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Tannic acid (TA) not only prevents drug carriers from sticking to the glycocalyx layer of vascular
endothelial cells but also has anti-cancer properties, thereby improving drug delivery efficiency in
cancer treatment. This study proposes a TANNylated nanovesicle-based cancer treatment approach by
utilizing the aforementioned advantages of TA. We fabricated cancer cell-targeting BC71 peptide-
conjugated TANNylated nanovesicles (TANVgc71) by covalently bonding the TA derivative and BC71
(cyclo[BA-kRK(3-maleimidopropionyl)-p-(p-2-naphthyl)]) with thiol-modified phospholipids through the
thiol-maleimide reaction. We demonstrated that TANVgc7; was absorbed faster in high amounts by
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cancer cells than nanovesicles owing to its high affinity for the epidermal growth factor receptor and
extracellular matrix components that are driven by van der Waals attraction as well as hydrogen bonding
and hydrophobic interactions in a complex manner. These complex attractions of TANVgc7, for cancer
cells led to the effective induction of cancer cell apoptosis. The findings obtained in this study highlight
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Introduction

Chemotherapy destroys the cancer cells growing faster than
healthy cells or inhibiting their metastasis."” Because this
process occurs non-specifically, an additional attack on rapidly
dividing normal cells is a fatal disadvantage. The limitations of
conventional chemotherapy have led to the development of
smart nanocarrier systems. Utilizing such drug nanocarriers
has garnered growing interest because it has overcome some
challenges in anti-cancer therapies by improving therapeutic
efficacy while avoiding toxicity against normal cells through the
combination of both passive targeting via the enhanced perme-
ability and retention (EPR) effect and highly selective accumu-
lation in tumors followed by active cellular uptake.*™ Despite
the usefulness of nanocarriers in treating cancer cells, their
lack of biodegradation, poor bioavailability, instability during
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that the TANVpgc7; system has the potential for intelligent high-efficacy cancer cell drug delivery.

circulation, inadequate distribution in the tissues, and potential
toxicity raise concerns over their safety, particularly for long-
term administration.®® To address these issues, cutting-edge
biomedical research is being actively conducted to develop
high-performance nanocarriers with cancer cell-specific target-
ing performance while maintaining structural characteristics
in vivo as a drug carrier.

Tannic acid (TA), a plant polyphenol containing five pyro-
gallol and five pyrocatechol groups in its chemical structure,
has drawn considerable attention owing to its anti-cancer
properties. For instance, TA is known to induce apoptosis by
interfering with lipid signaling and metabolism in prostate
cancer cells and by downregulating fatty acid synthase expres-
sion in human breast cancer cells.'®"" The phenolic hydroxyl-
rich moieties readily generate multiple hydrogen bonds and
van der Waals (vdW) attraction, resulting in high and selective
cell uptake by cancer cells.">™*” This is essential for TA to
exhibit such strong affinity with not only the epidermal growth
factor receptor (EGFR) that is present at higher levels in cancer
cells than in normal cells but also the extracellular matrix
(ECM). These site-specific interactions are responsible for the
anti-cancer properties and cancer cell-targeting capability.
However, the widespread use of TA in terms of cytotoxicity
is of concern, because the pyrogallol and/or gallic acid, which
are the hydrolyzed byproducts of TA, can cause cytotoxicity by
producing highly reactive free radicals (e.g:, semi-hydroquinone)
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Paper
through oxidation reactions.'®" To properly utilize the superior
performance of TA, there must be a technological advancement
capable of removing toxicity while maintaining the activity of the
intrinsic interaction sites of TA. In fact, many studies have been
reported on TA-based nanoparticles for anti-cancer treatment.
However, TA-based nanovesicles in which the periphery is chemi-
cally modified for minimizing the toxicity to normal cells by
reducing TA toxicity itself and improving injection drug delivery
efficiency and therapeutic efficacy have not yet been reported.>**
The ultimate goal of this study is to propose a cancer cell-
targeting peptide-conjugated TA-modified nanovesicle system
(termed as TANNylated nanovesicles; TANVgc1). Maleimide-
functionalized TA (TAMA), which is a modified TA that reduces
cytotoxicity, and the cancer cell-targeting proapoptotic peptide,
BC71 (cyclo[BA-kRK(3-maleimidopropionyl)-p-(p-2-naphthyl)]),
were conjugated into nanovesicles (NVs) for effective che-
motherapy. BC71 was selected as it binds to the GRP78 protein
overexpressed on cancer cells.>>?® We incorporated TAMA and
BC71 onto TANVgc,; to improve the targeting efficiency to
cancer cells through dual targeting ability and to induce
effective cancer cell apoptosis. We thereafter attempted to
experimentally elucidate that the introduction of TAMA and
BC71 into NVs induces high cancer cell targeting efficiency and
selective cancer cell apoptosis, thus allowing us to establish a
useful cancer cell targeting drug delivery system.

Materials and methods
Materials

Tannic acid (TA), maleic anhydride, 3-bromopropylamine
hydrobromide, triethylamine, potassium carbonate, dichloro-
methane (DCM), and dry N,N-dimethylformamide (DMF) were
purchased from Sigma-Aldrich (USA). 1,2-Dipalmitoyl-sn-
glycerol-3-phosphocholine (DPPC) was supplied by Doosan
Biotech (Korea); 3{3-[N-(N',N’-dimethylaminoethane)-carbamoyl]
cholesterol hydrochloride (DC-cholesterol-HCl) and 1,2-
dipalmitoyl-sn-glycero-3-phosphothioethanol (16:0 Ptd thioetha-
nol) were purchased from Avanti Polar Lipids (USA). BC71
(cyclo[BA-kRK(3-maleimidopropionyl)-p-(p-2-naphthyl)]) was
synthesized and purchased from Peptron (Daejeon, Korea). 4,6-
Diamidino-2-phenylindole (DAPI) and Texas red-DHPE were pur-
chased from Thermo Fisher Scientific (USA), and Annexin V-FITC
and propidium iodide were purchased from Abcam (Cambridge,
UK). HaCaT and HCT116 cells were purchased from the Korean
Cell Line Bank.

Synthesis of TAMA

To synthesize TAMA, first, maleic anhydride (19.6 g, 0.2 mol)
and 3-bromopropylamine hydrobromide (43.8 g, 0.2 mol) were
mixed in DCM (300 mL).”” Trimethylamine (27.9 mL, 0.2 mol)
in DCM (25 mL) was then added dropwise into the mixture for
24 h. After drying the organic layer with anhydrous sodium
sulfate, it was filtered and evaporated to dryness. The product
(12.5 g, 0.05 mol) was subsequently suspended in 100 mL of
acetic anhydride in the presence of anhydrous sodium acetate
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(4.1 g, 0.05 mmol) and stirred under reflux for 24 h. The
combined organic layers were recovered via consecutive drying,
filtering, and evaporation. The crude product (N-3-bromopropyl
maleimide) was purified through column chromatography.
TA (6.0 g, 3.5 mmol), N-3-bromopropyl maleimide (3.1 g,
14.1 mmol), and potassium carbonate (5.8 g, 42.3 mmol) were
dissolved in 80 mL DMF and mechanically stirred at 60 °C for
24 h under bubbling argon, which allowed us to obtain TAMA.
The TAMA solution was continuously dialyzed with double-
distilled water for 4 d.

Fabrication of TANVg¢,¢

To prepare NVs, a lipid mixture consisting of DPPC and
DC-cholesterol (8:2 molar ratio), and 16:0 Ptd thioethanol
(0.33 mg mL ") was dissolved in chloroform and collected in a
round-bottomed flask. The chloroform was evaporated using a
rotary evaporator at 25 °C for 1 h to produce a thin lipid-based
film on the flask. After pouring phosphate-buffered saline (PBS)
into the flask, the film was hydrated in a sonicator for 3 min.
TAMA and BC71 were added to the NV dispersion and stirred at
25 °C for 24 h to conjugate TAMA and BC71 with the 16:0 Ptd
thioethanol in the NVs through the thiol-maleimide reaction. It
is known from previous studies that the thiol-malemide reac-
tion proceeds almost 100%, so it is considered that TAMA and
BC71 are introduced into NVs as much as quantified molar
concentrations of TAMA and BC71.>**° The measurement of
the average size and zeta potential was conducted through
dynamic light scattering (ELS-Z2, Otsuka Electronics, Japan)
and the morphology of NVs and TANVgc4, was observed using a
high-resolution transmission electron microscope (HR-TEM,
JEM-3010, Jeol, Japan).

Cell culture

HaCaT cells were incubated in DMEM supplemented with 10%
fetal bovine serum and 100 U mL ™" penicillin-streptomycin and
the HCT116 cells were incubated in RPMI 1640 supplemented
with 10% fetal bovine serum and 100 U mL ™" penicillin-strepto-
mycin at 37 °C in a humidified atmosphere containing 5% CO,.

Assessment of cytotoxicity

HaCaT cells (1 x 10° cells per well) were seeded in a 12-well
plate with cover glasses and incubated for 24 h. Thereafter, the
cells were treated with TA, TAMA, or TANVs diluted with a
culture medium for 24 h. After washing the sample twice with
PBS, they were treated with calcein AM and ethidium
homodimer-1 solution for 30 min. Fluorescence images were
captured using a confocal microscope (LSM 710 Meta, Carl
Zeiss, Oberkochen, Germany). The cell viability (%) was calcu-
lated using Image J. Three random field-of-view images were
obtained for each sample.

Analysis of cellular uptake

HaCaT and HCT116 cells (1.5 x 10° cells per well) were seeded in
a 96-well plate and incubated for 24 h. Texas red-DHPE-
incorporated-NVs, ~TA5oNVs, ~NVpc71-30um, aNd ~TA5oNVpc7130um
samples were diluted in a culture medium. For the treatment of

This journal is © The Royal Society of Chemistry 2022
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cultured cells, the medium was removed from the cell culture
plates, and the cells were incubated with the sample (100 pL).
After washing the dispersed sample twice with PBS, fluorescence
measurements were performed at 535/595 nm (excitation/emis-
sion) using a microplate reader (SPARK, Tecan, Switzerland).

Visualization of NVs and TANVSs in cells

For confocal laser scanning microscopy (CLSM) observation,
HaCaT and HCT116 cells (3 x 10° cells per well) were seeded in
a 6-well plate with cover glasses and incubated for 24 h.
Subsequently, the cells were treated with Texas red-DHPE-
incorporated-NVs, -TA;,NVs, and -TA;(NVgc71-30,m for 1 h.
After washing the sample twice with PBS, they were fixed with
4% paraformaldehyde for 10 min and washed twice with PBS.
Cell nuclei were stained with DAPI for 10 min after fixation.
Fluorescence images were obtained using CLSM (TCS SP8
HyVolution, Leica, Germany).

Apoptosis analysis by Annexin-V/PI staining

Apoptotic cells were analyzed using an Annexin V-FITC apop-
tosis staining/detection kit (ab14085, Abcam) according to the
manufacturer’s instructions. HCT116 cells (3 x 10> cells per
well) were seeded in a 12-well plate and incubated for 24 h. The
cells were thereafter treated with NVgc71.30um, TAsoNVec71-30uMm5
and 5-fluorouracil (5-FU) for 24 h. Subsequently, both floating
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and adherent cells were harvested through centrifugation at
1800 rpm for 5 min and resuspended in 500 pL of 1X binding
buffer. Subsequently, 5 pL of annexin V-FITC and propidium
iodide (PI) were added to each sample and incubated for
20 min. The cells were analyzed using a BD FACS Aria Fusion
instrument (BD Biosciences, Germany) and the data were
analyzed using FlowJo v10.7.1 software (Treestar Inc., USA).

Statistical analysis

Statistical analysis was performed using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test using Origin
Software (OriginPro 8.5). Statistical significance was set at P
< 0.05.

Results and discussion

Design rationale of TANVy,, for cancer treatment

For a highly efficient cancer treatment, we designed TANVgcy1,
a lipid membrane that is decorated with attractive bio-
molecules BC71 and TAMA. BC71 binds to GRP78 overex-
pressed on the surface of several cancer cells via adenosine
triphosphate (ATP)-binding.*® In addition, TANNylated nano-
vesicles have a low binding force against the glycocalyx layer
components of vascular endothelial cells (ECs), but they exhibit
a strong binding force to ECM proteins such as elastin and
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collagen via both hydrogen bonding and vdW interactions.">"?
That is, because TAMA on TANVgc,; does not adhere to the
glycocalyx layer, it is possible to enhance further the tumor-
targeting efficiency. Meanwhile, TAMA can interact favorably
with EGFR that is specifically overexpressed on cancer
cells." ™ 1t has been also known that TA binds with the ATP
binding sites of EGFR in a complex manner, i.e., combined
hydrogen bonding and hydrophobic interactions in which
several amino acids are involved in the binding events. Utiliz-
ing such synergistic non-covalent interactions of TAMA with the
cellular proteins, TANVgc,; is expected to effectively induce
apoptosis of colorectal cancer cells through inhibition of
enzyme pyruvate kinase M2 (PKM2) expression.*'*> Moreover,
TAMA is expected to weaken its chronic toxicity to normal cells
because toxic pyrogallol moieties were not only modified to the
maleimide group but also chemically anchored to the phos-
pholipids of the cancer cell-targeting peptide-conjugated NVs.
From the perspective of molecular interactions, the underlying
cancer treatment mechanism of TANVpc;4 is schematically
represented in Fig. 1.

Fabrication and characterization of TANVgc-¢

We prepared bare NVs by mixing DPPC and DC-cholesterol set
to 0.5 wt% against total mass. The [DPPC]/[DC-cholesterol]
molar mixing ratios were set at 90:10, 85:15, 80:20, and
75:25. We analyzed the particle size and zeta potential of the
NVs by varying the mixing ratio using dynamic light scattering
(Fig. S1, ESIf). Regardless of the mixing ratio, the hydrody-
namic size remained unchanged at 100 & 10 nm, revealing that
the composition of DPPC and DC-cholesterol does not vary the
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interfacial activity. Because DC-cholesterol has a positive
charge, the zeta potential of NVs shifted to a positive value
from the 80:20 ratio.** In this study, we selected NVs with
[DPPC]/[DC-cholesterol] = 80 : 20, because the range of desirable
zeta potential of NVs suitable for cancer cell targeting is weakly
positive.>**> NVs with a weak positive charge bind via electro-
static interactions to the negatively charged surface in cancer
ECs, thus increasing the accumulation of NVs in cancer cells.
The NVs with a strong positive charge can affect other
negatively charged proteins and cells, increasing non-specific
uptake and making them less effective in targeting. Further-
more, we confirmed that NVs had a typical vesicular morphol-
ogy and a stable dispersion. To achieve dual targeting of cancer
cells, TAMA and BC71 should be simultaneously introduced
into bare NVs. TAMA in which the terminal of TA was modified
with a maleimide group was synthesized.”” The successful
reaction of N-3-bromopropylmaleimide, which is a TAMA inter-
mediate, and TAMA was confirmed through Nuclear Magnetic
Resonance (NMR) analysis. The peaks of methylene protons in
N-3-bromopropylmaleimide at 3.63 and 4.06 ppm were detected
using '"H NMR spectroscopy (Fig. S2b, ESIt), and the typical
peak of maleimide in TAMA was also confirmed at 129.92 ppm
in the >C NMR spectrum (Fig. S2¢, ESI). Into the thiol group
of 16:0 Ptd thioethanol lipid co-assembled with DPPC in the
NVs, we conjugated TAMA and BC71 through the maleimide-
thiol reaction (Fig. 2a and b), which was confirmed by NMR
spectroscopy. The conjugation of TAMA and 16: 0 Ptd thioetha-
nol lipid was confirmed through the disappearance of the
maleimide peak of TAMA at a chemical shift of approximately
129.5 ppm and the appearance of the CH, moiety in the
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Fig. 2 (a) Conjugation of TAMA with 16 : 0 Ptd thioethanol lipid. (b) Conjugation of BC71 with 16 : 0 Ptd thioethanol lipid. (c) **C NMR analyses for the
conjugation reaction of TAMA with TANVs. (d) *H NMR analyses for the conjugation reaction of BC71 with NVgc71.
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(a) Size and zeta potential of TANVgc71-30,m Varying with the concentration of TAMA. (b) Hydrodynamic particle size of TAsoNVgcr1-30um (50 pM
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conjugating products at a chemical shift of approximately
36.5 ppm in the *C NMR spectra (Fig. 2c). Furthermore, *C
DEPT (distortion-less enhancement by polarization transfer)
experiment specifically determined the multiplicity of the car-
bon signal corresponding to the CH, group. The conjugation of
BC71 peptide and 16:0 Ptd thioethanol lipid was confirmed
through the appearance of the CH moiety (showed triplet due to
two adjacent protons in the CH, moiety) in the conjugating
products at a chemical shift of approximately 3.08 ppm in the

"H NMR spectra (Fig. 2d).
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Chemical tethering of proapoptotic peptides and TAMA on NVs

Chemical tethering of BC71 onto NVs slightly increased the
particle size by ~30 nm, and their surface potential was lowered
to a negative value (Fig. S3, ESIT). Although the introduction of
TAMA onto NVgc71.30.m did not affect the particle size, the surface
potential decreased to a negative value (Fig. 3a). Finally, after
surface introduction of both BC71 and TAMA, nanovesicles with
a uniform particle size of ~120 nm and polydispersity of
~0.25 were obtained (Fig. 3b and c). This particle size range is

suitable for the accumulation of nanocarriers in cancer tissues
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concentration from live/dead fluorescence image analysis.

due to the EPR effect. Though modifying the NVs with both TAMA
and BC71, their dispersion stability was also improved. (Fig. 4a
and b). Unmodified NVs maintained their dispersion stability only
when stored at 4 °C. The hydrodynamic size of NVs at 25 °C was
not measured because the intensity was not detected. This proves
that NVs do not retain their dispersion stability owing to hydro-
lytic degradation of lipids. In contrast, TANVyc; rather exhibited
an increase in particle size when stored at 4 °C because the TAMA
on the surface of TANVgc,; forms a constant crystal shape
through multiple hydrogen bonding at low temperatures. Rever-
sibly, its dispersion stability was recovered when it was brought
back to 25 °C (Fig. 4c). At high temperatures, all TANVgcyy
maintained their dispersion stability owing to sufficient thermal
motion. To investigate the dispersion stability of TANVg;; under
near-physiological conditions, we incubated Texas red DHPE-
labeled TANVgc;; with fetal bovine serum (FBS, 10 v/v) in PBS
for 48 h. The fluorescence intensity was maintained for a long
time without significant degradation, thus demonstrating the
integrity of the TANVy¢,, System (Fig. S4, ESIT).>®*® Furthermore,
we examined the effect of the addition of albumin to NVs and
TANVgc7; on their dispersion stability and cellular uptake.37_39
Considering that the size of TANVgc,; was not significantly
increased compared to that of NVs in the presence of albumin,
TANVgc7; could have such enhanced resistance to albumin
adsorption owing to the presence of TAMA (Fig. 4d). Thus,
TANVgc7, exhibited better cell uptake than NVs even in the
presence of albumin (Fig. 4e and f). In particular, TA;oNVpcrq

1566 | J Mater. Chem. B, 2022,10, 1561-1570

with albumin exhibited a significant increase in cellular uptake
for HCT116 cells, potentially ensuring the structural stability of
the TANVgc7; system in the blood upon intravenous injection.

Reduced cytotoxicity of TA by co-association with NVs

We investigated the effect of the chemical modification of TA
and its introduction into NVs on cytotoxicity. A feasible strategy
to minimize the inherent cytotoxicity of TA is to chemically
shield its highly toxic pyrogallol moiety. In this study, we
modified the pyrogallol moiety with the maleimide group, thus
producing TAMA. Therefore, TANVs decorated with TAMA are
expected to have improved biocompatibility (Fig. 5a). To con-
firm this, we treated normal cells, HaCaT cells, with TA; TAMA,
and TANVs for 24 h and observed their cytotoxicity using the
live/dead double staining technique. When the concentration
of TA was increased up to 100 uM, the cell viability was only
1.8%, proving again that TA itself is highly toxic (Fig. 5b). In
contrast, TAMA exhibited a cell viability of up to 90% under the
same concentration conditions, which verifies that the mod-
ification of the pyrogallol moiety to the maleimide group
significantly lowered the cytotoxicity of TA (Fig. 5c¢). It is a
natural result that TANVs modified with TAMA exhibited a high
cell viability of >95% (Fig. 5d). Furthermore, we also con-
firmed that NVgc71.30km; TAsoNVecr1s0um, and TA100NVee71.30m
exhibited high cell viabilities of >95%, thereby proving that
TANVgc7; has excellent biosafety even after the introduction of
TAMA and BC71 into the NVs (Fig. S5, ESIY).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6

(@) Schematic targeting illustration of TANVgc71 between normal and cancer cells. Quantitative cellular uptake of NVs, NVgczi-30.m, and

TAsoNVge71-30um With the incubation time; (b) HaCaT and (c) HCT116 cells. (d) 3D CLSM visualization and (e) quantitative cellular uptake of NVs, TAsoNVs,
and TAsgNVgcr1-30um-treated HCT116 and HaCaT cells after incubation for 1 h. For direct visualization, Texas red-DHPE was co-assembled. Scale bar is
50 um. Error bars represent standard deviation of the mean (n = 5) (*p < 0.05 compared to treated NVs, one-way ANOVA).

Cancer cell-selective cellular uptake performance

Since the colloidally stable, cytocompatible TANVgcy;; was
obtained, we further analyzed its cellular uptake by the HaCaT
and HCT116 cell lines. HaCaT and HCT116 cells were selected
to compare the cellular uptake between normal cells and cancer
cells. In particular, HCT116 cells were selected because color-
ectal cancer is one of the major cancers. The TANVpc,; System
with a dual targeting effect on the cancer cells has been
designed to improve the selective cellular uptake capability in
cancer cells compared with that in normal cells owing to the
conjugation of TAMA and BC71 (Fig. 6a). As expected, we found
that TANVpcy; exhibited enhancement of cellular uptake in
both HaCaT and HCT116 cell lines, and the optimal amounts of
TAMA and BC71 in which the cellular uptake occurred most
effectively were determined to be 50 and 30 uM, respectively
(Fig. S6, ESIt). Based on these conditions, we characterized the
cellular uptake behavior from a kinetic perspective (Fig. 6b
and c). The amount of cellular uptake after NVgcy130.m treat-
ment was increased compared to the case of NV treatment
owing to the targeting effect of the BC71 peptide. In the case
of TA50NVpc71-30pm, the maximum uptake amount increased
significantly by more than 26% compared to NV-treated cell
uptake and the maximum uptake time (corresponding to the
maximum fluorescent intensity) was also shortened by 24 h

This journal is © The Royal Society of Chemistry 2022

compared with those of NVs and NVgcy130.m. We thereafter
confirmed the amount of TA;,NVgc71-30um taken up by cancer
cells by directly visualizing vehicles in HCT116 and HaCaT cells
using CLSM (Fig. 6d). The NVs themselves can be readily taken
by the cells; however, we discovered that TA5oNVpc71-30um
exhibited superior cell delivery performance to NVs, TA5oNVs,
and NVgcy130um and it was more than 15% higher in HCT116
cells than in HaCaT cells within 1-hour treatment (Fig. 6e).
Furthermore, TAs,NVs increased the cellular uptake by 11%
compared with bare NVs, whereas NVgc;q.30,m increased the
cellular uptake by 20%. This shows that BC71, a cancer cell
targeting peptide, has a more dominant cancer cell targeting
ability than TAMA. Owing to this synergistic contribution from
BC71 and TAMA, TA50NVgc71-30um DOt only exhibited improved
cell internalization but also ensured cancer -cell-specific
targeting.

Improved cancer cell apoptosis

Finally, we attempted to evaluate the correlation between
the tumor-specific cellular uptake of TANVgc,; to cancer cell
apoptosis. The proapoptotic peptide, BC71, targets cancer cells
as well as triggers the apoptotic signaling pathway. That is,
the synergistic tumor-targeting effect by TAMA and BC71
increases the cellular uptake, inducing improved apoptosis.
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Fig. 7 Fluorescence images of (a) HaCaT and HCT116 cells treated with

NVs, TAsoNVs, and TAsoNVgc71-30um. The scale bar is 50 pm. (b) Viability of

HaCaT and HCT116 cells from live/dead fluorescence image analysis: HaCaT cells (black) and HCT116 cells (red). (c) Flow cytometric analysis of Annexin
V/PI-stained, apoptotic HCT116 cells when treated with NVgc71-30,m and TAsoNVpc71-30.m. NOn-treated cells were used as a control and 5-FU treated
cells as a positive control. (d) The percentages of apoptotic cells in the early or late stage.

After treatment with TA;,NVs and TA5,NVgc7130um for 24 h,
respectively, HaCaT cells showed more than 95% cell viability
for both nanovesicles, but HCT116 cells did not (Fig. 7a and b).
In particular, TA5;o0NVgc71-30um Significantly lowered the viability
of HCT116 cells to 31.8%. These results suggest that
TA50NVpcr1300m Might induce cell apoptosis only in cancer
cells. To confirm that the TA5oNVpc7130,m fabricated in this
study exhibits an improved apoptosis ability compared to
conventional nanocarriers such as cancer cell-targeting
peptide-conjugated nanovesicles commonly used for che-
motherapy, flow cytometric analyses of Annexin V/PI staining
of apoptotic HCT116 cells treated with NVgpcyi_3oum and
TA50NVpc71-30um Were conducted (Fig. 7c and d). For a more
conclusive comparison, the cancer cell apoptosis ability of 5-FU
was also evaluated as a positive control.?”*! 5-FU treatment
resulted in early apoptosis (6.1%) and late apoptosis (50.4%).
We observed that both NVgcri300m and TA5oNVgerisoum
exerted significant effects on the apoptosis of cancer cells.
Between the two groups, the TA;(NVpc7q30um-treated HCT116

1568 | J Mater. Chem. B, 2022, 10, 1561-1570

cells were clearly positioned in the direction of apoptosis while
increasing early apoptosis from 3.8 to 6.9% and late apoptosis
from 20.4 to 24.8%, compared with NVpc,q30um-treated
HCT116 cells, which implies that TAMA and BC71 jointly
contribute to inducing cancer cell apoptosis. These results
highlight that the dual targeting of our nanovesicle platform
can be utilized for intelligent anti-cancer therapy in colorectal
cancer cells.

Conclusions

In conclusion, we proposed a tailored nanovesicle system in
which the periphery was decorated with TAMA and BC71. The
novelty of our study lies in the introduction of highly toxic TA
into NVs by employing the thiol-maleimide reaction between
TA derivatives and phospholipid molecules, thus dramatically
reducing the cytotoxicity of TA while providing improved cancer
cell-targeting performance with the aid of BC71, a cancer

This journal is © The Royal Society of Chemistry 2022
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cell-targeting peptide. In particular, we demonstrated that the
dual targeting of TAMA and BC71 led to efficient and selective
cancer cell targeting that was essential for inducing cancer cell
apoptosis. Based on these findings, we expect that the proposed
TANVgc7; system will play a crucial role in the development of a
promising drug delivery system for cancer treatment.
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