical characteristics of
the complexes were highly dependent on the electrical
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Fig. 2 Basic characterization of the complex of functional molecule
with biopolymers. (a)—(d) UV-Vis absorption spectra of functional
molecule complexes (TPP, a; Ceo, b; THPP, c; TPE, d) (PLL, blue; PGA,
orange; Col, yellow; Pul, purple; TMe-B-CDx or y-CDx, gray). All
absorption spectra of these complexes were measured in H,O at 25 °C
using 1 mm cell pathlength. (e and f) Representative morphology of the
complex of Cgg With polypeptide observed with transmission electron
microscope (e, PLL/Cgq; f, PGA/Cgp). The samples were stained with
3% ammonium molybdate.

properties of the polymer backbone, which is consistent with
previous reports'®*® (Table 1). We also conducted a morpholog-
ical observation of the Cg4, complexed with PLL and PGA by
transmission electron microscopy with staining (Fig. 2e and f).
Spherical morphologies were found in each sample, and their
size distribution corresponded to the results obtained
from DLS.

Stability of water-dispersible supramolecular complexes

The stability of the complexes after preparation is significant for
the practical use of functional compounds, such as pharma-
ceuticals,®® dietary supplements,** and dye coating.** The
long-term dispersibility of guest molecules, TPP and Cg,, Was
examined by examining the UV-Vis absorption spectral changes.
When the complexes in aqueous media were incubated at room
temperature, the absorbance at the maximum absorption
wavelength of polypeptide/TPP complexes and Pul/TPP
complexes did not change for seven days without forming
undesirable precipitates (Fig. 3a). The retention ratio of TPP
dissolved by PLL and PGA in water was estimated to be 96% and
98%, respectively. In contrast, over 80% of TPP/TMe-f-CDx
complexes precipitated out by forming aggregations. Similar
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Table 1 Basic characterization of the complexes®

Conc. ¢-Potential

(uM) Dyy (nm) PDI (mV)
PLL/TPP 1000 650 £+ 20 0.40 +74 £1
PGA/TPP 650 430 £ 6 0.21 —-72+1
Col/TPP 0 — — —
Pul/TPP 40 290 £+ 10 0.28 —13+1
TMe-B-CDx/TPP 2900 — — —
PLL/Ceo 1900 270 + 4 0.21 +65 £ 1
PGA/Cqp 440 530 £ 20 0.18 —68 + 2
Col/Ceo 0 — — —
Pul/Cgo 95 120 + 10 0.23 —21+1
v-CDx/Cg 560 — — —
PLL/THPP 200 250 £ 4 0.26 +70 £ 2
PGA/THPP 580 280 £ 2 0.19 —43 + 1
Col/THPP 6 200 £+ 10 0.31 +2 +1
Pul/THPP 130 230 £+ 10 0.19 +15 £ 1
TMe-B-CDx/THPP 1300 — — —
PLL/TPE 1300 580 £ 20 0.19 +60 £ 1
PGA/TPE 640 690 £+ 8 0.26 —61+1
Col/TPE 450 70 + 8 0.58 +0.7 + 0.1
Pul/TPE 150 380 £+ 10 0.30 —11+1
TMe-B-CDx/TPE 0 — — —

@ All the samples were measured in water (pH, 7.4; 25 °C). PDI value was
calculated by cumulant method. {-Potential was measured with
capillary cells.

trends were found in Cg, complexes with a water solubilizer
(Fig. 3b). The retention ratios of PLL/Cg, and PGA/Ce,
complexes after seven days were 95% and 94%, respectively,
which were more stable than those of Pul/Cgy and y-CDx/Cgq
complexes (90% and 77%, respectively). These results suggest
that biopolymer-based water solubilization is advantageous to
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Fig. 3 Stability of prepared water-dispersible nanocomplexes (a) and
(b) long-term stability of TPP complexes with biopolymers (a) and Cgg
complexes with biopolymers (b) (PLL, blue; PGA, orange; Pul, purple;
and TMe-B-CDx or y-CDx, gray). (c) and (d) Stability of TPP complexes
with biopolymers (c), and Cgg complexes with biopolymers (d) against
thermal stimuli at 80 °C (PLL, blue; PGA, orange; Pul, purple; TMe--
CDx or y-CDx, gray).
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prepare a highly concentrated dispersion of guest molecules
with long-term stability. In addition, we examined the thermal
stability of the complexes based on spectral changes. The
absorption spectra of PLL/TPP, PGA/TPP, Pul/TPP, and TMe-f3-
CDx/TPP complexes were measured after heating the disper-
sion at 80 °C for 2 h. In case of PLL and PGA, almost 100% of
TPP was still dispersed in water (Fig. 3c, blue and orange). On
the other hand, heating decreased the concentration of TPP
complexed with Pul and TMe-B-CDx to 80% and 30%, respec-
tively. In contrast, C¢, complexes with these water solubilizers
were relatively stable against thermal stimuli (Fig. 3d). These
results suggest that current systems using polypeptides
improved their thermal stability, and the feature is attractive for
fabrication in industry.

Applications with polypeptide/THPP complexes for
photodynamic therapy

Finally, we demonstrated the applicability of the current
peptide-based system for pharmaceutics, and we focused on
photo-triggered cancer therapy, which is photodynamic
PDT.'*'711 PDT is achieved by cytotoxic reactive oxygen
species generated by an excited photosensitizer*? via irradiation
of light (Fig. 4a). Here we employed THPP as a photosensitizer.

We initially tried to address the loading capacity of THPP
using polypeptides and by manipulating the size of the
complex, resulting in the formulation of highly concentrated
dispersion using PLL and PGA with a diameter of 200-300 nm
(Table S2t). TEM revealed the spherical morphology of THPP/
polypeptide complexes, which corresponded to the results
from DLS (Fig. S27). In addition, the diameter of the complexes
was reasonable for meeting tumor passive targeting, which has
an enhanced permeation and retention effect.*>**

As PLL and PGA were used as pH-responsive materials,>>*
a pH-triggered cargo release was initially examined using PLL/
THPP and PGA/THPP complexes. After incubation at pH 5, 7,
and 9, released THPP complexes were isolated by centrifuga-
tion, and the amount of THPP was quantified by measuring the
UV-Vis absorption spectra of solutions redissolved in DMSO. In
the case of PLL/THPP complexes, incubation with an acidic pH
enhanced the release, while incubation with a basic pH
inhibited the release (Fig. 4b). To address the differences in
release profile, the Dy, of the complexes was examined. In the
case of PLL complexes, secondary structural changes® triggered
by surrounding pH did not significantly induce Dy, changes
(Fig. S3at), which might not contribute to the release. As the
nitrogen in pyrrole ring got protonated,* the acceleration of
THPP release at pH 5 should be caused by electro repulsion
effects. In contrast, the Dy, of THPP complexes with PGA was
drastically changed by pH. The complexes shrunk at both acidic
and basic pH. At an acidic pH, the release was suggested to be
due to a rapid decrease in Dy, associated with conformational
changes in the peptide.*® At a basic pH, the release was sug-
gested to be due to a rapid decrease in Dy, associated with
electrostatic repulsion (Fig. S3bt). After the shrink of the
complexes, the loading capacity should decrease, suggesting
that pH stimuli manipulated the release profile of cargo

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustration of the application of supramolecular
complexes to PDT. (b) pH-triggered payload release from PLL/THPP
complexes. PLL/THPP complexes were maintained with different pH
(pH 7, green; pH 5, red; pH 9, blue). The released THPP was collected
by centrifugation (3000 rpm, 15 min) and redissolved in DMSO. The
release rate was determined by UV-Vis absorption spectroscopy. Data
represent mean £ SD (n = 3). (c) pH-triggered payload release from
PGA/THPP complexes. PGA/THPP complexes were maintained with
different pH (pH 7, green; pH 5, red; pH 9, blue). The released THPP
was collected by centrifugation (3000 rpm, 15 min) and redissolved in
DMSO. The release rate was determined by UV-Vis absorption spec-
troscopy. Data represent mean + SD (n = 3). (d) Cellular uptake of
THPP [4.7 uM] at 37 °C according to the fluorescence intensity of THPP
in the lysate. PLL/THPP (blue), PGA/THPP (orange), DMSO/THPP
(black). Data represent mean =+ SD (n = 3). (e) Cellular uptake of THPP
[4.7 uM] at 4 or 37 °C according to the fluorescence intensity of THPP
in the lysate. PLL/THPP (blue), PGA/THPP (orange), DMSO/THPP
(black). Data represent mean + SD (n = 3). (f) Cell viability of PLL/THPP
(blue), PGA/THPP (orange), TMe-B-CDx/THPP (gray), and DMSO/
THPP (black). Dashed line represents the dark condition, while straight
line represents photoirradiation (610-740 nm) of Colon26 cells for
30 min at various concentrations. Cell viability was confirmed via the
WST-8 method. Data represent mean + SD (n = 3).
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molecules (Fig. 4c). These results suggest that current systems
can work as pH-responsive payload release systems.

We investigated the capability of free THPP, PLL/THPP, and
PGA/THPP to convert dissolved oxygen into singlet oxygen
molecules ('0,) using 9,10-anthracenediyl-bis(methylene)
dimalonic acid (ABDA) (Fig. S4at).*®* The consumption of
ABDA was monitored based on absorption changes at 380 nm
(i.e., maximum absorption for ABDA) following the irradiation
of 15 puM samples of PLL/THPP complexes, PGA/THPP
complexes, and DMSO/THPP solution (Fig. S4b-dt). Among
these three systems, free THPP exhibited the highest photody-
namic activity, which was almost the same as that in PGA and
PLL systems. This should be caused by the formulation of self-
aggregation of THPP within polymer matrix. In addition, PLL
(23 pg mL™") was added to the aqueous solution of THPP
prepared by DMSO injection method, resulting in a significantly
lessened conversion. This suggests that PLL can work as an 'O,
scavenger (Fig. S4e and f¥)."

To confirm the deliverability of the polypeptide systems, we
quantified the cellular uptake of THPP toward murine colon
carcinoma cells (Colon26 cells) by measuring the fluorescence
(Fig. 4d).* The cells were co-incubated with DMSO/THPP, PLL/
THPP, and PGA/THPP (THPP, 4.7 uM), and the cells were
collected at each time point (1, 4, and 24 h). Results showed that
the PLL system exhibited the highest efficiency in cellular uptake
in the initial 4 h among the three systems, suggesting that
cationic PLL systems interacted with negatively charged cancer
cell membrane. Fluorescence signals from delivered THPP were
also detected within cells incubated with all systems by confocal
laser scanning microscope (CLSM) (Fig. S5a-ct). In addition, the
cellular uptake of THPP was significantly lessened by maintain-
ing the cells at 4 °C, which can inhibit energy-dependent cellular
events, including endocytosis. This result indicates that the
polypeptide systems were dominantly accumulated in the cells
via endocytosis (Fig. 4e). In contrast, cellular uptake changes
were faint in free THPP prepared in DMSO, indicating that THPP
is internalized by cells mainly via diffusion.

Next, the photodynamic activity of polypeptide/THPP
complexes toward Colon26 cells was investigated. After incu-
bation with 0.125-2.0 puM of porphyrin derivatives of these
complexes for 4 h, the cells were exposed to light (610-740 nm),
which can travel into the deeper sites of our body (Fig. 4f).

In the absence of light, no cytotoxicity was found even at the
highest concentrations used (i.e., [THPP] = 2.0 uM), indicating
that our systems are non-toxic photosensitizers in a dark condi-
tion (Fig. 4f blue lines), and the PLL system could not induce
photo-triggered cytotoxicity even in the presence of light. This
might be caused by the 'O, scavenging effects of PLL. Conversely,
the photodynamic activity was dose-dependently induced to
Colon26 cells in all other systems. We also compared the
photodynamic activity using THPP by half-maximal inhibitory
concentration (ICs,) values. The ICs, values of PGA/THPP, TMe-f-
CDx, and DMSO/THPP under photoirradiation were estimated to
be 0.61, 0.71, and 0.58 uM, respectively (Fig. 4f orange, gray, and
black lines). These results suggest that our systems using PGA
improved the dispersibility and storability of model pharmaceu-
ticals without impairing the functionality of drugs.
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Conclusion

In conclusion, we demonstrated the use of HSVM for the
preparation of water-dispersible nanocomplexes of hydro-
phobic compounds using polypeptides, PLL, PGA, and Col.
The systems dissolved functional molecules, including Ceo,
TPE, porphyrin derivatives, Pc, and CBZ, in aqueous media,
and the concentration of guest molecules was higher than that
prepared using conventional water solubilizers like Pul and
CDxs. Moreover, the complexes of guest molecules with poly-
peptides exhibited a better stability for long-term storage and
thermal stress than those with Pul and CDxs, indicating that
the systems are advantageous in manipulating functional
molecules for medical, dietary supplemental, and industrial
application. Finally, we demonstrated the applicability of
water-dispersible, peptide-based nanosystems comprising
porphyrin derivative (THPP), which has been employed as
a pharmaceutical drug for photo-triggered cancer therapy,
which is PDT. The systems worked as pH-triggered payload
release systems due to the nature of polypeptides. Moreover,
the PGA system exhibited a photodynamic activity against
cancer cells at the same level as free THPP, which was
prepared with DMSO injection method. These results indicate
that the current system improved the dispersibility and stor-
ability of the guest molecules without compromising their
functionality. We believe that our water solubilization tech-
niques provide solutions for pharmaceutical, dietary, and
semiconductor industry by manipulating functional hydro-
phobic molecules as sustainable approach.

Experimental section
Materials

Poly-L-lysine (PLL was purchased from Peptide Institute, Inc.
(Osaka, Japan). PGA, y-Cyclodextrin (y-CDx), 2,3,6-tri-O-methyl-
B-cyclodextrin (TMe-B-CDx), and pyrene (Py) were purchased
from FUJIFILM Wako Pure Chemical Industries Ltd (Tokyo,
Japan). Col was purchased from Nacalai Tesque (Kyoto, Japan).
Pullulan (Pul), tetraphenylporphyrin (TPP), 5,10,15,20-
tetrakis(4-hydroxyphenyl)porphyrin (THPP), 5,10,15,20-
tetrakis(4-aminophenyl)porphyrin (TAPP), tetraphenylethylene
(TPE), a-quinquethiophene (5T), carbamazepin (CBZ), and
phthalocyanine (Pc) were purchased from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan). [Cgo]fullerene (Cgo) was
purchased from Frontier Carbon (Tokyo, Japan). Coumarin 6
(C6) and 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA) were purchased from Sigma-Aldrich (St Louis, MO,
USA). Colon26 cells were maintained in Dulbecco's Modified
Eagle Medium containing 10% fetal bovine serum and 1%
penicillin-streptomycin.

Apparatus

UV-Vis absorption was determined using a Shimadzu 3600 UV-
Vis-NIR spectrometer (Shimadzu Corporation, Tokyo, Japan).
Fluorescence spectra were recorded on a Hitachi F-2700 fluo-
rescence spectrometer (Hitachi Ltd, Tokyo, Japan).

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06054j

Open Access Article. Published on 08 November 2022. Downloaded on 12/5/2025 1:40:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Preparation of the complex via HSVM

A solubilizer (PLL, PGA, Col, Pul, y-CDx, or TMe-B-CDx; 10 mg)
and hydrophobic compound (TPP, THPP, TAPP, Cg, or Pc; 2.0
pmol or TPE, 5T, CBZ, C6, or Py; 5.0 umol) were placed in a vial
for processing via HSVM (25 Hz, 30 min). For PLL/THPP
complexes used in the cell experiments, PLL (10 mg) and
THPP (10 umol) were treated via HSVM (25 Hz, 60 min). The
mixtures were suspended in 2.0 mL of Milli-Q and were
centrifuged (4500 rpm, 20 min) to collect the supernatant. For
PLL/THPP and PGA/THPP complexes in the cell experiments,
the sizes of the complexes were controlled by a probe-type
sonicator. The solubility of hydrophobic compounds with sol-
ubilizers was confirmed by measuring the UV-Vis absorption
spectrum of supernatant solutions. The concentrations of
hydrophobic compounds in each resulting dispersion were
evaluated by redissolving these compounds in an organic
solvent and measuring the absorbance of the solutions.

Characterization of the complexes

The hydrodynamic diameter (Dy,y) of the complexes was measured
using a DLS instrument (Zeta-sizer Nano ZS; Malvern, Malvern,
UK). The PDI value was calculated by cumulant fitting. The zeta
potential of the complexes was measured by Zeta-sizer Nano ZS
using capillary cells. Morphological observations were carried out
using a transmission electron microscope (JEM-1400, JEOL Ltd
Co., Tokyo, Japan). The samples were cast on a hydrophilized,
ultrathin, carbon-deposited Cu grid and incubated for 10 s.
Afterward, the samples were stained with ammoniummolybdate
(3 wt%). The stained samples were observed using a transmission
electron microscope (acceleration voltage, 100 keV).

Evaluation of the long-term and thermal stability of the
complexes

The complex dispersions obtained by HSVM (PLL/TPP, PGA/
TPP, Pul/TPP, TMe-B-CDx/TPP, PLL/Cgo, PGA/Cgo, Pul/Cs, and
v-CDx/Cq) were allowed to stand, and UV-Vis absorption
spectra were measured after 0, 1, 3, and 7 days. UV-Vis
absorption spectra were also measured before and after incu-
bation at 80 °C for 2 h. The long-term stability and thermal
stability were evaluated based on ., absorption changes.

Evaluation of pH-triggered cargo release

PLL/THPP and PGA/THPP complex dispersions were incubated
in water at pH 5, 7, and 9 prepared with hydrochloric acid or
sodium hydroxide solutions ([THPP] = 15 uM). After incubation
for 1, 3, 6, and 24 h, the precipitates were centrifuged
(3500 rpm, 15 min) and collected. The precipitates were redis-
solved in DMSO, and the ratio of THPP release was quantified by
measuring the UV-Vis absorption spectrum of the solution.

Generation of a singlet oxygen

TheA singlet oxygen (*0,) generated by ABDA bleaching (Sigma-
Aldrich Corp.) was detected using a previously reported
method.**” Here, ABDA was used as a DMSO solution ([ABDA]
= 2.50 mM). PLL/THPP, PGA/THPP, DMSO/THPP, and mixtures

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of DMSO/THPP and PLL were used in the experiments, and the
final concentrations of THPP and ABDA were 15 uM and 25 uM,
respectively. Here, oxygen was bubbled through all sample
solutions for 30 min before photoirradiation to generate aerobic
conditions. Photoirradiation was achieved using a 500 W SX-
UID500X xenon lamp (Ushio Inc., Tokyo, Japan) equipped
with a long-pass filter with a cut-off at 620 nm. The light was
cooled by passing it through a water filter. The power of the light
was 16 mW cm > (over 620 nm) at the sample level.

Cellular uptake of THPP complexes with polypeptides

Colon26 cells (1.0 x 10° cells) were seeded in 12-well culture
plates (1000 pL media per well) and cultured for 24 h at 37 °C
and 5% CO,. Then, they were incubated (at 37 °C for 1 h, 4 h, or
24 h and at 4 °C for 4 h) in a medium with PLL/THPP, PGA/
THPP, or DMSO/THPP complexes ([THPP] = 4.7 uM). The
cells were washed twice with PBS and lysed with 500 pL of RIPA
lysis buffer. The precipitates were removed by centrifugation
(3500 rpm, 5 min, 25 °C). The THPP in the supernatant solution
was extracted using ethyl acetate (800 pL), and the fluorescence
spectrum (excitation wavelength, 540 nm) of the extract was
measured.

Deliverability of the complexes to Colon26 cells

Colon26 cells (1.0 x 10> cells) were seeded in glass-bottom
dishes (Iwaki, Tokyo, Japan) (1000 pL of medium) and
cultured for 24 h at 37 °C and 5% CO,. Then, they were incu-
bated in a medium with PLL/THPP, PGA/THPP, or DMSO/THPP
complexes for 4 h in the dark ([THPP] = 1.0 uM). The cells were
washed twice with PBS, and lysosomes were stained using
LysoTracker Green DND-26 (Life Technologies, USA). The
samples were observed by CLSM (LSM700, Carl Zeiss,
Germany).

Photodynamic activity experiments

Colon26 cells (8.55 x 10" cells) were seeded in 48-well culture
plates (200 pL media per well) and cultured for 24 h at 37 °C and
5% CO,. Then, they were incubated in a medium with PLL/
THPP, PGA/THPP, TMe-B-CDx/THPP, or DMSO/THPP
complexes for 4 h in the dark. The cells were washed twice
with PBS and exposed to light for 30 min at room temperature.
Irradiation was achieved using a 300 W MAX-301 xenon lamp
(Asahi Spectra Co., Ltd, Tokyo, Japan) equipped with a Vis
mirror module (385-740 nm) and a long-pass filter with a cut-off
at 610 nm. The power of the light was 9 mW cm ™2 (610-740 nm)
at the cell level. The viability of the cells was measured as a ratio
(%) of the number of viable cells in the treated and untreated
groups. WST-8 assay was conducted 24 h after photoirradiation
using Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan), following the manufacturer's instructions. Data are
expressed as the mean percentage of absorbance of treated cells
relative to that of untreated control cells £ SD.
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