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To address problems in drug discovery, we developed approaches to solubilize hydrophobic
compounds using polypeptides including poly-L-lysine (PLL) via high-speed vibration milling. The current
method can be used to prepare highly concentrated dispersions of the anticancer drug paclitaxel.
Moreover, the complex of paclitaxel with PLL efficiently induced cancer cell death via apoptosis without
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harmful side effects on healthy cells. Finally, we demonstrated that actively growing cancer cell spheroid
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Introduction

In recent decades, pharmaceutical companies have developed
numerous technologies for drug discovery, such as structure-
based drug design," combinatorial chemistry,> and high-throughput
screening.’ Although these technologies accelerated drug discovery,
the pharmaceutical industry has faced a major problem in finding
and developing novel therapeutics.® Despite enormous increases in
pharmaceutical R&D spending, the productivity of the industry has
gradually decreased for several reasons including insufficient ther-
apeutic efficacy, acute toxicity, and poor water solubility of
compounds.>” More than 40% of candidate compounds have not
advanced beyond the initial screening phase with no evaluation of
biological activity.®

From these viewpoints, the development of water-
solubilizing techniques is urgently required for hydrophobic
compounds to accelerate drug discovery by expanding and
opening the bioavailability of lead compounds.® To improve
the water solubility of hydrophobic compounds, several
approaches have been employed such as conjugation with
hydrophilic moieties,” pH adjustment,'®'" cosolvency,">"* the
use of surfactant,">* and encapsulation.”*®” Among these
approaches, complexation with biocompatible molecules such
as phospholipids® and polysaccharides®'®'” is a robust strat-
egy because this approach does not require conjugation tech-
niques, which can cause unfavorable side effects in patients."”
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growth was efficiently suppressed after treatment.

In this aim, we have developed a water-solubilizing techni-
que based on mechanochemical ball milling known as high-
speed vibration milling (HSVM) using cyclodextrins and
polysaccharides.'®® The HSVM technique represents a power-
ful means of obtaining highly concentrated dispersions of
hydrophobic compounds such as fullerene derivatives,'® por-
phyrin derivatives,** and phthalocyanine derivatives®* in
water without any using harmful organic solvents.”” Recently,
we found that the technique can preserve information from
crystals such as chirality” and mechanochromism.>® These
fascinating properties of HSVM encouraged us to develop
polypeptide-based water solubilization methodologies because
of their excellent biocompatibility, biodegradability, and
functionality.*®!

In this work, we report the water solubilization of the
hydrophobic anticancer drug paclitaxel (PTX) using polypep-
tides, including poly-t-lysine (PLL), poly-L-y-glutamic acid
(PGA), and collagen (Col), for cancer treatment (Fig. 1). The
developed systems improved the solubility and stability of PTX
in water. We evaluated the anticancer effects of PTX complexes
against murine colon cancer. Our system had enhanced cyto-
toxicity against cancer cell lines and 76-fold stronger antitumor
effects than free PTX in DMSO. In addition, the results of a
spheroid growth inhibition assay suggested that our system was
more practicable for cancer treatment.

Results and discussion

Preparation and characterization of polypeptide/PTX
complexes

The complexes of PTX with polypeptides including PLL, PGA,
and Col were prepared via HSVM as previously reported."®®
The absorption spectra of the resulting dispersions were
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Fig. 1 Schematic illustration of anticancer therapy using polypeptides.

measured to confirm the water solubilization of PTX (Fig. 2a).
PLL, PGA, and Col could dissolve PTX at concentrations of 80.8,
60.1, and 29 UM, respectively (Table 1). To prove the usefulness
of HSVM techniques in water solubilization using polypeptides,
we compared the solubility of PTX with conventional water
solubilization techniques including heating®*> and sonication
methods (Fig. S1, ESIf).** In addition, polypeptides could
dissolve larger amount of hydrophobic PTX than conventional
water solubilizers including p-cyclodextrin (CDx) and pullulan
(Pull) (Fig. 2a). The HSVM technique generated higher concen-
trations of PTX than the other conventional methods. This
result supports that the HSVM method using polypeptides is a
powerful means to improve the solubility of hydrophobic
compounds. We next examined changes in the molecular
weights of the polypeptides following HSVM via GPC measure-
ment (T = 40 °C; eluent, hexafluoroisopropanol; cali-
bration standards, polymethylmethacrylate, 2.78 x 10°-1.01 x
10° ¢ mol™").>* As presented in Fig. 2b, the elution time of PLL
did not change after HSVM. By contrast, the elution time of Col
was delayed after HSVM, suggesting a molecular weight
decrease (Table S1, ESIt). These differences may be caused by
differences in the persistent length of the polymer*>” because
stiffer polymers should be more easily degraded. Unfortunately,
GPC measurement for PGA could not be performed because
PGA was not dissolved in hexafluoroisopropanol.
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Fig. 2 (a) UV-Vis absorption spectra of PLL/PTX (blue), PGA/PTX (red),

Col/PTX (yellow), Pull/PTX (purple), and CDx/PTX (green) redissolved in
DMSO (1 mm cell, 25 °C). (b) Molecular weight changes for PLL (blue) and
Col (yellow) between before (solid) and after HSVM (dashed line). (c)—-(e)
Representative morphology of the complexes of PTX with polypeptides
observed using a transmission electron microscope (c, PLL/PTX; d, PGA/
PTX; e, Col/PTX). The samples were stained with 3% ammonium molyb-
date. (f) pH triggered payload release from PLL/C6 complex. PLL/C6
complex (C6, 59 uM) was maintained with different pH (pH, 7; green:
pH, 5; red: pH, 9; blue). The released C6 was quantified by measuring
fluorescence intensity. Data represent mean + SD (n = 3). (g) pH triggered
payload release from PLL/C6 complex. PGA/C6 complex (C6, 21 uM) was
maintained with different pH (pH, 7; green: pH, 5; red: pH, 9; blue). The
released C6 was quantified by measuring fluorescence intensity. Data
represent mean + SD (n = 3).

Table1 Basic characterization of the complexes of PTX with polypeptides

PTX (uM) Dyy (nm) PDI {-potential (mv)
PLL/PTX 81 240 + 10 0.26 +21+6
PGA/PTX 60 310 + 20 0.21 —47 £1
Col/PTX 29 140 £ 1 0.21 +1.5 £ 0.3

All samples were measured in water (pH, 7.4; 25 °C). PDI was calculated
using the cumulant method. Zeta potential was measured using capil-
lary cells.

Dynamic light scattering (DLS) measurement revealed that
the hydrodynamic diameter (D) of the complex of PTX with
PLL (PLL/PTX complex), PGA (PGA/PTX complex), and Col (Col/
PTX complex) were 235, 314, and 140 nm (Table 1), respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The sizes of the complexes are reasonable for enhanced perme-
able and retention effects.*®**° In addition, the electrical
charges of the complex are highly dependent on the electrical
character of the polymer backbone.

We additionally conducted morphological observation of
these complexes via transmission electron microscopy
(Fig. 2c-e). Spherical morphologies were found in each sample,
and their size distribution corresponded to the DLS results. We
next carried out long-term sustainability of the polypeptides/
PTX complex was evaluated by measuring absorbance from PTX
using UV-Vis absorption spectra (Fig. S2, ESIt). After 7 days
incubation in water, Col/PTX exhibited the highest sustainabil-
ity among these three polypeptides. In addition, we examined
thermal stability of the polypeptides/PTX complex (Fig. S3,
ESIT). After heating at 80 °C for 30 min, over 70% of PTX was
still encapsulated within polypeptides in all the systems, sug-
gesting polypeptides/PTX complex are thermally stable. PLL/
PTX complex could retain 100% of hydrophobic PTX within
their polymer matrix. We further evaluated colloidal stability of
polypeptides/PTX complex in water and in cell culture medium
(Fig. S4, ESIt). Hydrodynamic diameter of polypeptides/PTX
complex did not significantly change in water with maintaining
narrow dispersity. In contrast, hydrodynamic diameter of PLL/
PTX complex and Col/PTX complex gradually increased in the
presence of cell culture media, suggesting serum protein bind
to the complexes. Anionic PGA/PTX was relatively stable in cell
culture media.

To address the mechanism of complex formation between
hydrophobic PTX and polypeptides, we investigated the hydro-
phobicity of the polymer matrix in polypeptides using
pyrene.*”*! The ratio of fluorescence intensity at 375 (I35)
and 386 nm (I3g¢) is known as the polarity indicator of the
microenvironment established by polymer chains. Pyrene
encapsulated by polypeptides was prepared via HSVM, and
the fluorescence spectrum of each complex was measured
using a fluorometer (excitation wavelength, 336 nm; Fig. S5,
ESIY). The I53,5/I356 ratios for PLL, PGA, and Col were 1.08, 0.68,
and 0.98, respectively. This result suggests that polypeptides
provide a hydrophobic nano-space to solubilize hydrophobic
compounds. Judging from the solubilization efficiency of PTX,
we performed the following experiments using PGA and PLL.

We next examined pH-triggered cargo release using Cou-
mariné6 (C6) as a model drug for PLL and PGA have been used
as pH responsive delivery platforms. The complex of C6 with
polypeptides was prepared via HSVM. C6 was efficiently encap-
sulated similarly as PTX (Fig. S6, solid line and Table S2, ESIY).
Although the concentration of C6 complexed with PLL was
much higher than that of C6 complexed with PGA, the PGA
complex produced stronger fluorescence emission than the PLL
complex (Fig. S6, dashed line, ESIT). This is because aggrega-
tion induced quenching as previously reported.>">* After incu-
bation with varying pH value (5, 7, and 9), the release of C6 was
quantified by measuring fluorescence at each time point.
Release of C6 was found even at neutral pH in both C6
complexed with PLL (PLL/C6 complex) and C6 complexed with
PGA (PGA/C6 complex) with time and the differences in release

© 2022 The Author(s). Published by the Royal Society of Chemistry
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profiles of these two systems are not significant (Fig. 2f and g).
In case of PLL/C6 complex, the release was enhanced only when
the complex was incubated with basic pH. In addition, all the
C6 was released in basic pH at 24 h. In contrast, release ratio of
C6 increased by exposing both acidic pH and basic pH in case
of PGA/C6 complex. These results suggested that current sys-
tems can work as pH-responsive payload release systems.

Anticancer effects in vitro

The anticancer effects of PTX complexed with polypeptides
were investigated in murine colon carcinoma cells (Colon-26),
and their viability was quantified using a modified MTT
assay.?” In this study, we used free PTX prepared in DMSO as
the control.*® After 24 h of incubation, the viability of the
treated cells decreased in a PTX concentration-dependent man-
ner (Fig. 3a), and the half-maximal inhibitory concentrations of
PLL/PTX, PGA/PTX, and PTX in DMSO were 0.064, 2.2, and
4.9 nM, respectively. These results suggest that the PLL system
strongly interacted with cancer cells because of its electrically
cationic character. Moreover, none of the complexes caused
apparent cytotoxicity in murine fibroblast-like cells (L929),
suggesting our system can lessen the severe side effects of
PTX (Fig. S7, ESI%).

To clarify the deliverability of the polypeptide systems with
that of free drugs prepared in DMSO in vitro,">** we quantified
the cellular uptake of C6 as a model drug (Fig. 3b). The cellular
uptake of C6 increased over time in all systems. After 24 h of
incubation, the PLL system delivered cargo molecules with the
highest efficiencies among the three systems. Furthermore, the
cellular uptake at 4 °C using polypeptides was significantly
lower than that at 37 °C, suggesting polypeptides systems are
mainly accumulated via endocytosis (Fig. S8, ESIT).***>¢ By
contrast, changes in cellular uptake were not induced by free
C6 prepared in DMSO, indicating that C6 is internalized by cells
mainly via diffusion.*® We further examined the cellular uptake
of C6 using fluorescence microscopy. Fluorescence signals
from delivered C6 were detected within cells incubated with
all systems (Fig. 3c-f). In addition, their fluorescence intensity
corresponded to the results obtained in cellular uptake studies.
In case of PTX delivery, subcellular distribution of delivered
PTX is critical in therapeutic effects because PTX work as
mitotic inhibitor within cytosol.?” To attain cytosolic delivery,
endosomal escape of cargo molecules is one of the greatest
keys. For the point of view, we carried out subcellular distribu-
tion by confocal laser scanning microscope (CLSM). Late endo-
somes and lysosomes were stained with commercially available
dye (Lysotracker Red), and we quantified the overlap ratio of
delivered C6 with Lysotracker Red at each time point (3, 6, and
24 h). In case of C6 dissolved in DMSO, large part (over 70%)
was not distributed in lysosome because this system delivers
cargo molecules mainly via diffusion (Fig. S9 and S10, ESIT) and
the co-localization ratio did not change with time. In contrast,
C6 delivered with PLL and C6 delivered with PGA were highly
overlapped with lysosome at 3 h (over 50%). This fact is
corresponding to endocytosis inhibition assay. The co-
localization ratio decreased with time in both PLL system and

Mater. Adv, 2022, 3, 467-473 | 469
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Fig. 3 (a) Anticancer effects on Colon-26 cells. Colon-26 cells were coincubated

with PLL/PTX (blue), PGA/PTX (orange), or DMSO/PTX (gray) at various concentra-
tions. Error bars represent the standard deviation. (n = 6). (b) Cellular uptake of C6 at
25 °C according to the fluorescence intensity of C6 in the lysate. Error bars
represent the standard deviation. (n = 3). (c)—(f) Cellular uptake of the complexes
of C6 with polypeptides in Colon-26 cells (c, none; d, DMSO/C6; e, PGA/C6; PLL/
C6). Cells were treated with C6 (4.7 uM) for 24 h. Error bars represent 20 um. (g) Cell
apoptosis assay using Annexin V and PI. Upper right quadrant, late apoptosis; upper
left quadrant, necrosis; bottom right quadrant, early apoptosis; bottom left quadrant,
live cells. The cell percentage is indicated at the corner of each quadrant.
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Fig. 4 (a)-(d) Distribution of the complex of C6 with polypeptide in the

Colon-26 spheroid. Cell spheroids were treated with C6 (2.3 puM) for 24 h
(a, none; b, DMSO/C6; ¢, PGA/C6; d, PLL/C6). Scale bar represents 200 um.
(e) Cell spheroid volume changed after incubation with PLL/PTX (blue), PGA/
PTX (orange), and DMSO/PTX (gray). Black symbols represent nontreated
controls. Error bar represents the standard deviation. (n = 10). Statistical analysis
was conducted using Student’s t-test (*, p < 0.05; **, p < 0.01).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PGA systems and the capability to escape from endosome of
PLL system (80%) are higher than that of PGA system (70%).
This may be caused by proton sponge effects from the nature of
cationic PLL.*®

We additionally conducted an apoptosis detection assay based
on the Annexin V-PI method.*>*® The cells treated with PTX were
analyzed by flow cytometry. For PTX complexed with PGA (PGA,
48.5 g mL™'; PTX, 4.68 uM), the population of the treated cells
were similar to that of nontreated cells, indicating apoptosis was not
induced under the current condition (Fig. 3g). Contrarily, a popula-
tion shift was found following incubation with the PLL/PTX complex
and PTX dissolved in DMSO. Moreover, the PLL/PTX complex more
strongly induced apoptosis (ratio of early apoptosis, 49%; ratio of
late apoptosis, 44%) than free PTX (ratio of early apoptosis, 2%;
ratio of late apoptosis, 20%; Fig. S11, ESIT). These results agree with
the observed anticancer effects.

Anticancer effects against spheroids

Finally, we examined the anticancer effects of the complexes
against cancer spheroids, which represent an advanced tumor
tissue model, to demonstrate the potential of this platform for
cancer therapy. Initially, we confirmed the deliverability of our
systems to deeper sites in cancer spheroids using fluorescence
microscopy. All systems could deliver C6 to cancer spheroids
(Fig. 4a-d). We further examined distribution of delivered C6 in
spheroid by CLSM (Fig. S12, ESIY). As a result, PLL system could
deliver cargo molecules deeper site from the surface of spher-
oids compared to other systems.

We evaluated growth inhibition in the spheroids by applying
the PGA/PTX complex, PLL/PTX complex, and free PTX (PTX,
2.34 uM). The PGA system and free PTX suppressed spheroid
growth in the initial 10 days, but spheroid regrowth was found
after 14 days in both groups (Fig. 4e). Conversely, the PLL/PTX
complex exhibited the greatest effects on spheroid growth.
Thus, the current system using PLL is effective as an anticancer
agent in a complex biological setting.

Conclusion

In conclusion, we developed an anticancer agent delivery
nanoplatform wusing polypeptides. Our system exhibited
improved water solubility and stability of PTX. The PLL/PTX
complex exerted 75-fold stronger antitumor effects than free
PTX prepared in DMSO. Moreover, the PLL/PTX system dis-
played excellent anticancer effects even in 3D spheroids, which
are used as a more complicated tumor model. We believe that
supramolecular chemistry-based approaches such as that
described in this stud have unique features that can be applied
in cancer therapy.

Experimental methods

Preparation of the complexes of PTX with polypeptides

A polypeptide (PLL, PGA, or Col; 10 mg) and PTX (1.7 mg,
2.0 pmol) were placed in a vial for processing in a high-speed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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vibrating mill. The mixture of a polypeptide and PTX was
processed in the high-speed vibrating mill at 30 Hz for
20 min. The resulting solid mixture was then suspended in
Milli-Q water (2.0 mL). The precipitates were removed by
centrifugation (4500 rpm, 20 min, 25 °C). The size of each
complex was controlled using a probe-type sonicator. Com-
plexes containing pyrene (1.0 g, 5.0 umol) or C6 (1.8 mg,
5 umol) were prepared using the same method. Dissolution
was also attempted by heating (24 h, 80 °C) or ultrasonic
treatment (2 h). After lyophilization and redissolution in
DMSO, the concentration of the complexed PTX or C6 was
determined by measuring its absorbance using a UV-Vis spec-
trometer (3600 UV-Vis-NIR spectrometers, Shimadzu, Kyoto,

Japan).

Characterization of the complexes of PTX with polypeptides

Dy, of the complexes of PTX with polypeptides was measured
using a DLS instrument (Zeta-sizer Nano ZS; Malvern, Malvern,
UK). PDI was calculated by cumulant fitting. The zeta potential
of each complex was measured by a Zeta-sizer Nano ZS using
capillary cells. Morphological observations were performed
using a transmission electron microscope (JEM-1400, JEOL
Ltd. Co., Tokyo, Japan). The samples were cast on a hydro-
philized, ultrathin, carbon-deposited Cu grid and incubated for
30 min. Afterward, the samples were stained with ammonium
molybdate (3 wt%). The samples were observed by transmission
electron microscope (acceleration voltage, 100 keV).

Cell viability assay

The viability of adherent Colon-26 or L929 cells were measured
using the colorimetric MTT assay. Cells (5 x 10°) were seeded in
96-well plates (100 uL of medium per well) and cultured for 24 h
at 37 °C in an atmosphere of 5% CO,. Then, cells were
incubated at 37 °C in a 5% CO, atmosphere for 24 h in
100 pL of medium containing different concentrations of the
polypeptide/PTX complexes. The cells were incubated with
100 pL of medium containing MTT at a 1:20 dilution in an
atmosphere of 5% CO, at 37 °C for 3 h. The absorbance was
measured using a microplate reader at 450 nm. Data are
expressed as the percentage of the absorbance of treated cells
relative to the untreated control cells and represented as the
means of quadruplicate measurements + SD.

Cellular uptake of the complex of C6 with polypeptides

Colon26 cells (1 x 10° cells) were seeded in 12-well plates
(1000 pL of medium per well) and cultured for 24 h at 37 °C in
an atmosphere of 5% CO,. Then, cells were incubated (at 37 °C
for 1 h, 4 °C for 4 h, 37 °C for 4 h, or 37 °C for 24 h) in medium
containing polypeptide/C6 complexes (4.7 puM). Cells were
washed three times with PBS and lysed in 500 pL of RIPA lysis
buffer. The precipitates were removed by centrifugation
(3500 rpm, 5 min, 25 °C). C6 in the supernatant solution was
then extracted using ethyl acetate (800 pL) and evaluated by
measuring the fluorescence spectrum (excitation wavelength,
540 nm) in the extract.

Mater. Adv,, 2022, 3, 467-473 | 471
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The deliverability of the complexes to Colon-26 cells

Colon-26 cells (1 x 10> cells) were seeded in 12-well plates
(1000 pL of medium per well) and cultured for 24 h at 37 °C in
an atmosphere of 5% CO,. Then, cells were incubated at 37 °C
in an atmosphere of 5% CO, for 24 h in medium containing
polypeptide/C6 complexes (4.7 uM). Then, cells were washed
with PBS and observed using fluorescence microscopy.

Cell apoptosis assay

Colon-26 (1 x 10’ cells) were seeded in 12-well plates (1000 uL
of medium per well) and cultured for 24 h at 37 °C in an
atmosphere of 5% CO,. Then, cells were incubated at 37 °C in
an atmosphere of 5% for 24 h in medium containing the
polypeptide/PTX complexes (4.7 uM). After 24 h of incubation,
cells were washed twice with PBS and detached from the plate
using trypsin-EDTA. The volume of medium was added, and
cells were collected by centrifugation (1000 rpm, 3 min, 25 °C).
Next, an Annexin V-FITC Apoptosis Detection Kit (Nacalai
Tesque) was chosen to detect and quantify the apoptosis by
flow cytometric.

Spheroid preparation

Colon-26 cells (200 cell per well) were seeded in 96-well plates
(100 pL of medium per well) and cultured for 4 days at 37 °C in
an atmosphere of 5% CO,.

The deliverability of the complexes to spheroids

Spheroids were incubated 37 °C in an atmosphere of 5% for
24 h in medium containing polypeptide/C6 complexes (2.3 uM).
Then, spheroids were washed with PBS and were observed via
fluorescence microscopy.

Spheroid growth-inhibitory effects

Spheroids were exposed to the polypeptide/PTX complexes
(2.3 uM). The spheroidal volume was measured after 0, 1, 3,
7,10, and 14 days. Spheroid volumes were calculated using the
following eqn (1).

V = 4n(long axis)® x (Short axis)/3 (1)
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